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ABSTRACT 

Magnetostrictive strain is usually an even function of magnetic 

field, but certain antiferromagnetic materials exhibit a strain 

which depends linearly on the applied magnetic field. 

A resistance strain gauge apparatus capable of detecting strains 

of 10-8  has been constructed to investigate this hitherto unreported 

effect in various crystals of hematite (aFe203). A well-known mag-

netic transition occurs in antiferromagnetic hematite at about 

- 15°  C, above which the material has canted spins. At low temp-

eratures, two types of antiferromagnetic domains related by time 

inversion can exist in this material, with the linear magnetostriction 

coefficient reversing sign from one to the other. Magnetic annealing 

to eliminate one of these domains was effected by freezing in a 

single domain state from the high temperature phase. 

InthisconditionthestrainE..13 
 produced by a field H is 

given,inusualtensornotationl byEij =Qijk  Hk 
 and in hematite 

4,414,J14,0t.c."4 
only Q

222 
and Q

321 
areAnon-zero. .These coefficients were measured 

in synthetic and natural crystals and had the values in the most 

— pure material of + 23 x 10-11  Oe-1  and •+. 5 x 10-11 Oe-1 respectively, 

and to be virtually temperature independent in the range 77o K  

220° K. Magnetostriction also revealed a field induced reduction of 

the magnetic transition temperature, this being related to the 

relative thermodynamic potentials of the two phases. 
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Above a certain field strength applied at low temperatures in 

the opposite direction to the annealing field, the applied field 

caused antiferromagnetic domain switching so that the energetically 

favourable domain state, and hence the measured strain, reversed 

with the magnetic field. Domain switching was produced by wall 

movement which was found to occur over a limited range of magnetic 

fields, and hysteresis loops of domain sign versus applied field have 

been obtained. 
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CHAPTER I 

INTRODUCTION  

1.1, INTROUUCTION  

Magnetostriction is the name given to the phenomenon of coma. 

procthtZQP0G-  of a material in a magnetic field. The change 

in dimensions can be considered either as a change in length or a 

change in volume, and the former, which is known as longitudinal 

magnetostriction, is of interest in this present work. 

The  chttnflcngth  is most suitably represented mathematic-

ally as a strain, which is a second rank tensor. The general ex-

pansionofthisstraintensorE..ij 
 as a power series of the first 

rank magnetic field tensor Hk  can be written 

Eij  = aijOk  + bi jk1H01 	 (1,1) 

where i, j, k, 1 have the values 1, 2 or 3, corresponding to 

three Cartesian axes. The series converges rapidly, but for reasons 

which will be discussed later, the coefficient of the first term is 

zero in some magnetic materials and in all non-magnetic materials. 

In this case the second term predominates and the strain produced 

is independent of the sense of the applied magnetic field. However, 

in certain antiferromagnetics the first term is non-zero and pre-

dominates in the strain equation. In this case the magnetostrictive 

strain reverses as the sense of the magnetic field is reversed, and 

this effect is known by the appropriate name of Linear Magneto- 
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striction. A suitable material for observation of this effect is 

ferric oxide or hematite, and this work investigates linear magneto-

striction in hematite under various conditions of temperature and 

field. 

1.2. CRYSTAL SYMMETRY  

1.2.1. Classical Symmetry 

A crystalline lattice is conventionally considered to be formed 

in space by an infinite repetition of a basic pattern or unit cell. 

Crystal symmetry is then characterised by the allowable operations 

which transform this array into itself. One such operation is the 

rotation of the lattice through an angle of 2n/n until it trans- 
./Inet& 

forms the unit oell back into itself, and the crystal is then said 

to have an n-fold axis of rotation and symmetry operator + n. 

Examples of symmetry operators are 1, 2, + 3, + 4, and + 6,, There 

may be many n-fold axes in a particular unit cell and so they are 

subscripted x, y, z, xy, 	„,. etc., where z in the main axis and 

y is the two-fold axis, to indicate the crystallographic direction 

of the rotation axis.. Similarly the subscript _Lon the operator 2, 

indicates that the two-fold axis is perpendicular to the main crystal 

axis. 

Another set of operators which are denoted by 1, 2, + 3, + 4, and 

+ 	correspond to the normal rotation followed by inversion of the 
loAt:te 

.1.1044t 9411 through a fixed point. There is another symmetry operation 

for uniaxial crystals designated by /m such as 2/m, 4/m and 6/m., 

12. 



This describes a reflection or mirror plane perpendicular to the 

symmetry axis. A crystalline lattice also has in general, trans-

lation operators, but crystal symmetry does not concern itself with 

these as they do not govern the macroscopic properties of the 

crystal. Whilst in one crystalline lattice all rotation and rota-

tion-inversion operators may be permissible, in another, only a 

selected few such as 1, 1, 2 z  , 2Z, + 4z  + z  may be permissible ——  

and so it is convenient to classify crystal lattices as belonging 

to one or other symmetry group. A table listing the gi7mmetry op-

erators in each of 32 symmetry groups has been published by Birss
(1), 

thus for example, group 4/m has the operators 1, 1, 2z, 2Z, + 4z, 

Tz  and group 6mm has the operators 1, 2z, 6(71), ± 3z, ± 6z. 

The symmetry of a crystal and the symmetry of the physical 

properties exhibited by the crystal is related by Neumann's Principle 

which states that the elements of the symmetry group possessed by 

the crystal are also possessed by every physical property of the 

crystal. For this to be valid it is necessary that the property 

tensor be invariant under all permissible symmetry operations 

allowed by the crystal. If dijk.,..n  is a property tensor, then 

for it to be invariant under certain symmetry operations it must 

transform according to the relations 

dijk...n = 	ip (5. d 	......a
nu 

d
pqr...0 jo. kr (1.2) 

where o' is the matrix corresponding to a particular permissible 

symmetry operation. The negative sign must be used when the trans- 

13. 



r-  - 
;2 = 
Y 

0 

0 

0 

0 +3z  = 

Lo 1 
ZJ L2 ' 

-1 

0 

0 

-1 

0 

Lo  

0 

-1 

0 

0 

-1 

0 

-1 0 0 

0 1 0 

0 0 -1 

-2 Ak 0 

-3,-Z 0 

o 1 (1.4) 
-4 

formation of an axial tensor changes right handed co-ordinates to 

left handed co-ordinates and vice-versa. Although there are as 

many similar equations as there are different symmetry operators 

in a group, it is not necessary to use them all as some symmetry 

matrices may be obtained from what are known as generating matrices, 

viz. 

[-2d [i] [2zi 	and [13 = 11-3z] [4.3j 	(1.3) 

and no further simplification is obtained by wing products of 

these generating matrices. 

The generating matrices which are of interest to this present 

work are listed below. 

14- 

Substitution of the first three matrices into equation (1.2) leads 

to a number of tensor components being equated to zero, whilst sub-

stitution of the matrix .4.3
z 
 gives linear relationships between 

L 
the non-vanishing components. The considerable simplification of 

macroscopic property tensors arising from equations of this type 

utilising crystal symmetry, underline the importance of this subject 

as a tool in solid state physics. 



15. 

1.2.2. Time Inversion Operator 

The symmetry of the spatial distribution of the crystalline 

lattice has already been discussed, but in addition to periodic 

geometry, the lattice can have a periodic magnetic structure. This 

is possessed by all materials with an ordered spin arrangement, i.ee 

ferromagnetics, ferrimagnetics and antiferromagnetics, A possible 

additional symmetry operation for these materials is the operation 

representing a reversal or inversion of time(2), the spatial co-

ordinates being unaltered. Electron spin is associated with 

angular momentum, and thus electron spin and magnetic moment both 

being reversed by the operation of time inversion are time anti-

symmetric. This produces the possibility of the additional operator 

of time inversion being present in any magnetic crystal. 

It is also possible, by considering the effects of time in-

version, to divide all property tensors into two types; tensors 

whose components are invariant under time inversion (called i-

tensors), and those whose components all change sign under time 

inversion (called c-tensors). Immediately it can be seen that since 

magnetic moment is time antisymmetric, all properties involving armibod4  

powers of magnetisation or magnetic field are characterised by c-

tensors, and from Neumann's Principle it follows that these proper-

ties can only be exhibited by crystals which are time antisymmetric. 

It is now necessary to investigate the actual restrictions imposed 

by the crystal symmetry of magnetic crystals on c-tensor properties. 



1.2.3. Magnetic Symmetry  

The description of the crystalline point symmetry has been mod-

ified by Tavger and Zaitsev
(2) to accommodate the possibility of 

time inversion. Suppose the time inversion operation, which re-

verses all the spins of the lattice, is designated by a symmetry  

operator R. Then R is just an additional operator for 
hie/4% 

crystals, but forAma
y  
gnetic crystals, although R is not 

non-magnetic 

an operator 

by itself, it can quite possibly occur in combination with classical 

symmetry operators.. Magnetic symmetry operators are defined as the 

combination of classical symmetry operators with the time inversion 

operator R required to transform the crystal back into itself. 

It must be noted at this point that spin magnetic moment is not 

a true vector, because it transforms as a vector only in simple 

rotation, and in rotation-reflection it does not behave like one. 

Rotation-reflection may be considered as consisting of a rotation 

followed by an inversion of space co-ordinates. In the latter op-

eration the components of a vector change sign, but the components 

of the pseudovector of spin are unchanged. The combination of an 

n-fold rotation axis and the operation of time inversion is written 

as an n operator, i.e. 1, 2, 	+ 4, and + 6- Similarly a com-

bination of an 71-fold rotation inversion axis and the operation of 

time inversion is written as an IT operator, i.e 1, 7, +7, 4. 4 and 

+ 

In similarity to classical operators, a crystalline lattice may 

16. 
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allow all classical operations, or all magnetic operations, or a 

restricted number of okiiiivar-ew.both, and so it is convenient to 

extend the concept of classical symmetry groups to cover the in-

clusion of magnetic operators. A table listing the 58 magnetic 

symmetry groups in addition to the 32 classical symmetry groups 

has been published by Birss(1)(4)  thus for example, group ..4.7m has 

the operators 1, 1, 2z, 7z, 4 , 'T and group 6mm has the 

operators 1, 2 , 	3(21), 	3z, 	6 . 

The relation between the symmetry of the crystal in space-time 

and the symmetry of static physical properties exhibited by the 

crystal, is the same as considered previously for classical 

symmetry. This is Neumann's Principle which states that any 

symmetry operation permissible within the crystal is exhibited in 

the static physical properties of the crystal. As a result of the 

inclusion of the time inversion operation, Neumann's Principle is 

incorrect for dynamic properties, such as transport phenomena. 

The classification of physical tensors as time symmetric or 

time antisymmetric is often obvious. Less obvious, but of fund-

amental interest is the classification of the electric and magnetic 

field vectors, E and H. Time inversion reverses spin which in turn 

reverses any macroscopic magnetisation which the crystal may possess. 

The time antisymmetry of magnetic moment suggests that the magnetic 

field vector H is a c-tensor. Conversely, electric charge is time 

symmetric and this suggests that the electric field vector E is an 

i-tensor. 



For Neumann's Principle to be valid in space-time it is nec-

essary for the property tensor to be invariant under all permissible 

space-time symmetry operations allowed by the crystal. For the 58 

magnetic symmetry groups it is essential to distinguish not only 

between polar and axial tensors as previously, but also between 
4Pr. 

tensors which are invariant (i-tensors) and which changex(c-tensors) 

under time-inversion, The i-tensor properties transform in an 

identical manner to property tensors in non-magnetic groups (i.e. 

according to equation (1.2) ). The time antisymmetric property 

tensor 
dijk...n  transforms according to the relation 

(-1) + 	5j  5 	
(1.5) d

ijk...n 	ip 	q 
kr..... 

 nu  d  pqr...0 
61..) 44/ 	cr- Lvyrcret.k,24 
awti.arising from the reversal of c-tensors under time inversion. 

The addition of (-1) makes it possible to use the matrices 6 corres-

ponding to space-only symmetry operations. The sign ambiguity is 

resolved as before, by using the negative sign when the transform-

ation of an axial c--tensor changes right handed co-ordinates to 

left handed co-ordinates and vice versa. The generating matrices 

used for 5 are identical to those of classical symmetry discussed 

in section 1.2,1. 

1.3. FORBIDDEN .6./hOTS 

Magnetic symmetry does not forbid any tensor in all crystal 

classes, but however, certain types of tensors are zero in certain 

crystal classes.. For example, all c-tensors are zero in non-magnetic 

symmetry groups.. Magnetic symmetry is only a very recent develop- 

18. 



ment(2), and previously it was thought(3) that the structure of all 

crystals was time symmetric so that static properties characterised 

by c-tensors were forbidden. For this reason various magnetic 

interaction effects are called Forbidden Effects even though space-

time symmetry has new shown that some crystals have a time anti-

symmetric structure which permits the existence of these effects. 

The time anti-symmetric crystals may be ferromagnetic, ferri-

magnetic or antiferromagnetic, but only the latter will be con-

sidered here, for in ferromagnetic and ferrimagnetic materials the 

spin direction, and hence the magnetic symmetry, is strongly de-

pendent on the magnetic field applied to the crystal. 

1.3.1. Expansion of Thermodynamic Potential Energy 

A thermodynamic potential or Holmh its frog one-rgy is the 

energy (apart from the thermal energy) which a body contains on 

account of its environment, and is exactly analogous to the kinetic 

and potential energies of mechanical systems. The environment may 

be expressed in general terms as a series expansion of the various 

effects which contribute energy to the body in question, and in the 

case considered here these are the magnetic field Hi, electric 

field E. and stress 	Using the usual tensor notation the 

thermodynamic potential can be expanded as 

19. 



+ r.. E.d ijki kl 
+ sij. . H .6 kl 3 kl 

+ xijklyk  

+ tijkE jEk  

00000C10 + w.. 	1 6 Ijklm jk lm 
(1.7) 

= a.H. + b.E. + c..d.. + 	+ e..E.E, + f. .,,d. .6,, 
a. 1 	1 3. 	Ij ij 	1j 3. 3 	3.3 1 j 	1j 

• gijHiEj hijkEiCjk pijkHidjk clijkHiHjEk 

+ r. 	E.H.d 	+ s. 	H.H.6 	+ t. H.E.E + u. 	E.E.d 
1jkl 1 j kl 	Ijkl j kl 

ti 
 1 j k 	1jkl j kl 

+ 
v.jklmjk E.6 dlm 	I w.jklm 1 j H.d.k dlm 	I + x.jk 1 

H.H 
j
H 

I 	 k 

+ y. E.EE + z. 
1jk 1 j k 	Ijklmn61j6k1dmn ------ 

Experimentally, the first terms are the largest, so that the series 

converges and the expansion is valid for all practical values of the 

variables. 

The differential of the potential iwith respect to the magnetic 

fieldH.
1 
 gives the magnetic Ii thus 1 

- a.3.  + d..H j  + 13  gijEj  + pijkdjk  + qijkHjEk  

20. 

( 1. 6 ) 

Most of the coefficients can be named; ai  is the pyromagnetic con- 

stant, d. is the usual magnetic susceptibility, and x
ijk 

is the 
3.j 

second order susceptibility constant. Considering the electric 

cross-effects, gij  is the magnetoelectric coefficient, tijk  is the 

second order magnetoelectric coefficient; and considering the stress 

cross-effects, pijk  is the piezomagnetic coefficient, and is 
wijklm 

the second order piezomagnetic coefficient. 

Differentiation of the-potential 0 with respect to electric 

fieldE.givestheelectric hus 
1 



0 —a6  
aE. bi  + eijEj  + gijHj  + hijkIjk  + 	 H 

+ + tijkHiEk 
 + uijklEfkl 

+ vijklm5jkalm  + yijkEjEk  + 	(1.8) 

21. 

Most of these coefficients can be named; bi  is the pyroelectric 

constant, eij  is the usual electric susceptibility, and yijk  is the 

second order susceptibility constant. Considering the individual 

magnetic and stress cross-effects, gij  is the magnetoelectric 

coefficient, qijk  is the second order magnetoelectric coefficient, 

hijk  is the piezoelectric coefficient and vi jkim  is its second 

order term. 

Finally, differentiating the potential/ with respect to stress 

5. gives the strain ij, thus 

c.. f. 	+ h. E. + p. H. + r.. E.H. i 	ijkl kl 	ijk 	ijk 	ijkl j ij 

+ s
ijklj  

H.H + 
uijklIj  EE + vijklm .I lm 

ij 

+ w.. 	H.I ijklm lm zijklmnc/k1Smn + ^ n 	0 (1.9) 

Mostofthesecoefficientscamalsobenamed;c_is the thermal 
1j 

expansion strain,fijkl  is the elastic constant and z
ijk imn  is the 

second order elastic constant of the medium. Considering the 

individual magnetic and electric cross-effects, hijk  is the linear 

electrostriction coefficient, but ui jkl  is the usually measured 

'square law' electrostriction coefficient, pijk  is the linear 

magnetostriction coefficient, but si jkl is the usually measured 

'square law' magnetostriction coefficient. 



Rememberingthatili isac-tensorandE.ando..are i-tensors, 
ij 

it follows that a., g..
ij, pijk, r

ijkl, tijk, wijklm, xijk  are 

coefficients of forbidden effects. Some common forbidden effects 

are discussed in more detail in the following sections. 

1.3.2. Pyromagnetism  

This is the most simple forbidden effect and is characterised 

by a first rank axial c-tensor 	defined by the equation 

Ii  = Qi  e 	 (1.10) 

where I. is the intensity of magnetisation in the crystal caused by 

a temperature change of O. Obviously, non-magnetic crystals cannot 

exhibit pyromagnetism, and in addition odd rank axial and even rank 

polar tensors are zero in the 21 magnetic crystal classes for which 

a symmetry operator, First rank axial c-tensors vanish iden-

tically in a further 3C groups, so that the number of classes for 

which pyromagnetism is possible is 31. These are 1, 1, 2, 2, m, 

m, 2/m, 2/m, 222, mm2, mm2, mpm, 4, 7,4/m, 422, 4mm, 72m, 4/mmm, 

3, 3, 32, 3m, 3m, 6, 6, 6/m, 622, 6mm, -6m2, 6/mmm. In these 31 

groups there are only three possible forms of the tensor Qi, viz. 

the matrix [Qi  Q2  Q.J or I Qa  Q2  0] or LO 0 Q31 . 

Pyromagnetism is the property of a crystal to exhibit a 

spontaneous moment which will, in general, be temperature dependent. 

In antiferromagnetics the small magnetisation in the absence of an 

applied magnetic field is attributable to a slight tilting or 

22. 
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canting of the normally antiparallel spins so that their compensation 

is no longer perfect. The canting angle is very small, for in 

Fe2O3a 	the canted magnetic moment has been measured
(5) as 10

_ 
'
A 
of 

the total sublattice moment, Physically, it can be considered that 

spin canting is a possibility only in a crystallographic system 

where canting can exist without any loss of symmetry from the 

purely antiparallel state(6), and so the permissible spin directions 

for a crystal to exhibit pyromagnetism are severely restricted(?). 

Hematite, 
aFe203' has a rhombohedral corundum type structure. 

In its high temperature magnetic phase, the four metallic ions which 

are situated along the principal body diagonal of the rhombohedral 

unit cell have their spins lying in the plane perpendicular to this 

axis, and the crystal belongs to the magnetic symmetry group 2/m 

which permits pyromagnetism. The antiparallel spin pairs are tri-

gonally disposed perpendicular to the principal axis in successive 

unit cells, and because there is no 3-fold rotation operator along 

this axis, the spin pairs can incline slightly to give a moment 

perpendicular to the symmetry axis. This remanent magnetisation 

has been thoroughly investigated by many workers including Nagata 

et a1(8) and Tasaki and Iida(9). 

An identical crystallographic structure is exhibited by the low 

temperature phase of aFe
2
°
3
, although this has the spins directed 

along the principal axis. Because this is a 3-fold symmetry axis no 

spin canting from this axis is permissible without lowering the 



symmetry, and hence the symmetry group 3m is not pyromagnetic. 

Rather similar crystallographic and magnetic structures are exhibited 

directed along the principal axis
(10), pyromagnetism is, forbidden. 

ConverselyMn do not have the ionic spins directed 

along the principal axis(10)  and in similar circumstances to hematite, 

spontaneous magnetisation can exist and has been measured by 

Borovik-Romanov and 0rlova
(11) 

Manganese fluoride, ferrous fluoride, cobalt fluoride and 

nickel fluoride are all isomorphic antiferromagnetic difluorides 

having the rutile type of structure. In MnF2' 
FeF

2 
and CoF2 

the 

spins are directed along the tetragonal axis
(12) and the crystal 

structure is in group 4/mmm which means pyromagnetism is forbidden. 

In NiF2 
the spins lie at an angle to the tetragonal axis

(13) and so 

the magnetic symmetry is reduced to group mmm which permits spin 

canting without further reduction of the symmetry. A comprehensive 

investigation of pyromagnetism in nickel fluoride has recently been 

conducted by Bozorth and Joenk(14). 

1.3.3. Magnetoelectric Effect 

The magnetoelectric effect which involves electric and magnetic 

field interactions in the thermodynamic potential is characterised 

byasecondrankc-tensor.IfI.is  the magnetic polarisation in-

duced by an electric field E.
3
, then a defining equation of the 

magnetoelectric tensor . . can be of the form 
ij 
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I. = Q. .-JE 
a.j 

Since I. are components of an axial c-tensor of first rank and E. 

are components of a first rank par i-tensor, then Q.. is a second ij 

rank axial c-tensor. 

It is impossible for any crystal in a non-magnetic symmetry 

group to exhibit the magnetoelectric effect, and in addition, being 

an even rank axial tensor, it is zero in the 21 magnetic classes for 

which 1 is a symmetry operator. This leaves 69 magnetic classes, but 

second rank axial c-tensors vanish identically in a further 11 groups, 

so that the number of classes in which the magnetoelectric effect is 

possible is 58. These are 1, 1, 2, m, 2/m, 2, m, /m, 222, mm2, mmm,mm2, 

222, mm2, mmm, 3, 2, 32, 3m, 2a, 32, 3m, fm, 23, 1223, Vim,  4, 47, 4/m, 

4, 4, 4/m, 422, 4mm, 72m,4/mmm, 422, 4mm, 42m, 42m, Ymmm, 422, 4mm, 

42m, 4/mmm, 432, 73m, 6, 6, 6/m, 622, 6mm, 6ff2, 6/mmm, 622, 6mm, 6m2, 

6/mmm, and in these 58 groups there are 11 different forms of the 

13 

The magnetoelectric effect was predicted by Dzyaloshinskii(15)  

in 1959 and first observed experimentally by Astrov(16) in 1960 by 

subjecting an unoriented crystal of Cr203 to an alternating electric 

voltage and detecting the induced magnetisation by means of a coil 

and amplifier. The magnetic symmetry group to which chromium oxide 

belongs is 3m, for although it has the same crystallographic structure 

as hematite (which is in group 75M), its spin structure is vastly 

different. Measurements on an oriented crystal of Cr203  were first 

performed by Folen et al
(17) 

using a 1 kc/s electric field and 

magnetoelectric tensor Q. 



detecting the magnetisation as a few microvolts signal induced into 

a search coil of 10,000 turns. As expected, the magnetoelectric 

magnetisation dropped rapidly to zero at the Neel temperature of 

307°  K when the structure became magnetically disordered. The con-

verse effect of applying a magnetic field and observing an electrical 

polarisation was first performed on 
Cr203 

by Rado and Folen(18) who  

reported an exactly similar temperature dependence to that of the 

converse effect measured by Folen et al. 

Two other entirely different materials have been investigated, 

the first being Ti203  in which the electric polarisation produced 

by a magnetic field was measured by Al'shin and Astrov(19). The 

second material is gallium ferrite (Ga2Fe03), which is pyromagnetic 

and probably belongs to the symmetry class 2mm. Rado(20) found that 

in gallium ferrite the magnetoelectric coefficients exceeded those 

of 
Cr203 by an order of magnitude, and it is possible that the 

magnetoelectric effect in selected ferrites may, in the future, have 

some commercial use if its magnitude can be further increased. 

1.3.4. Piezomagnetism 

The piezomagnetic effect which involves interaction between 

stress and magnetic field in the crystalline lattice is character-

ised by a third rank c-tensor. If Ii  is the magnetic polarisation 

induced by a stress component Tik  then a defining equation of the 

piezomagnetic tensor P. 	can be of the form 

Ii  = PiikTjk 	 (1.12) 
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SinCeI.arefirstranko.xialtensorcomponentsandT..1j 
 are second 

rank polar i-tensor components, thePijk 
 is a third rank axial c-

tensor. 

It is impossible for any crystal in a non-magnetic symmetry 

group to exhibit the piezomagnetic effect, and in addition being an 

odd rank axial tensor it is zero in the 21 magnetic classes for 

which 1 is a symmetry operator. This leaves 69 magnetic classes, 

but because Pijk  is symmetrical in the last two indices (i.e. 

Tik =Tkj  ) this causes the piezomagnetic tensor in the three classes 

432, 	and m3m to be 'zero. This is a small example of the simplif- 

ication that can be afforded by utilising the intrinsic symmetry of 

the property tensor. There remain 66 magnetic classes which are 

1, 1, 2, m, 2/m, 2, m, E/m, 222, mm2, mmm, 222, mm2, mm2, mmm, 23, 

m3, m3m, 3, 7, 32, 3m, 5m, 32, 3m, 7m, 4, 7, 4/m, 4, IT, 4/m, 422, 

4mm, '2m, 4/mmm,422, 4mm, 72m, Tam, 4/mmm, 422, 4mm, 72m, 4/mmm, 

432, 473m,, 6, 77, 6, T, 6/m, gm, 622, 6mm, 6ri2, 6/mmm , 622, 6mm,  
6/mmm, 622, 6mm, 6112, 6m2, 6/mmm, and in these groups there 

are 16 different forms of the piezomagnetic tensor Pijk. 

The piezo magnetic effect was first observed experimentally 

by Borovik-Romanov(21)  in 1959.  Using single crystals of cobalt 

and manganese fluorides . 'he, observed a shift in the magnetisation 

curve parallel to the magnetisation axis when pressure was applied 

to the crystal. Both these antiferromagnetic difluorides belong 

to the magnetic symmetry group 4/mmr2 which has only two different 

components in the three terms of the matrix characterising the 
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effect. These piezomagnetic coefficients were later measured
(22) 

as a function of temperature. using an ultrasonically applied 

Pressure. The coefficients were found to follow a type of Brillouin 

magnetisation curve up to the Neel temperature of the material. The 

only other material that has been experimentally investigated
(22) 

is 

FeCO
3 
 which belongs to the symmetry group 3m. The experimental evi-

dence for the piezomagnetic effect will be discussed more fully in 

section 1.4.2. 

1.3.5. Linear Magnetostriction 

This effect involves interaction between magnetic field and 

strain in the crystalline lattice and can be considered as the con- 

verse of piezomagnetism. If E.. is the strain induced by a magnetic 
ij 

field Hk then the defining equation of the linear magnetostriction 

coefficient is 

Eij  = Qijk  Hk 	 (1.13) 

Since E.. are second rank polar i-tensor components and Hk  are first 

rank axial c-tensor components, then Qijk  is a third rank axial c-

tensor. 

The restrictions for crystal classes having a non-zero 
gijk are  

the same as for the piezomagnetic tensor P
ijk 

 with the additional 

provision, suggested by Birss and Anderson(23), that pyromagnetism 

must not be present. This reduces the 66 piezomagnetic classes to 

35 classes exhibiting linear magnetostriction and 31 classes exhibit-

ing pyromagnetism. Their reason for excluding the pyromagnetic 
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classes is that in them the linear magnetostriction will probably 

be much smaller than the magnetostriction associated with ferro-

magnetic domain reorientation in the material. This argument, 

however, does not preclude the Possibility of true linear magneto-

striction in high fields after the domain magnetisation has aligned 

itself with the field. The 35 magnetic symmetry groups permitted to 

exhibit linear magnetostriction are 222, mm2, mmm, 32, 3m, 3m, 23, 

m3, m3m, 4, , 1'm, 422, 4mm, 72m, 4/mmm , 422, 4mm, 42r2, 42m, Ymmaj, 

432, 43m, 6, 7, 6/m, 622, 6mm, 6m2, 6/rnmra , 622, 6mm, 6m2 6m2, 6/mon , 

and in these groups there are eight different forms of the tensor 

ijk 

Linear magnetostriction in hematite (dFe2)  
0_), which exists in 

the magnetic group 3m at low temperatures, is the subject of the 

present work, Apart from this, no experimental investigation of 

linear magnetostriction has been published although it is an effect 

which should be exhibited by the piezomagnetic fluorides of cobalt 

and manganese, (group 4/mime), and ferrous carbonate (3m). 

1.3.6. Non-linear Susceptibility 

The fifth and final forbidden effect that has been measured is 

non-linearity in susceptibility of antiferromagnetics. The intensity 

of magnetisation can be described by a series expansion of magnetic 

field, thus 

Ii  =XijHi  + CijkHiHj  + 	 (1.14) 
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Since I. are components of a first rank axial c-tensor and H. and 
1 

Hj  are each components of a first rank axial c-tensor also, then 

the usual antiferromagnetic susceptibility,cj  is a polar i-tensor 

andCijk  is a third rank axial c-tensor  

The restrictions on the magnetic symmetry classes which can 

exhibit a non-linearity in susceptibility are the same as for piezo-

magnetism but with the additional restriction of the reversibility 

of the order in which the free energy may be successively differ-

entiated with respect to the two components of H. This causee the 

tensors in the eight magnetic classes 422, 4mm, Tam, 4/Mmm, 622, 6mm, 

-6-m2 and 6/mmm to be zero(23). This subject(2)  has been investigated 

theoretically by Shtri4kman and Treves

4 

 and they concluded that 

there were only two possible forms of the non-linear susceptibility 

tensor. The only experimental investigation ofCijk 	m was de by 

Gorodetzky and Treves
(25) 

in the orthoferrites RFe0
3 
(where R is 

a rare earth ion), which are also pyromagnetic. Their results in- 
0 

dicated a value of Cijk  of the order of 10
8 

e.m.u./mole at room 

temperature. 

Both linear magnetostriction and non-linear susceptibility are 

recently formulated forbidden effects and consequently any experim-

ental evidence not associated with the present work is scanty and 

mainly non-existent. The lack of evidence on this branch of the 

forbidden effects may be considered as the reason why this line of 

research was adopted. 	 • 
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PIEZOMAGNETISM 

1.4.1. Historical Basis 

The first mention of piezomagnetism in the literature was by 

Voigt(26)  in 1928, He derived the reasons for the existence of the 

effect from the thermodynamic potential by using comparisons with 

piezoelectricity which was a well-known phenomenon at that time. 

The atomic explanation which he gave was that the electron orbits 

are deformed by pressure to give a non-compensation of moments 

within the atom which results in an external magnetic moment being 

produced. This basic reasoning is certainly incorrect, as he did 

not appreciate the essential differences between magnetic and non-

magnetic materials (i.e. the effect of spin ordering). Voigt also 

Produced a list of allowed piezomagnetic tensors from the symmetry 

of the tensor in each of the classical crystallographic groups. 

It was not until 1953 that the piezomagnetic effect was again 

considered theoretically. Zocher and Tbrbk(3) concluded that since 

the pyromagnetic and piezomagnetic coefficients are time anti-

symmetric and a crystalline lattice is always time symmetric, these 

were truly forbidden effects. The suggestion that a crystal with 

ordered spin arrangement could be time antisymmetric, made by 

Tavger and Zaitsev(2)  in 1956, opened up the possibility of the 

existence of all the hitherto forbidden effects. In a review of 

'the problem of piezomagnetism. in 1958, Dzyaloshinskii(27)  suggested 

suitable materials for investigation as - low temperature dFe203, 

FeC0_, MnF2, CoF2  and FeF2, and calculated the form of the piezo- 

31. 



magnetic tensor in each case from the magnetic symmetry elements 

of the appropriate spin structure which give terms of similar 

symmetry in the thermodynamic potential This work was followed 

by a review of magnetic crystallographic groups and their proper-

ties by Le Corre
(28) 

Many materials for which neutron diffraction 

data was available were classified into their magnetic symmetry 

groups, and in these, the possibility of piezomagnetism was examined, 

In addition to the previously mentioned materials, Le Corre also 

suggested CrSb and the similar isomorphic intermetallic compounds 

CrS, FeS, MnTe, FeTel  MnAs, MnBi, as likely to exhibit a piezo-

magnetic moment. 

In early.1959, just before the first observations of piezo-

magnetic moments were reported, Moriya(29) published a theoretical 

evaluation of the magnetisation that could be produced in cobalt 

fluoride by the application of pressure. CoF2 has a crystal structure 

of the rutile type with the magnetic ions lying on two planes with 

spin directions in opposition. A linear compression applied in the 

plane distorts the crystalline fields within the two planes and this 

distortion has a different effect on the two kinds of srin. This 

produces resultant magnetic moments on each plane and hence an ex-

ternal magnetisation which is rather like ferrimagnetism. 

1.4.2. Lxperimental  Verification 

Later in 1959 3orovik-Romanov(21) reported the first experim- 

ental observation of the piezomagnetic effect. To detect the 
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magnetic moment they used a specially constructed torsion balance 

in which a press containing the specimen was suspended on a vertical 

wire. The press was controlled by helium gas pressure in the 

surrounding space acting upon an evacuated sealed bellows, so that 

as the gas pressure was reduced the compressed bellows tried to 

expand, and by way of a lever, applied a magnified pressure to the 

specimen. In this way a maximum pressure of 500 kg/cm
2 
was applied 

to a 1 mm
2 

cross-section of the crystal at liquid hydrogen temp-

erature of either material. Their results indicated that the max-

imum pressure on a specimen of Ca, produced a magnetisation of 

10 gauss/mole, being independent of the magnitude of the field used 

to measure it. The effect in MnF
2 

was approximately 100 times 

smaller than in Ca
2 

 

These experimental details were amplified in a later paper
(DO) 

This also included curves showing that both the tensor components 

of piezomagnetism in cobalt fluoride were constant under stress, 

thus implying that the second order coefficient, 	from 

equation (1.7), was negligibly small. A magnetic moment was ob-

tained in Copt  when the pressure was directed along a crystal axis 

and also when the pressure was applied at 450  to the crystal axis 

(Lea a shear stress). In I•iiiF, the effect was almost exactly 100 

times smaller and their sensitivity was such that the magnetisation 

produced by the maximum stress was almost the minimum detectable. 

The paper also derived from the thermodynamic potential energy, the 

permissible directions of pressure induced magnetisation, the 
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results agreeing completely with experiment and also with the pre-

dictions of magnetic symmetry. It was suggested that the applic-

ation of stress caused the sublattice magnetisation to be no 

longer exactly antiparallel, which is rather similar to the spont-

aneous rotation of spins in Pyromagnetics, thus causing an external 

magnetisation to appear. From the experimental results, the 

rotational angle was calculated to be 10-3  radians, which is about 

ten times larger than the pyromagnetic rotation in hematite(5)  

The third and final experimental report was presented by 

Borovik-Romanov et al(22)  in 1962 at the Kyoto Magnetism Conference. 

The piezomagnetic effect in FeCO7  was discovered, and in addition 

it was found that magnetic annealing (i.e. cooling in a magnetic 

field) gave a greatly enhanced effect. This observation was ascribed 

to the production of a single antiferromagnetic domain state through-

out the crystal. The report also revealed that work on CoF2 was 

still proceeding using an entirely different apparatus. Pressure 

was applied ultrasonically to the crystal and the induced moment 

picked up by coils placed round the specimen. In this way, a 

temperature dependence of the effect was obtained, showing the 

moment dropped rapidly to zero as the Neel temperature is approached, 

in a similar manner to the temperature dependence of the sublattice 

magnetisation. A serious disadvantage to the previous static 

pressure apparatus was the inability to measure at any other temp-

erature than 20.4°  K, due probably to the unknown thermal expansion 

of the rod transmitting the pressure from room temperature to 
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liquid hydrogen temperature. The use of ultrasonically applied 

pressure overcame this difficulty, There is no further reported 

work on piezomagnetism in the literature, 

1,4.3. Piezomagnetism and Antiferromagnetic Domains 

Although it is not a necessary condition of antiferromagnetism, 

the spin structure of these materials is generally uniaxial and 

these conditions allow the possibility of the existence of 180°  

domain walls. These walls may be defined as occurring where there 

is a 180°  phase shift in the repetition pattern of spin direction. 

180°  domains are linked to each other by the time inversion operator 

R, and if R is not an operator of the crystal as a whole - which is 

certainly correct if the crystal exhibits the forbidden effects - 

then the domains must be distinguishable by any property of the 

crystal that does not have R as operator, The forbidden effects, 

characterised by c-tensors, will therefore show reversal of sign 

with reversal of domain type, 

(28) 
This was noted by Le Corre' 	who considered what happens to 

the domains when an antiferromagnetic crystal is cooled through the 

Neel point. If no energy is applied to give one domain type 

preference over the other, then the material, when cooled, would 

have a statistically equal distribution of the two domain types. 

If a preferential energy is given'to one domain when cooling, then 

this favourable domain type will grow throughout the crystal and 

the material will cool as a single antiferromagnetic domain. The 
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preferential energy was suggested by Le Corre to be available from 

the simultaneous impression of magnetic field and stress in a piezo-

magnetic material when cooling through the Neel point. 

The existence of 180°  antiferromagnetic domains was experiment-

ally verified(50) in 1960 by the piezomagnetic effect. It was 

found that cooling crystals of cobalt and manganese fluoride in a 

magnetic field with a mechanical stress applied, gave an increase 

in the piezomagnetic moment in both materials. The increase was so 

considerable in MliF0  that the moment only became detectable when the 

magnetic annealing procedure was followed, At low measurement 

fields the piezomagnetic moment had a direction which was identical 

to the direction of the annealing field, but however, in measure-

ment fields in the opposite direction to the piezomagnetic moment, 

and above about 60o oersteds, the magnetisation of the specimen 

reversed. This is obviously due to the extra piezomagnetic energy 

given to the domain type which was of unfavourable orientation 

during annealing, arising from the measurement field and the stress 

together applied to the crystal. It is probable that during anneal-

ing very small regions of unfavourably oriented domain type still 

exist, being pinned to lattice imperfections and the like. It is 

these small regions of opposite domain type which can grow and 

spread throughout the crystal when given sufficient energy. 

According to Borovik-Romanov, the reversal of magnetisation 

occurred slowly, so that almost complete reversal took seven min-

utes in a field of 1000 oersteds. It is important to mention here 
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that it was observed that the results e. domain reversal were not 

readily reproducible. This is probably accountable if it is assumed 

that the domain mobility is very low at the low temperature used. 

At 20.4°  K the thermal vibration energy of the magnetic ions is 

very small, so that if a magnetic energy of just less than a crit-

ical value is applie,:l to an ion, the probability of the total energy 

exceeding the critical value is also small. Since this is a stat-

istical energy process, the potential barrier may be surmounted in 

milliseconds at room temperature, but it would take very considerably 

longer at liquid hydrogen temperature. With this as a basis, it 

would seem possible that the observed speed of domain reversal could 

be explained, as also could the unrerroducibility in the reversal 

results. 

This section illustrates the use of results obtained from the 

measurement of forbidden effects to give a good indication of the 

antiferromagnetic domain state of a. material. The present work 

utilizes linear magnetostriction to investigate antiferromagnetic 

domains in hematite. 

1.5. TialATITE 

1.5,1. Costal Structure 

Investigation of linear magnetostriction was performed on ferric 

oxide (aFe,)0_). This oxide, which is more commonly known by its 

mineralogical name, hematite, has a corundum type crystal structure 
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Figure 1. The unit cell of hematite, oxygen ions shown as open 

circles, iron ions shown as solid circles. 



as established by Pauling and Hendricks
(31) and shown in Figure 1. 

The unit cell is rhombohedral with its centre at 0, and having four 

metallic ions situated along the L1111 axis AB, at the points a, b, 

c, d, so that Aa = Ob = Oc = Bd. The oxygen ions, which are shown 

n open circles in Figure 1, are arrayed in trigonal layers perp- 

endicula 	
, 

r to the 1111 axis, Each iron atom is surrounded by six 

oxygen atoms which are not at the corners of a regular octahedron 

although they appear to be so, for three of these atoms are closer 

to the iron atom than the other three. Each oxygen atom is surrounded 

by four iron atoms, two of which are nearer than the other two. The 

structure can be represented as being composed of Planes containing 

iron atoms only, separated by planes containing oxygen atoms only. 

Figure 2 shows the position of the oxygen atoms relative to a 

succession of equally spaced (111) planes, the number indicating the 

perpendicular distance of the planes from A (towards B) in units of 

one-sixth the distance AB. 

Considering this classical structure of the crystal it can be 

seen that AB is a 1,5-fold rotation axis, and OU, OAT, and OW are 2-

fold rotation axes. There is a centre of symmetry which can be seen 

from Figure 2 to be at C, where AC = CO, since C lies on the line 

AB at a distance of l of the units used from A. Hence plane 1 is 

an inversion through C of plane 2, and plane 0 is an inversion 

through C of plane 3, etc, The classical symmetry elements are 1, 

1, 3(2_,_), 3(1), 	3 
z 
 , + 3u, so that the structure belongs to the 

Point group 3m. 
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Figure 2. The positions of the oxygen ions relative to a succession 

of equally spaced (111) planes, the numbers indicating 

the perpendicular distance of the planes from A (towards B) 

in units of one sixth the distance AB. 



1.5.2. Spin Structure 

Determination of the spin structure of hematite was reported 

by Shull, Strauser and 1:Iellan -
(52)  in 1951. Spins on adjacent Fe

3+ 

ions are parallel and antiparallel and conform to the signature 

+ + - for a, b, c, d, so that each ion has a ferromagnetic coupling 

in one direction and an antiferromagnetic coupling in the opposite 

direction. The actual direction of the spin moment is also of 

importance, and it was found that between 250°  K and the Neel point 

of 9500  K, the spins lay in any one of the symmetry planes BOR, BOQ or 

BOP, making a small angle with the @.11] axis. In the low temp- 

erature spin arrangement, the point C in Figure 1 is still the 

centre of symmetry, and because the spin moments lie along the 3- 

fold axis, one 3-fold and three 2-fold rotation axes are still 

permitted. This gives symmetry elements 1, 717, 	3(2k), 	3z, 

+ 7z  which correspond to the magnetic symmetry group 5m. A material 

in this group is permitted from symmetry consideration to exhibit 

piezomagnetism, linear m•:..gnetostriction, and a non-linear susceptib-

ility term, but the pyromagnetic tensor is zero. 

In the high temperature spin arrangement the suins at a and b 

may point, for example, nearly parallel to OR whilst those at c and 

d point parallel to OR 1 0 At these temperatures the only magnetic 

rotation axis of the unit cell is the one 2-fold axis perpendicular 

to the spin direction (i.e. OV in this case). The point C is still 

the centre of symmetry so that the appropriate symmetry elements 

are 1, 1, 2, 2, and the material belongs to the magnetic group 2/m. 
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This group permits pyromagnetism, piezornagnetism and a non-linear 

susceptibility term, but does not permit linear magnetostriction as 

defined by Birss and Anderson
(23)

, because of the pyromagnetism. 

Physically the pyromagnetism is permissible because it is 

possible to rotate the spins about AB away from OR and OR1  towards 

the direction OV without altering any of the magnetic symmetry 

elements. It is possible to rotate the two sets of spins through 

900  so that their directions coincide, whilst still preserving 2/m 

symmetry, and then the crystal would exhibit pure ferromagnetismm. 

In hematite, however, internal forces prevent the spins rotating 

far from the antiparallel position, so that with the experimental(5)  

ratio of canted moment to the total sublattice moment as 2 x 10
-4

, 

the spins are only 2.5 minutes of arc from the antiparallel position. 

1.5.3. Morin Transition  

There are many properties of hematite, both magnetic and non-

magnetic which show discontinuities at about 250°  K where the spin 

structure transition occurs, The transition was first reported 

from magnetic measurements by F. Jc Morin(33)  in 1950 and now gen-

erally bears his name, for although the susceptibility of hematite 

had been measured many times previously(34) and no transition 

detected, measurements had not been taken below 0°  C. At the trans- 
ftwdAd 

ition thehmagnetic susceptibility changes rapidly from a value of 

17 x 10
-6 

per gram below the transition to 130 x 10
-6 

per gram 

above. Morin also found that 1% titanium impurity was sufficient 
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to completely suppress the transition. 

Magnetostriction is an effect closely linked with magnetisation 

and would thus be expected to show a sharp discontinuity at the 

Morin transition. The assumption was shown to be correct by 

Urquhart and Goldman(35) who observed a strain increase of approx-

imately eight times as the temperature was raised through the trans-

ition, in a fixed field of 6500 oersteds. These authors also re-

ported a linear decrease in the transition temperature (as defined 

by the strain discontinuity) with applied field, which amounted to 

six degrees C. in 8000 oersteds. 

Other crystal properties which are not closely linked with 

magnetisation would be expected to show a very reduced dependence 

on the Morin transition. Recently the magnetic transformation has 

been detected(36) as a slight change of slope in the thermal ex-

pension vs. temperature curve indicating a peak in the expansion 

coefficient. In 1951 Morin(37)  performed conductivity and Hall 

coefficient measurements on hematite and his results do not appear 

to exhibit any peculiarity within the transition temperature range. 

1.5.4, AntiferromaEnetic Domains  

Two quite different types of antiferromagnetic domains can 

exist in hematite. Let us consider first those existing from 250°  K 

to 950°  K and which have a resultant magnetisation due to the canted 

moments, It was mentioned in section 1.5.2. that the spins could 

lie in any one of the symmetry planes BOB, BOQ, or BOP of Figure 1, 
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giving the overall canted spin magnetisation along OV, OU, or OW 

respectively. In the extended lattice of any real crystal of 

hematite there is the Possibility of 120°  magnetic domains exist-

ing as none of the directions OV, OU, or OW is energetically more 

favourable to the canted moment. There is a further possibility 

that each 120°  domain can support two domains, one with the canted 

moment directed 180°  away from the other, because OV is no more 

favourable to magnetisation than OV, etc. 

Polarized neutron experiments at room temperature have shown(38) 

that each of the trigonal domains becomes nearly a single 180°  

domain type in fields of the order of 100 oersteds, and that the 

remanent magnetisation is caused by hysteresis of reversal of these 

canted spin 180°  domains. Up to 100 oersteds the distribution of 

trigonal domains is isotropic, but above this value the canted 

moment rotates to become parallel to the applied field causing the 

spins to be situated perpendicular to the field direction. 

Room temperature domain effects in hematite were first found 

by utilising the stray fields of the domains to deflect an electron 

beam reflected at grazing incidence from the crystal(39). A little 

later, domains were actually observed( 0)  using the Faraday effect 

in very thin synthetic crystals. Blackman and Gustard(41) have 

observed the domain walls microscopically using an acetone based 

magnetic colloid, and noted that the wall magnetisation disappears 

below the transition temperature. After repeatedly cooling and 

warming the crystal through the transition temperature range, the 
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domain pattern regularly returned to its original configuration, 

which would indicate that the crystal retains some kind of memory 

of its high temperature domain state when cooled below the Morin 

transition temperature. 

Let us now consider antiferromagnetic domains existing below 

250°  K, which is an entirely different situation. Neutron diffraction 

cannot distinguish between a spin system in a certain unit cell with 

c-axis vertical, being up, up, down, down, or down, down, up, up, 

because it can only distinguish spin dense planes and directions and 

not the sense of individual spins. Adjacent regions of these two 

possible spin distributions can be described as 180°  domains, al-

though neither domain has a nett magnetisation. These domains can 

be distinguished by use of polarized neutrons(38  '42)  and it has been 

found by this method that when hematite is cooled through the Morin 

transition in the absence of a magnetic field the crystal contains 

a roughly equal distribution of the two 180°  domains. It was nec-

essary to cool the crystal in a field of several hundred oersteds 

to obtain a high polarisation ratio below the transition. 

The effect of the antiferromagnetic domain pattern in a material 

exhibits itself in the magnitude and sign of the forbidden prop-

erties, for the domains are related to each other 'by the time in-

version operator R, and since magnetic symmetry shows that R is not 

an operator of the crystal as a whole, the domains must be distin-

guishable by any c-tensor property. Examples of these properties 

that do not have R as operator are pieoomagnetismi  linear rsagneto- 



striction, and non-linear susceptibility in ciFe203, and the magneto-

electric effect in Cr
2
03. 

1.5.5. Antiferromagnetic Domain Annealing  

It has been established experimentally, both by this work and by 

the polarized neutron experiments, that antiferromagnetic domain 

annealing in hematite can be effected by cooling the crystal from a 

largely single domain condition above the transition. In a canted. 

spin antiferromagnetic there are two types of 180°  domain walls, 

those in which the ferromagnetic component reverses sign (FW) and 

those in which the antiferromagnetic component reverses sign (AFW). 

The situation is shown diagramatically in Figure 3 where (a) represents 

a single domain, and (b) FW alone, (c) AFW alone, and (d) FW and 

AFW in coincidence, and the ferromagnetic component is shown as 

straight out of or into the page by the usual convention. It is of 

importance to note that (b) and (c) are not walls between domains 

related by time inversion, since this operator reverses all the spins 

including the canted moment. From the canted moment coupling energy(42) 

it is probable that all the 180°  domains are related by time in-

version, and so only FW and AFW in coincidence are permissible. 

Application of a sufficiently large magnetic field at room temp-

erature acting on the canted moment, removes all FW and because of 

their association also removes all AFW. The crystal is then in the 

single domain state (a) and can be cooled through the Morin trans-

ition into a single domain state at low temperatures. The field 
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(a) 
	

(b) 

(c) 	 (a) 	• 

Figure 3. High temperature domain pattern and walls in hematite 

(a) represents a single domain (b) IV alone (c) ART alone 

and (d) FU and 117.T in coincidence. 



needed to anneal a single domain into the low temperature phase is 

that required to produce a single domain at room temperature. 

1,5.6. Remanence 

Room temperature hematite has a considerable remanent magnet-

isation in the (111) plane due to hysteresis of reversal of the 

canted spin 180°  domains. Only relatively recently has it been 

noticed that remanence is still present to a very small extent below 

the Morin transition. It has been found by Lin(43)  that upon cooling 

a natural crystal under field free conditions, the magnetic remanence, 

whilst decreasing in value through the transition, also rotated from 

being in the (111) plane to being along the 1111.1 axis. The rotation 

of the magnetisation vector is shown clearly in Figure 4 which is 

reproduced from Lin's paper. 

At the same time it was found independently by Iwata et al(44)  

that the remanent magnetisation acquired at room temperature, and the 

magnetisation memorized by the specimen when cooled once to - 2000  C 

and then brought back to room temperature, are independent of the 

field producing the remanence and are always in the ratio 1:0,52. 

A reverse magnetic field applied at - 206)  C could reduce the room 

temperature moment only 	it exceeded a threshold value of about 

40 kilo-oersteds, and similarly a specimen could be given a room 

temperature remanence by the application of a field in excess of 

50 kilo-oersteds at - 200°  C. The cooling and warming memory of 

remanence was also found by Nagata(8)  to be constant when performed 
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under field free conditions. Tasaki and Iida(45) report that the 

direction of the low temperature moment follows closely that of the 

applied field through the transition, so it would appear that at the 

Morin temperature the anisotropy preference for remanence along the 

0.11] axis is only slight, but well below this temperature the 

anisotropy energy has increased radically. 

The explanations for the low temperature remanent magnetisation 

are many and varied. It has been suggested by Iwata et al(44) that 

this remanence may be due to the magnetisation of antiferromagnetic 

domain boundaries. Although the bounaaries could have a small 

magnetisation; cooling the crystal in a high magnetic field would 

remove boundaries and so reduce the low temperature remanence, which 

is in complete opposition to the experimental results of these authors. 

An alternative suggestion by Iwata et al was that the remanence was 

the result of some kind of crystal distortion, and this is supported by 

Tasaki and Iida(46) who noted that the memory of room temperature 

remanence through a cooling-warming cycle increased as small single 

crystals were crushed even smaller. This could be due to internal 

stresses produced by grinding and crushing, but the relation between 

stress and magnetic moment is a little more dubious, for the piezo-

magnetic moment cannot exist along the 3-fold z-axis in group5M. 

A third different suggestion of the origin of the low temper-

ature remanent moment is to assume the existence of slightly unequal 

sublattice moments. This idea of Lin's(43) is probably the most 

promising for it can account for the increase of remanence when the 



crystal is cooled from a single domain state (i.e. cooled in a 

magnetic field). In this state the residual unbalance of the sub-

lattice moments are aligned with each other so that the direction of 

remanence will depend on the cooling field direction, in agreement 

with experiment. The inequality of sublattice moments may not 

necessarily be a fundamental property of hematite, for ferrous im-

purity ions could preferentially occupy a ferric site in one of the 

sublattices. This would agree with the experimental observations 

that the single crystal remanence decreases after prolonged heating 

in oxygen. 

1.6. THE PRESENT INVESTIGATION 

The converse method of measuring the magnetoelectric effect was 

reported only two years after the experimental discovery of the 

property, but although the piezomagnetic effect was measured in 1958, 

the converse of it has not been studied. The present investigation 

completes the task by examining linear magnetostriction, which is 

in effect the converse of piezomagnetism. 

Linear magnetostriction and other forbidden effects can be pre-

dicted by crystal symmetry to exist in many materials whose magnetic 

structure has been investigated. A large list of these may be found 

in Appendix I. Hematite was chosen to be the material in which 

linear magnetostriction was to be examined, because not only does a 

magnetic transition occur at a convenient temperature of - 150  C, 

but any forbidden effect identifies an overall antiferromagnetic 
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domain direction which is of specific interest in hematite. Anti-

ferromagnetic domain behaviour inaFe203  has already been studied 

by polarised neutron diffraction, and it was intended that the 

results of the present work should provide information about domains 

in the same material so that' comparisons could be made. Finally it 

was hoped that this work could shed new light on the magnetic trans-

ition and on the origin of the low temperature remanence. 
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CHAPTER /I 

APPARATUS 

2.1. APPARATUS  REQUIREMENTS 

2.1.1 Strain Sensitivity Renuirements 

Magnetostriction is a perturbation effect and always results 

in very small changes in dimensions for any applied field. Ferro-

magnetic metals have saturation magnetostrictive changes in di-

mensions of the order of 2 x 10-5 of the total length(47) Very 

few magnetostriction measurements on antiferromagnetics have been 

published, and although saturation does not occur, no strains 

greater than 5 x 10-6 have been reported in fields up to 10 kilo-

oersteds. 

An early measurement on polycrystalline nickel oxide by Belov 

and Levitin(48)  implied that their apparatus had a strain sensit-

ivity of at least one part in 108. Later a small range of single 

crystal measurements were reported, the first being by Alberts and 

(4°) Lee 	who stated that the sensitivity and stability of their 

arrangement was such that a strain of 10-7 could be measured. In 

other measurements on nickel oxide and cobalt oxide crystals, 

Nakamichi and Yamamoto(50) whilst not explicitly stating the sens-

itivity of their apparatus, implied from their results, a strain 

sensitivity of 5 x 10-7 McGuire and Crap°(51) who measured the 

magnetostriction of manganese oxide in addition to the two 
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previously mentioned materials, also appear to have a measurement 

sensitivity of 5 x 10-7.. 

The earliest reported measurement of magnetostriction in anti-

ferromagnetics was by Urquhart and Goldman(35) who measured single . 

crystals of the material under consideration, (i.e. hematite). 

Their measurements were made mainly at room temperature and just 

below, so that points could be obtained above and below the Morin 

transition temperature of -15°  O. The implied sensitivity of their 

apparatus was such that a strain of 10-7  could be measured. At room 

temperature these authors encountered a magnetostrictive strain of 

10-5  at 6.5 kilo-oersteds in the most favourable crystallographic 

direction, which reduced to a value of 5 x 10-7  in the same field 

just below the Morin transition. 

From these published apparatus specifications it was concluded 

that a strain measurement sensitivity of at least 5 x 10-8  was nec-

esearr accurately to measure magnetostriction in hematite at low 

temperatures- It was however later found desirable from the measure-

ments, (section 4,2.), that linear magnetostriction in low fields 

should be investigated, and a strain measuring sensitivity of one 

part in 108 was necessary to attain reasonable accuracy of measure-

meat under these conditions. The final apparatus was accordingly 

modified to comply with this requirement, 

2.1.2. Strain Measurement Devices 

The problems of remote measurement of small changes in dimensions 
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at various temperatures have produced a number of different tech-

niques, Belov and Levitin(48) attained a sensitivity of one part in 

10 by using a wire probe and 'photo-electro-optical amplifier°, 

but this method was rejected through lack of any published descrip-

tion. 

Two suitable methods remain. A capacitance method 	and a 

resistance strain gauge method(53,54,55).  The former utilises the 

change in dimensions of the specimen to alter the capacitance of a 

parallel plate condenser connected in a resonant electrical circuit 

is 
and the capacitive changeXrecorded by measuring the change in 

resonant frequency. An objection to adopting this method of 

measurement for single crystal hematite is the obvious difficulty 

of mounting an irregularly shaped single crystal so as to form a 

parallel plate condenser. In the other method the magnetostrictive 

strain is communicated to a resistance strain gauge which undergoes 

a fractional change in resistance, this change being determined 

with the aid of a very sensitive Wheatstone bridge. In principle, 

the sensitivity limitation of this method is the sensitivity of 

the null-detector used in balancing the resistance bridge. 

The use of a strain guage method gives numerous advantages 

arising from its particular suitability when dealing with small 

specimens and single crystals, It is perhaps significant that all 

the antiferromagnetic single crystal measurements previously men-

tioned utilised a strain gauge technique. Table I summarises 

various methods of measurement and the resultant strain sensitivities. 
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TABLE 1 Comparison of Magnetostriction Methods and Strain 
Sensitivity of Various Workers. 

---- 

Authors Material Method Strain 
Sensitivity 

Belov and Levitin(48) p/c 	Ni0 P.E.O.A. 10
8 

Alberts and Lee(49) s/c 	NiO S.G. 10-7  

Nakamichi and 
(50) Yamamoto 

 s/c 	NiO,Co0 S.G. 5 x 10-7  

McGuire and Crapj51)  s/c 	NiO,MnO,CoO S.G. 5 x 10-7  

Urquhart and („\ s/c aFe2
0
3 

S.G. 10-7  
Goldman ;471  

Callen et al(52) s/c 	Y.I.G. C.C. 10-7  

Birss and Lee(55)  s/c and p/c 	Ni S.G. 2 x 10-7  

Scott (this work) s/c aFe203 
S.G. 10-8 

P.E.O.A. - Photo-electro-optical-amplifier 
S.G. 	- Strain Gauge 
C.C. 	Capacitance Change 

Because this method measures strain directly and not extension, 

no particular advantage is obtained by the use of specimens which 

exceed considerably the length of the gauge. When dealing with single 

crystals the use of small specimens is essential, and for all mat-

erials it is desirable to have the specimen as small as possible so 

be 
that both it and the low temperature enclosure mayAaccommodated within 

the poles of an electromagnet. Since the strain gauges are stuck to 

the specimen, the measurement is not seriously affected by small 
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movements of the specimen as a whole, caused for example by vibrat-

ions or the magnetic forces acting upon it. 

2.1.3. Temperature Requirements  

The thermal expansion of hematite
(56'36) just below the Morin 

transition is 7 x 10-6  per degree C. so that the strain that 

accompanies 10  C. change in temperature is about one hundred times 

the initially desired measurement sensitivity. Hence, although the 

temperature variation of magnetostriction is probably small except 

near the Morin transition, the strains introduced by thermal ex-

pansion can completely dominate those caused by magnetostriction. 

These considerations led to a requirement that the temperature 

stability of the specimen be better than 1/100 of a degree Centigrade, 

and since from magnetic symmetry considerations it has been shown 

that linear magnetostriction in hematite will be of primary interest 

below the Morin transition temperature of about -150  C., measure-

ments must be performed both above and below this temperature. 

Birss and Lee(55) have described a low temperature apparatus 

for keeping strain gauges at a constant temperature, but they report 

that it is difficult to preserve the temperature of the specimen 

within such limits that the balance of the bridge is not disturbed 

by changes in the resistance of the active gauge arising from the 

thermal expansion of the specimen. Their method was to use a 

melting solid-liquid constant temperature bath for their lowest 

temperature and then to allow the apparatus to warm up slowly to 
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room temperature whilst contained in a Dewar flask. Their strain 

sensitivity was 2 x 10-7, and since it was intended that this 

apparatus should be at least ten times more sensitive, measurements 

were only taken whilst the specimen holder was within a liquid bath. 

It was found that boiling gas baths were far superior in temperature 

stability than melting liquids and thus most measurements were per-

formed at liquid nitrogen boiling point. Even so, boiling liquid 

baths have small rapid fluctuations in temperature due to the for-

mation of bubbles and to overcome this the specimen was mounted on a 

heavy metal holder within the bath. 

2.2, RESISTANCE STRAIN GAUGES 

The measurement technique is based upon the fact that most 

metals have a linear relationship between applied strain and 

electrical resistance, so that if wires of these materials are 

affixed to a test surface, the change in resistance of the wires 

when a strain is applied to the surface is an accurate measure of 

the strain in the surface. Further required conditions are that 

the wire must be free from strain hysteresis and have a comparit-

ively low temperature coefficient of resistance, and these con-

ditions are met together with a high strain sensitivity in certain 

metal alloys. 

The resistance strain gauge used consisted of a rectangular 

grid of fine nickel-chromium wire of about 0.0027 cm. diameter, 

cemented to a paper backing. The ends of the fine wire were spot 
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welded to metal strips for terminal connections. The gauge, which 

was type 6J supplied by H. Tinsley and Co. Ltd. had a nominal re-

sistance of 98 ohms and an 'active' area of 0.8 x 0.15 cm. Each 

gauge was stuck onto a cleaned surface of the specimen using a 

double layer of nitrocellulose adhesive (Durofix), and then allowed 

to dry at room temperature under a standard pressure of 8 oz. for 

at least 24 hours. Final drying was achieved by passing a current 

of 10 milli-amps through each gauge for another 24 hours prior to 

making measurements. 

If bR is the change in resistance of a strain gauge of re-

sistance R when strained by an amount 61/1 then the proportionality 

factor G is given by 

G o1/1 
	 (2.1) 

and this is known as the gauge factor. It may be derived approx-

imately as follows- 

Assume the gauge wire has a total length 1, diameter d, 

cross-sectional area A and specific resistivity p, then the total 

resistance is given by 

R. LI- 	 (2.2) 

To a fair approximation, the specific resistivity of nichrome is 

independent of strain for small strains. Assuming this, the change 

in resistance due to strain is found by differentiation to be 

bR
plbA 
A A — 

Poisson's Ratio for the wire is defined as 

(2.3) 
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bd/d 

(2.3) 

2561 

(2.4) 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.9) 

5 - 	6571 

so that 

	

21 	bA. 

	

na2 	bl 

d 2  since 	A = n(T) 

so that, replacing in equation 

	

obi 	22_. 
bR A 	A 

0
A

, 1 
(1 

I. 

25) 

25) 
bR 	bl 

so that 	= — 	(1 
R 	1 

Thus 	G = (1 	25) 

The commercial strain gauges used had a room temperature gauge 

factor of 2.08 and the value at various other temperatures is dis-

cussed in section 2.7.4. 

2.3. METHOD OF MEASUREMENT  

2.3.1. Bridge  

Measurements of the change in resistance of the gauge were made 

by incorporating it as one arm of a basically conventional D.C. 

Wheatstone bridge, which could measure resistance changes down to 

10-5 ohms. The resistor in series with the active gauge was also 

a strain gauge which was stuck to a dummy specimen situated adjacent 

to the hematite specimen and experiencing the same temperature and 

field. The two other arms of the circuit shown in Figure 5(a) were 

resistance boxes placed outside the low temperature enclosure. The 
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Figure 5(a). The bridge and associated circuits. 

Figure 5(b), A diagrpmmtic form of Wheatstone bridge. 



third arm was a 100 ohms resistance box, but the fourth arm consisted 

of a 90 ohms resistance in series with a parallel combination of 

10 ohms and a four-decade 10,000 ohms resistance box. This latter 

combination allowed very small changes to be made in the resistance 

of one arm to balance the bridge exactly or for calibration purposes. 

A diagrammatic, form of a simplified Wheatstone bridge is shown 

in Figure 5(b), Suppose initially that the respective arms have 

resistances R
1, 
 R2, R3 and R4 

and the bridge is close to balance. 

In this condition the bridge has an off-balance current i . Suppose 

the galvanometer resistance is R , the voltage applied to the bridge 
g 

is V, and currents il, i
2' 

i
3 
and i4 

are as shown in Figure 5(b). 

Applying Kirchoff's Law that the total current at any point in a 

network is zero, we have 

at point A 	i - 	i3  = 0 	(2.10) 

at point D 	i3  + is  - i4  = 0 	(2.11) 

at point C 	
i2 14 	= ° 	

(2,12) 

Similarly, applying Kirchoff's Law that the total voltage around any 

circuit is zero, we have 

around ABD 	R i + R i - R i = 0 	(2.13) 
1 1 	g g 	3 

around BCD 	R2i2  R4i4  - Reis  = 0 	(2.14) 

Eliminating i
1 

by replacing equation (2,10) into equation (2.13) 

Ri(i i3) + Rgig  R3i3  = 0 

Hence 
	Rii+ Rgig  - (R3  + Rl) i3  = 0 

	(2.15) 

Eliminating i2 
by replacing equation (2.12) into equation (2.14) 

R2(i i4) R4i4 - gg = 0 
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Hence 

 

R2i 	Ri, - (R4  + R2) i4  = 0 	 (2.16) 
CJ 

from equation (2.11) 

63. 

Replacing for i4 

 

R,i - R 	- (R + R ) 	- (R + R) i =0 
g g 	4 	2 3 	4 	2 

(2.17) 

Multiply equation (2015) by - (R4  + R2) and equation (2017) by 

(R3  + R1) and adding to eliminate i_, we get 

- 1(R4 4.  R2)i - Rg(R4  + R2)ig  + R2(R3  + R1  )i - Rg(R3 + R1)ig 

(R4  + R2)(R3  + Ri)ig  = 0 

[- (R4  + R2)(R3  + R1) - Rg  (R4  + R2) + (R3  + R.3. )J] g  

rR1(R4 + R2) - R2(R3  + R1)] 

:=1R1114 - R2  -R3  i 

Looking at the whole parallel circuit 
1 

11  
Ra. + R2

+ 
 R3 + R4 

= 1 + R2)(R3 .7 	R4) 
1 R + R + R + R 1 2 3 4_ 
V(Ri  + R2  + R3  + R4 ) 

(R1 + R2 )(R3 + R4) 

Replacing equation (2019) into equation (2018) we get 

I(R4  + R2 )(121  + R3) + Rg(R1 + R2  + R3  + R4 ) 

(R + R + R + R4 ) 
= (R R - R R )V 1 	2 	3   2 3 	1 4 (R1 + R2 )(R3 + R4) 

r(R
4 + R2 )(RI  + R3) 	1 	(R2  R7  - RiR4 ) 

Thus 	 + Rs 	 "R2) (R3 4. R4)  V (2020) R +R +R +R 1 2 3 4 	 + 
 

\I 

Hence 

(2018)  

(2.19) 



(R2R3  - RiR4) V 
and so 	i 	 (2,21) g 	R g  (R1  +  R2)(R3  + R4) + 

(R4  + R2)(R1  + R3)(R1  + R2)(R3  + R4) 
where 	4 =  	R

1 
+ R

2 
+ R

3 
+ R

4 	
(2022) 

/s(R
1 
+ R

2 
+ P

3 + R4
) = (R

4
R
1 
+ R3R4  + R1R2  + R2R3)(R1R3  + R2R3  + 

R1R4 + R2R4) 	(2.23)  

= Rc-R R + R RR 

	

13d 1RR2 	i23 	i234 	2 3 
23 + RRR2  + RRRR + R R2R

4  

2 _2 134 2_2 +E +RRR2  + R2RR +RRRR + R1R2R3  + R2E 	1 4 	1 3 4 	1 4 	1 2 3 

+ R R R + R
2  R R2  + R RR + R2R3  R 1 2 4 	3 4 	1 2 4 	2 3 4 

	(2,24) 

(R1R3R4  + R1R2R3  + R2R3R4  + R1R2R4)(R1  + P2  + R3  + R4) 

+ R2R2  + R2R24 - 2R1  R2  R3  R4 	(2.25) 3 1  

The bridge is sufficiently close to balance that the usual equality 

may be used, 
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i.e. 	R2R3 R1R4 

Thus 	Q = R1R3R4 + R1R2R3  + R2R3R4  + R1R2R4  

and so 	A = TR R R T 1 2 3 

replacing in equation (2.21) 

(R2R5  R1R4) V 

ERRR + 4  1 2 3 	g(--P  1 	R2)(R3  + R 
i = 
g 

(2.26) 

(2.27) 

(2.28) 

At balance R2R3  = R1R4  and so ig  = O. Suppose now that R1, R2, R3  

and R4  are the resistance values for balance; when R
2 is changed to 

R2 + SR2 the off-balance current is given by 



[(R2  + oR2) R3  - R1R41 V 

4 
ER1  (R, + bR2  )R3  + R g  (R1  + R2  + oR2)(R3 + R4) 

V (R2R3  - R1R4) + V oR2R3  
( 2 . 29 ) 

ER1(R2 + 81/2)R3 + g
(R.
1 
+ R

2 
+ OR

2
)(R

3 
+ R
4
) 

4 

Since R
1,  R2' 11

3  and R
4 
 are values for balance, the first term is 

zero, and so 

V R3 8R2 

Big1 R2  + R g  (R1 
 + R2  )(R3 

 + R4) 4 

(2030) 

Thus the off-balance current is directly proportional to the small 

change in resistance from balance, and this provides a useful 

method of measuring small changes in resistance of one arm. The 

procedure for measurement was to balance the bridge to an accuracy 

of at lea st 10-4  ohms in the absence of a magnetic field on the 

specimen and then to observe the change in the small off-balance 

current through the sensitive detector when the magnetic field was 

applied to the specimen. In this way the circuit could remain un-

touched whilst measurements were in progress, 

The stability of the bridge circuit was of considerable im-

portance and it was essential to ensure that it was unaffected by 

changes in room temperature. The connections from the specimen 

holder to the bridge were made of heavy gauge flexible wires 

twisted together and lagged to reduce the effect of local ambient 

temperature changes. All components of the bridge with the ex-

ception of the galvanometer were contained within a well lagged box 
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having a close fitting lid, and in addition, all connections within 

the box consisted of brass strips of cross-section 0.5 by 0,25 in, 

2.3,2, Bridge Current 

Equation (2018) shows that for fixed resistance values, the 

off-balance bridge current is proportional to the total current 

flowing through the bridge; so that stability and reproducibility 

of the bridge current were essential, This was achieved by com-

paring the potential drop caused by the total bridge current passing 

through a fixed resistor, to the output voltage of a Weston standard 

cell, The comparison being made by connecting the two in opposition 

via a Pye Scalar= galvanometer of internal resistance 24 ohms. This 

circuit, which is shown in Figure 5(a) stabilised the bridge current 

to.+ 0.03% over long periods of timee. 

From equation (2.18) it would appear obvious that the highest 

bridge current possible should be used. The maximum current was 

governed by its heating effect in the gauges, and was found exper-

imentally to be a maximum of 10 milliamps per gauge, since above 

this value the scatter on the final output results increased above 

the normal 'background' scatter. For this reason, a nominal 20 

milliamps was chosen for bridge currents The power for the bridge 

was provided by two 2 volt 60 amp-hour accumulators which were left 

connected continuously for stability reasons. 
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2.3.3. Null Detection System 

A system was needed to measure the off-balance current from a 

D.C. Wheatstone bridge unbalanced by less than 10-5 ohm and to 

accept this voltage from a source of output impedence of approx-

imately 100 ohms. A very sensitive Cambridge galvanometer, having 

a sensitivity of-250 mm. per microamp with scale at one metre and 

input impedence of 25 ohms, was chosen after many tests had shown 

that available D.C. amplifiers (both direct and vibrating system 

type) had excessive drift or incompatible input impedence. Using 

a lamp and transparent scale two metres from the galvanometer, the 

sensitivity was found to be 3.7 x 10-4- ohms per cme of scale, which 

corresponded to a strain of 1.85 x 10 6  per cm. of scale. 

The bridge off-balance current is given by equation (2.30) 

V R bR 
2 	 

i 	 
E R1R2R7,  + Rg(R1  + R2 )(113  + R4 ) 
4 

Lim bi 	di 	VR3  

2 
 -- 

g 	
bR 	2 + R g(R, + R2)(R3  + R4) 4   

(2031) 

If be is the change in galvanometer deflection angle caused by a 

bridge resistance change OR2  then the overall :terse= - sensitivity S 

is given by 
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Equation (2.33) gives the terms that must be kept constant in order 

to produce a constant overall measurement sensitivity. The exper-

imentally determined overall sensitivity of 3.7 x 10-3 ohms per cm. 

of scale was about forty times less sensitive than the desired value, 

and from equation (2.33) a possible way to improve it was to increase 

the effective galvanometer sensitivity. This was achieved by the 

use of a split photocell amplifier. 

2.3.4. Photocell Amplifier 

This consisted of two photo-voltaic cells each about 2.5 cms. 

square which are encapsulated side-by-side with only a very thin 

insulation (i.e. less than 1 mm.) between them, see Figure 6(a). 

The difference between the output voltages of the two cells was 

measured using a Pye Scalamp galvanometer having an input impedence 

of 1400 ohms. The voltage difference was adjusted to zero when 

both the cells were equally illuminated, by using a shunt resistor 

across one of the cells. Then, a difference in illumination of the 

two cells caused by the primary galvanometer light spot moving to 

cover more of one cell and less of the other, showed itself as a 

deflection of the secondary galvanometer. The overall photocell 

amplifier gain, measured in cms. deflection on final scale per cm. 

deflection of primary galvanometer light spot, was 37:1 so that the 
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overall sensitivity was found to be 10-5  ohms per cm. of final scale, 

which corresponded to a. strain measurement of 5 x 10 8  per cm. of 

final scale. 

Using the usual circular light spot from the primary galvano-

meter lamp it was found that the photocell response was rather non-

linear. When the light spot was made rectangular the response was 

completely linear within the working range. The range was conven-

iently limited by the scale of the secondary galvanometer which re-

sulted in the use of a range of only + 4 mm. about the centre of the 

photocell. Although the path of the light beam from the primary 

galvanometer to the split photocell must necessarily be within a 

darkened cover it was also desirable to be able accurately to move 

the light spot across the photocell. This was achieved by mounting 

the split photocell on a slider which could be moved perpendicularly 

to the light beam by means of a screw arrangement. Operation of 

the screw was effected by means of a handle projecting from the 

light tight enclosure, as shown in Figure 7. This slider was used 

frequently to move the split photocell a small amount so that in its 

shorted position the primary galvanometer light spot lay symmetrically 

between the two halves of the photocell. 

2.3.5. Galvanometer Attenuator 

The maximum strain that could be measured within the linear 

region of the split photocell response was approximately 7.5 x 10-7  

cm. per cm. However, as noted in section 2.3.3., the strain sens- 

70. 



split 
photocell 

travelling 
carriage 

clamped 
end 

support 

smooth rod 

tapped 
holes 

fixed 
support 

crank 

O.B.A. screwed 
rod 

Figure 7. The mounting assembly of the split-photocell. 



itivity of the basic galvanometer at this distance was 1.85 x 10
6 

cm./cm,> per cm. of scale. This meant that strains of 1.0 x 10-6 

could only be read on the scale to + 0.5 mm. in 5 mm., and so an 

intermediate measurement range became desirable, and in order to 

achieve this, an attenuator was constructed for the primary galva-

nometer. Under normal conditions the galvanometer had an input 

resistance of 25 ohms, and the circuit an output resistance of 

100 ohms. A 3:1 attenuator was designed to have the same input 

resistance as the galvanometer and the same output resistance as 

the circuit. This was achieved by means of the circuit shown in 

Figure 6(b), in which one third of the total current passes through 

the galvanometer, and two thirds through the 45 ohms resistance. 

With the attenuator in circuit as indicated, a maximum strain of 

about 2.2 x 10 6 could be measured using the galvanometer-photocell 

combination. 

2.4. CRYSTAL HOLDER 

2.4.1. Design Requirements 

The dummy comparison gauge and the experimental, specimen with 

the strain gauge attached were required to be mounted with the plane 

containing each gauge horizontal, so that when the electromagnet was 

turned about a vertical axis the magnetic field also rotated in this 

plane. All connecting wires must be securely clamped as any movement 

of these (due either to the magnetic forces or to vibration) would 
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cause spurious changes in resistance. It was also essential that 

the crystal holder performing these purposes should be non-magnetic, 

as heavy as possible to improve temperature stability, and should 

be rigidly mounted in the low temperature bath at the centre of the 

pole gap. 

2.4.2. Comparitor Gauge  

The arm of the Wheatstone bridge carrying the current in series 

with the measurement strain gauge also contained a comparison strain 

gauge, see Figure 5(a). To reduce the temperature stability re-

quirements this gauge was stuck onto a similar sized piece of soda-

glass which had a coefficient of linear expansion roughly similar 

to that of hematite, i.e. 8 x 10-6 per degree Centigrade at room 

temperature(56'36). It i•ras found by initial measurements that the 

resistance of the gauge wire changed by 2% over the range of 200 deg 

C. between room and liquid nitrogen temperature, as shown in 

Figure 8„ A comparison between the thermal expansion of the spec-

imen, temperature change in resistance of the gauge, and the desired 

magnetostriction measurement accuracy are shown in Table II, and 

the need to compensate for these effects by the use of a comparator 

gauge is quite evident. The soda-glass dummy and gauge were located 

adjacent to the active gauge and oriented identically to it, so that 

both experienced the same temperature and magnetic field. 
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TABTg II Comparison of Strains Caused by Various Effects. 

  

Strain equivalent to gauge temperature increasing 

by I deg C. 

Specimen expansion strain caused by temperature 

increase of 1 deg C. 

Desired magnetostrictive strain measurement accuracy 

10-4  

  

2.4.3. Description of the Specimen Holder 

The crystal holder was constructed mainly of brass, and was 

essentially a jig, holding both the specimen under investigation 

and the glass dummy, so that their strain gauge faces lay parallel 

to each other and also parallel to the plane of rotation of the 

field. The specimen holder, which is shown in Figure 9, had the 

specimen stuck to the lower end of the large brass block and the 

dummy specimen stuck to the upper face of the lower small brass 

block. To avoid magnetostrictive and thermal distortion of the 

crystal and dummy it was necessary to interpose rubber pads, 

1/16 inch thick, botmcn cacti specimen and the brass block, so that 

a small degree of fle:dbility was achieved in the horizontal plane. 

The very short strain gauge leads were soldered to pins mounted in 

the brass holder but insulated from it. The insulation was achieved 

by drilling small blind holes in the brass and then filling them 

completely with 'Araldite' epoxy resin. After hardening, a short 
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hole slightly larger than the tinned copper pin was drilled in the 

Araldite and the pin was affixed with more resin. A high insul-

ation resistance was essential. Suppose, for example, 100 ohm 

gauges are used and it is required to measure strain to one part 

in 108
. This change is equivalent to shunting the gauge with a 

10,000 Meg-ohm resistance, so that the leakage resistance must be 

stable to more than 10,000 Meg-ohms although not necessarily greater 

than this value. 

Enamelled copper wires stuck to the brass, carried the con-

nections to a connector block area (as shown in Figure 9), where 

contact was made, via insulated pins, to copper wires taking the 

connections up the inside of the support tube. The specimen holder 

was enclosed with a screw fitting brass cap which also contained 

the thermocouple. At liquid nitrogen temperatures the air in the 

enclosure liquefied and the vacuum so produced drew in more liquid 

nitrogen through the threads from the surrounding constant temp-

erature bath, and the bubbling of the liquid in the confined space 

had a detrimental effect on the adhesion of the strain gauges. An 

electrical insulant liquid was required to fill the space, and 

following other authors(55'57), a silicone fluid (M.S. 550) was 

used. Very low temperatures have prohibited its use as a circul-

atory liquid, but as a static fluid the gradual solidification 

below -70° C was no serious bar to its use at temperatures well 

below this. Experimentally it was found that the presence of the 

silicone fluid even at -196°  C did not affect the magnetostrictive 
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strain by any measurable amount, but measurement stability was 

greatly improved. The only material that would seriously affect 

the magnetostrictive strain is one that has an appreciable compress- 

ibility modulus at the particular temperature compared with that of 

hematite at the same temperature. 

It was chosen to rotate the magnetic field about the specimen 

holder rather than the converse, so that the specimen holder needed 

to be rigidly supported between the poles of the electromagnet. 

The support consisted of a short length of 3/8 inch diameter paxolin 

tube connecting at room temperature to a 2 ft. long brass tube of 

the same diameter, through both of which the bridge wires passed. 

The brass tube was firmly clamped to a brass levelling device which was 

supported on the bench, as indicated in Figure 10. The screw 

adjusters also served to position the crystal holder exactly in the 

centre of the electromagnet pole gap. 

2.5. THE MAGNET 

A Newport electromagnet, type E, having flat 7° diameter pole 

faces and a gap of 2" was used. Rotation of the magnetic field 

was facilitated by mounting the magnet on a turntable graduated in 

degrees. This was in turn bolted to a 1" thick steel plate supported 

by three large levelling screws which ensured that the axis of 

rotation of the magnet was vertical. Finally, as is shown in 

Figure 10, this was mounted on a carriage which could run along a 

short railway track. This enabled the magnet to be conveniently 
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removed to obtain access to the Dewar flask and specimen holder. 

Although the magnet and associated supporting apparatus weighed 

approximately 15 cwt., repositioning it to better than + 0.5 mm. 

was a simple matter. 

A field of 10 kilo-oersteds was attainable and measurements 

were, on occasions, performed in fields up to this value. The mag-

nitude of the fields used was determined by use of a 'Norma' flux-

meter and search coil to an accuracy of + 15 oersteds. The field 

calibration of the magnet is shown in Figure 11. The sense of the 

fields (i.e, position of the North) for a fixed current direction, 

was determined using a magnetic compass. 

2.5.1. Hunet Power Supply 

Current for the magnet was provided by a stabilised D.C. power 

supply, giving separate outputs for each coil and a maximum total 

current of 40 amps with a stability of + 10 milliamps. The interior 

circuitry of this arparatun compared the potential drop caused by 

the output current passing through a standard resistance to the 

manually pre-set value and utilised the difference to control the 

output via silicon controlled rectifiers. Short term stability 

was very necessary as small changes in the magnetic field were 

picked up by the gauge wires as an induced voltage in the measur-

ing circuit. Provision was made for reversing the current flowing 

through each of the magnet coils after first reducing it to zero. 
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2.5.2. Demagnetisation 

Demagnetisation of the magnet and specimen was accomplished by 

repeatedly reversing the current whilst reducing it by small decre-

ments from the maximum value, This procedure reduced the remanent 

field of the magnet to al-out 40 oersteds, due to the. .inability of 

the power supply to produce a lower current than 001 amp. Further 

demagnetisation was effected by connecting the magnet coils in 

series across the a.co mains via a variable transformer. At 

50 c.p.s. the coils had an impedence of 120 ohms, so that the 

current could be reduced to 0.005 amp and consequently the remanent 

field was reduced to about two oersteds or less. This condition 

was considered to be completely demagnetised for this work. 

2,6. TEMPERATURE BATHS 

It was shown in Section 2.1.3. that the temperature stability 

of the whole apparatus was of utmost importance. The specimen 

holder was maintained at a fixed low temperature to better than 

1/100 deg. C. by immersion in a liquid bath contained within a 

double walled glass Dewar flask of 2" external diameter. 

At low temperatures it is common to utilise the melting points 

of various organic liquids, but however, one is greatly restricted 

in this particular application due to the slight solubility of silicone 

fluid in many organic liquids. The converse solubility is of 

greater importance as there is then a possibility of the solute 

attacking the strain gauge adhesive. Members of the paraffin series 
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were found to be inert for this purpose. The lowest temperature 

attained, and also incidentally, the bath most frequently used, 

contained boiling liquid nitrogen at -196°  C. The next lowest 

temperature was that of melting isopentane. In common with Birss 

and Lee(55), it was found that the solidification point of isopen-

tane depended on its purity. Redistilled isopentane was used, and 

by the regular addition of suitable amounts of liquid nitrogen, 

the temperature of the bath was kept tolerably steady at -160°  C. 

Another convenient steady temperature is the subliming point of 

solid carbon dioxide at -78.5°  C., and for good thermal contact it 

is usually contained within a liquid. Although an alcohol is often 

used, isopentane performed this function perfectly. 

The remaining constant temperatures up to room temperature 

utilised the melting of pure ice and of aqueous solutions. A sat-

urated aqueous solution of calcium chloride melts at -44°  C., and 

a saturated aqueous solution of sodium chloride melts at -23°  C. 

Both solutions were kept in the melting condition by regular 

addition of small amounts of liquid nitrogen which reformed the ice 

on the surface of the solutions in the Dewar flask. The temper-

atures were measured and checked frequently using a copper-constantan 

thermocouple mounted on the specimen holder. A list of the temp-

eratures and baths used is shown in Table III. 



Temperature Temperature Bath 

-196°  C 	77°  K 

-160°  C 	113°  K 

-77°  C 	196°  K 

-44°  C 	229°  K 

	

-23°  C 	250°  K 

	

0 C 	273°  K 

• 

	

+23 C 	296°  K 

Boiling liquid nitrogen 

Melting isopentane 

Subliming carbon dioxide in isopentane 

Melting of saturated aqueous CaC1 solution 

Melting of saturated aqueous NaC1 solution 

Melting of pure ice 

Room temperature 

TABLE III 	List of Temperature Baths Used. 

2,7, CHECKING AND CALIBRATION MEASUREMENTS 

2.7.1. Magnetoresistance of the Strain Gauges 

When placed in a magnetic field, most materials change their 

resistance to some extent, due to the conduction electron paths 

being modified by the field. This is an obvious source of error 

when using a resistance strain gauge under such conditions, al-

though by making a comparison between two gauges, both within the 

magnetic field, the measured effect must be almost completely 

eliminated. One of each batch of gauges used was stuck on the dummy 

specimen and the active gauge removed from the circuit and replaced 

by a resistance box situated some distance from the magnet. The 

measured magnetoresistance was found to be very small and roughly 
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isotropic. Its field variation is shown in Figure 12, and is of 

course indenendent of the sense of the field. Although the magneto-

resistance was completely undetected below 4 kilo-oersteds, its 

value rose to 8 x 10-6 ohms in a field of 9 kilo-oersteds and this 

corresponded to a pseudostrain of 4 x 10
-8 

cm. per cm. 

However, in the normal measurement arrangement, two strain 

gauges were connected either side of the Wheatstone bridge, so that 

the magnetoresistance of one should balance out the magnetoresistance 

of the other. Even if the balancing process were imperfect to the 

extent of 10% of the total magnetoresistance being measured, this 

corresponds to a pseudostrain of 4 x 10-9  which is completely un-

detectable to the measurement apparatus. 

2,7.2. Effect of Magnet on Measurement  Apparatus 

A very large stray field existed anisotropically outside the 

pole nieces of the electromagnet. This field was probably con-

siderably increased by mounting the magnet on thick steel levelling 

plates on a steel carriage on steel rails, but at the time no other 

suitable material was available. The variation of the field outside 

the magnet with distance from the centre of the magnet pole-gap is 

shown in Figure 13. 

When the apparatus was first constructed it was found that 

both the direction and the sense of the field had its effect on the 

measurement part of the circuit. It was partly caused by the 
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primary galvanometer coil being slightly affected by the field, 

which is of course a directional effect. This was overcome by 

moving the galvanometer further away from the magnet, and eventually 

a distance of three metres was found to be sufficient. However, it 

was found that the output of the split photocell, although con-

structed of semi-conducting materials, was unaffected by the 

magnetic field. This was probably due to them both being poly-

crystalline and connected together in opposition. 

The primary source of field interference with the measurement 

circuit was the connection from the bridge to the galvanometer. 

This was mainly due to the induced voltage caused by a change in 

field, which being very large compared with the off-balance current, 

imposed a severe strain on the sensitive primary galvanometer. The 

impulse caused a slight permanent twist in the galvanometer sus-

pension which altered the zero current reading appreciably when 

measured using the photocell amplifier. Various magnetic and 

electrical shielding of the wires was tried and the connections 

finally consisted of shielded twin-cored co-axial copper cable 

passing through its own earthed soft iron conduit. The induced 

voltage was considerably increased when the strain gauges were 

connected into the bridge in the normal measurement process. This 

problem was finally overcome by shorting the primary galvanometer 

each time the field was changed; the most suitable means was a 

small electric relay situated very close to the galvanometer but 
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operated from a distance. Eventually all extraneous field effects 

on the measurement circuit were reduced to less than the short 

term stability level which was set by the thermal stability of the 

strain gauges. 

2.7.3. Resistance Calibration of Measurement Circuit 

The calibration of the off-balance current through the detect-

ing device in terms of the off-balance resistance was effected by 

varying the resistance of the four decade 10,000 ohms resistance 

box in parallel with the 10 ohms resistor in one arm of the bridge, 

(see Figure 5(a) )c If 172i is the value of the variable resistance, 

then the resistance of the parallel combination is given by 

10 R 1  
R
1 

= 	1 	 (2.34) 
10 R, 

So that if the variable resistance is changed from R1 
to R2' the 

change in resistance of the bridge arm is given by 

ER= 10 
R
1 

R2 
 (2.35) 

(2.36) 

10 	R/ 

100 	- R,!) 

10 R I 
2 

(10 	R 1)(10 1 R2) 

As may be seen from Figure 5(a), if the resistance of this bridge 

arm is increased, the off-balance current is in the opposite dir-

ection to the current caused by an increase in active gauge resist-

ance. The small resistance change MI of equation (2.36) if ex- 
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pressed as resistance per unit length of output scale, may be 

directly replaced into equation (2.1) to give the strain per unit 

length of output scale. It is important to note that whilst an 

increase in gauge resistance indicates an expansion of the specimen, 

the same galvanometer current corresponds to a decrease of resist-

ance of the variable arm of the bridge. 

The procedure for calibration was to alter the parallel resist-

ance value and to observe the difference in final scale reading. 

This was repeated twice more and from this the off-balance resist-

ance per centimetre of scale was calculated using equation (2.36). 

In a similar manner the linearity of the split photocell output 

with light spot position was frequently checked (see Section 2.3.4.), 

by moving the photocell a known amount perpendicularly to the light 

beam, whilst observing measurements on the final scale. By both of 

these methods the linearity of the whole measurement system was 

checked at least once in every set of results. 

2.7.4. Strain Calibration of Gaines 

It was shown in Section 2.2. that the gauge factor of a 

resistance strain gauge depends on Poisson's Ratio of the material 

which forms the wire of the gauge. It was stressed that equation 

(2.9) was only approximate, because resistivity also changes when a 

material is strained. Both Poisson's Ratio and resistivity are 

temperature dependent, and so it follows that the gauge factor will 

90. 



also be a function of temperature. The gauge factor must be measured 

by applying a known strain to the gauge and measuring the resultant 

change in resistance. 

The investigations of Day and Sevand(58)  indicated that the 

temperature variation is small, with the gauge factor deviating 

from its room temperature value by less than 3% down to -125°  C. 

and by about 6% at liquid nitrogen temperatures. A very suitable 

test apparatus for this purpose has been described by McClintock(59). 

It consisted of a cantilever of uniform thickness clamped at one 

end and with its width tapering uniformly to zero at the free end. 

This was the shape of cantilever calculated to experience a uniform 

stress, and hence to exhibit a uniform strain along the whole of 

its length, so that under these conditions, measurement of strain 

over a finite length of material did not introduce errors. Strain 

gauges were stuck on both sides of the cantilever which was bent at 

its free end by means of a block of fixed dimensions. The use of 

materials with the same coefficient of thermal expansion for all 

parts permitted the calibration of the strain gauges to extend 

over a wide range of temperatures. 

The gauges used in the work reported here were type 6J nro-

duced by H. Tinsley and Co. Ltd. and a complete temperature cal-

ibration of this particular type of gauge had previously been per-

formed by Birss and Lee(55). They used an electromagnetically 

operated thin phosphor-bronze cantilever in an apparatus almost 

identical to that described by McClintock(59), to determine the 
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gaUge factor of type 6J strain gauges from -200°  C to +170°  C. 

Their variation of gauge factor with temperature is reproduced in 

Figure 14. Below room temperature the gauge factor was constant to 

about 1% of the room temperature value. Since the overall accuracy 

of the magnetostriction measurements was certainly no better than 

this, (as discussed in Section 2.8), no allowance for the change in 

gauge factor was made when calculating strain sensitivity from 

equation (2,1) 

SR 
1 - GR 

(2.1) 

However variations of resistance R with temperature (see Figure a) 

were allowed for in equation (2.1). 

2.7.5. Alignment of SE2pimen in Field 

The specimen was supported at its upper end by a short paxolin 

tube passing from the constant temperature bath to room temperature, 

and then by a long brass tube clamped to a position adjustment and 

levelling device, as in Figure 10, This was used to position the 

specimen under investigation, as accurately as possible with the 

aid of a spacer, in the centre of the pole gap. It was considered 

useful to measure the field variation across the pole gap to deter-

mine what accuracy in repositioning the specimen holder was necessary. 

The variation across the pole gap is shown in Figure 15(a), and 

perpendicular to the gap is shown in Figure 15(b). The results 

show that over a distance of at least + 2 ems. at the centre of the 
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pole gap, the field is constant to better than 1%, and considering 

that it was easily possible to reposition the specimen holder to 

better than 2 mm., no appreciable error was introduced by remov-

ing the specimen holder. 

2.8. MEASUREMENT PROCEDURE 

A general block diagram of the measurement apparatus is shown 

in Figure 16. Before any measurements were made, the bridge current 

was always standardized,by comparing the e.m.f. across the standard 

resistor with that of the standard cell. The bridge current changed 

slightly as the gauges were cooled, so that the standardization pro-

cess was repeated when the specimen holder reached the measurement 

temperature. Whenever measurements were performed below the Morin 

transition temperature, the usual method was to apply the annealing 

field at room temperature and then add small amounts of the coolant 

liquid to the Dewar flask. The annealing field was not removed 

until the specimen was well below the transition temperature. The 

apparatus was then left for at least half an hour for the specimen 

holder to attain the temperature of the liquid bath, during which 

time the magnet was rotated to the desired orientation with respect 

to the specimen. 

After initially balancing the bridge, the galvanometer read-

ing was taken at zero field between each field measurement so that, 

in order to minimise errors due to thermal drift, a mean zero value 

could be used for each reading. An invariant order of procedure 
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was to av)ly a field in the positive direction first, and then one 

in the negative direction, in each case shorting the primary 

galvanometer before ch?.tnging the field. This Process was usually 

repeated twice more for each field. vain and a mean value of scale 

reading calculated for each direction of applied field. Normally 

the field was then increased and the measurement process repeated. 

Finally the resistance sensitivity of the bridge was measured as 

described in Section 2.7:5., by varying the parallel resistance of 

the bridge arm and noting the corresponding secondary galvanometer 

deflection, 

2.9. DISCUSSION OF APPARATUS 

2.9.1. Accuracy of Results 

In accuracies in any set of measurements may be split into two 

types, random errors and systematic errors. The random errors are 

duo mainly to the thermal instability of the specimen, which caused 

a flutter of about T 1 or 2 mm. on the final scale. At low temp-

erature and in low fields the magnetostriction was very small, and 

so an error of ÷ 10% when measuring strains in a field of less than 

1,000 oersteds was quite possible. This random error could be con-

siderably reduced by repeating each measurement a number of times, 

and by this means, thrice repetition was used to reduce the error in 

low fields to less than fc. 	At medium and high fields the 

averaging process reduced the random error of the mean to less than 

2%, at which 7)oint it was comparable to the systematic error. 
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Plotting strain against field caused the purely observational errors 

to become negligibly small. 

A second source of random error arose not from the measurement 

itself, but rather from the material measured, since the magneto-

striction depended on the domain state of the crystal, as discussed 

in Section 4.3. This was a day-to-day error and was only removed 

by the use of a controlled annealing and measurement procedure. 

Systematic errors arising from errors in the resistive arms of 

the bridge were eliminated by the use of high quality components, so 

that the ultimate accuracy was set by the accuracy to which the 

gauge factor and field were known. The field could be measured to 

better than 1% and as Figure 15 shows, its uniformity over the 

crystal was -I- 0.5%. The accuracy and repeatability of the gauge 

factor was the only remaining unknown. Birss and Lee(55) have est-

imated by measurements of magnetostriction with different gauges 

having different gauge factors that gauges agree among themselves 

to better than 3%. This conclusion has been found to be completely 

justified within the present work using a number of gauges of the 

same type. 

A further error was introduced when taking an angular dependence 

of strain, for it was assumed that the gauge measured the component 

of strain only along its length, which was incorrect because of the 

finite width of the gauge wire 'grid'. The principal sensitivity 

of a strain gauge which is usually quoted, refers to strain along 

its length; measured strain perpendicular to the main axis results 
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were perpendicular. In conclusion it 

random errors were reduced by various 

from the cross sensitivity. This term is given by 

Width of crallge grid x Principal sensitivity Cross sensitivity - 
Length of gauge grid x Number of wires 

99. 

(2.57) 

in Section 2,2, the cross sensitivity 

about 3% of the principal 

an unusual systematic error, being ang-

was zero when strain and gauge coincided 

maximum of + 3% when strain and gauge 

may be said that although 

averaging processes, to below 

and using dimensions given 

sensitivity value, and was 

ular dependent, so that it 

in direction and rose to a 

was calculated to be 0.065. This was 

+ 1% there still remained two possible sources of error, due to 

insufficient knowledge of the strain gauge sensitivity factor of the 

actual gauge used, and due to the domain structure of the material. 

The former probably limits the absolute accuracy of the measurements 

to + 5% and appears to be a fundamental limitation caused by the 

method of measurement. The latter was only made repeatable by 

suitable magnetic annealing processes. 

2.9.2. LEparatus Limitations 

The Tower limit of strain detection of this apparatus was one 

part in 10
8 
and this sensii;ivity yas the cause of the only serious 

practical limitation. Since the strain detection limit was a 

thousandth of the strain resulting from a temperature change in the 

specimen of 1 deg Co, the impossibility of measuring strain over a 



range of temperatures is immediately evident. It would also have 

been very desirable to have been able slowly to increase the measure-

ment field and to use an X-Y. recorder to automatically plot the 

strain against magnetic field. This was also impossible because of 

the relatively large e.m.f, induced into the strain gauges by any 

field variation. Although this could theoretically have been re-

duced by coils wound in the opposite direction, it is completely 

impractical as the coils would have to be connected into the part 

of the circuit which was delicately balanced and which would cause 

many more spurious voltages. 

The limit of strain detection depends on the lower limit to 

SR 
R- which is difficult to estimate since it depends on the amount of 

amplification that can, in practice, be applied to the off-balance 

signal from the Wheatstone bridge. The fundamental limit was far 

O 
from approached since 10 amps corresponds to 1010 electrons passing 

per second. However, electrostatic and electromagnetic pick-up and 

electrical noise arising from electrical contacts, temperature in-

stabilities, thermal e.m.fo and mechanical vibrations limit the 

_ 
maximum sensitivity. The-limit could-be-extended only by ensuring 

an even greater temperature stability of the measurement apparatus 

and by developing suitable amplifying equipment. 
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CHAPTER III 

EXPERIMENTAL SPECIMENS AND ASSOCIATED CALCULATIONS  

3.1. EXPERIMENTAL SPECIMENS 

3.1.1. Crystal Orientation 

In the main, single crystals of hematite were used in this 

investigation, and all of these were oriented by X-ray diffraction 

using the Laue back reflection technique. Although the unit cell 

of hematite is rhombohedral with angles of 55°  17' and side of 

5.42 R, this can be considered to be contained within an approx-

imately face centred cubic structure with lattice constant 7.8 R, 

as shown in Figure 17. If the structure were exactly face centred 

cubic, the smaller rhombohedron would have angles of 600, so that 

actually the outer structure is face centred rhombohedral with 

angles of 87°. 

Normally the natural cleavage or growth plane for a crystal of 

hematite is the (110) face in the 55°  17/ rhombohedral system or the 

(100) face in the near cubic system. One type of natural crystal 

which was examined had a growth plane coincident with the (111) face, 

which is common to both co-ordinate systems. These cleavage and 

growth faces were utilised as convenient surfaces for strain measure-

ment, and their orientation was easily determined by X-ray diff-

raction. Figures 18(a) and 18(b) show typical Laue photographs for 

(110) planes and (111) planes respectively, and it can be seen that 

the spot patterns are easily distinguishable. Once oriented, each 
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Figure 17. A 60°  rhombohedron inside a cube. 

(111) plane in rhombohedral system RST is parallel to plane DBG. 

(110) plane in rhombohedral system VTRU is parallel to plane ABCD. 
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Figure 18(a). A 	ypical x-ray Laue spot pattern for a beam normal 
to a (110) face of hematite. 

Figure 18(b). A typical x-ray Laue spot pattern for a beam normal 
to a (111) face of hematite. 



crystal was cut to size to fit within the specimen holder using a 

diamond impregnated wheel, after which the resistance strain gauge 

was stuck on, as described in section 2.2. 

3.1.2. Synthetic Crystal 

The synthetic crystal used in the experimental work was prepared 

by Dr. Remeika of Bell Telephone Laboratories, and used here by kind 

permission of Prof. M. Blackman. The crystal, which weighed 0.900 

grams, had a smooth (110) type growth face and the strain gauge was 

stuck on this face at an angle of 10°  to the [901] rhombohedral 

direction. This particular angle was convenient from the geometry 

of the crystal, and not entirely unreasonable from theoretical 

aspects, as will be seen in section 3.3.2. Figure 19 shows this 

crystal with the strain gauge attached, 

Before any strong magnetic field was applied to the specimen 

the magnetic remanence was measured as a function of temperature. 

The resultant curve, of which the warming part is shown in Figure 20, 

shows a large increase in remanence through the Morin transition 

but with a constant value at both low and high temperatures. The 

apparent decrease in remanence upon warming at about -10°  C. is 

probably caused by the onset of a canted spin domain structure, which 

would temporarily reduce the remanent magnetisation. 

3.1.3. Annealed Synthetic Crystal 

After measurements were performed on the synthetic crystal, it 
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(a) 

(b) 

Figure 19. Synthetic hematite crystal. 

(a) strain -7auge face. (b) reverse face. 
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was removed from the apparatus and thermally annealed. This con-

sisted of maintaining the crystal at 1200°  C. for ten days in a 

platinum boat in an atmosphere of pure oxygen. Cooling was achieved 

at a rate of 5 deg C. per hour, at the end of which it was hoped that 

the crystal would be free from internal dislocations and strains. 

The prolonged time at high temperature in oxygen probably caused 

some oxidation of any remaining ferrous ions. Both the high and low 

temperature magnetic remanence were considerably reduced by this 

treatment, as shown by Figure 21. There is no evidence of domain 

formation upon warming as found previously,and this is probably 

associated with the reduction of canted spin domain nucleating 

centres. 

3.1.4. Elba Crystal  

A number of natural crystals of various properties were used 

in this work. The most pure was a large single crystal from Elba 

weighing 2.8 grams and having a particularly fine (110) growth face. 

The strain gauge was stuck on this face, as shown in Figure 22, 

r7- along a direction set at 45°  to the p011 and r110] axes, both of 

which lie within the plane. Although the chemical purity of an Elba 

crystal is far less than that of a good synthetic crystal, Kaye (6°)  

has determined the non-ferrous impurities to be less than 0.01%. 

3.1.5. Arizona Crystal 

The second natural crystal used was obtained from Arizona and 
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Figure 22. Hematite crystal from Elba. 
	Figure 23. Hematite crystal from 

Arizona. 



weighed 0.10 grams. This was one of two crystals investigated that 

had (111) cleavage faces. The gauge was stuck on this face along 

one of the <110 > axes as shown in Figure 23. The <1170> axes 

are the lines where the planes containing <100) and 1111] axes cut 

the (111) plane, (see Figure 26 later). The Morin transition in 

crystals from Arizona was found to be at - 80°  C and considerably 

below the temperature of the pure material, but this is probably 

completely accountable by the relatively high concentration of 

foreign ion impurities in Arizona crystals. These concentrations 

have been determined by Kaye to be approximately 0.3% titanium and 

0.3% aluminium. 

3.1.6. St, Gothard Crystal 

The third natural crystal investigated originated from 

St. Gothard, Switzerland, and possessed a (111) growth face. The 

crystal, which weighed 0.80 grams, had the strain gauge stuck along 

one of the <,111 > axes, as shown in Figure 24. These axes are 

perpendicular to the <1i0) type along which the gauge was stuck 

to the Arizona crystal in the preceding section. Crystals from 

St. Gothard have an uncommonly high impurity concentration; measure-

ments by Kaye have shown that the titanium impurity lies between 1% 

and 3%, aluminium 0.1% and vanadium 0.1% - 0.5%. As a result of 

this, St, Gothard crystals were found to lack a Morin transition 

completely, even down to - 200°  C, so that measurements in the 

magnetic symmetry group 3m were impossible. 
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Figure 24. Hematite crystal from St. Gothard, Switzerland. 

(a) strain gauge face. (b) reverse face. 



3.1.7. Effect of Impurities on the Transition Temperature  

The reduction of the Morin transition temperature as the im-

purities, particularly titanium are increased is well-known. 

Morin(33) found that 1 of titanium completely supressed the trans-

ition. Kaye(60) put this investigation on a more precise foundation 

and derived an approximately linear relationship between titanium 

impurity concentration (0.0 - 0.1%) and reduction of the transition 

temperature (0 - 70°  C.) from - 15°  C., for single crystals. 

Titanium appears to have a far greater importance in determining 

the transition temperature than any other impurity, and this has 

been suggested as being due to small regions where equal volumes of 

FeTiO
3 
and Fe203 have reacted to form a ferrimagnetic precipitate

(61) 

These regions may then disturb the magnetocrystalline anisotropy 

energy of the crystal to such an extent that spin rotation to the 

axis upon cooling is prevented. 

3,1-8. Polycrystalline Specimens  

It is quite common to measure magnetostriction on polycrystalline 

ingots of material, but it is virtually impossible to produce ingots 

of hematite due to appreciable loss of oxygen from the lattice above 

1200°  C, even in one atmosphere of the gas. Sintering at a lower 

temperature is a possibility but it has been found experimentally 

that specimens made in this manner lack sufficient mechanical strength 

for magnetostriction measurements. Polycryetalline specimens of 

hematite can be made by compressing the powder in the presence of a 
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suitable binding medium. Quantitative magnetostriction measure-

ments on this are only possible if 100% packing density is achieved. 

Qualitative results can still be obtained with far less packing 

density provided that compression and extension of the binding 

material does not mask the strain effects. 

To this end a number of pills of hematite powder bound with 

Araldite M.Y.750 epoxy resin were produced. Two types of powders 

were used; one was known as B P.C.1949 grade precipitated ferric 

oxide prepared by Hopkin and Williams Ltd., and the other was 

99.995% pure hematite prepared by Koch-Light Laboratories Ltd. The 

former of these materials showed no magnetic transition at all, 

which is probably accountable by at least 0.5% titanium impurity in 

the material. 

The method of preparation of the experimental pills was to mix 

a small amount of the epoxy resin with about five times its volume 

of benzene and then compound an equal volume of hematite powder in 

with this. This dampened powder was evacuated to evaporate the 

benzene completely and then pressed at 20 tons/sq. inch (rte 3000 

atmospheres) :In air until excess resin was extruded, to produce a 

half inch diameter pill The pill, when removed from the press was 

completely submerged in a mould containing more epoxy resin and 

evacuated for approximately ten minutes to removed any trapped air. 

When atmospheric pressure was restored very slowly at the natural 

leakage rate of the system, resin was forced into any microscopic 

holes in the pill,- The thermosetting resin was set in the usual way 
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by heating at 900  C. in air for half an hour. Magnetostriction 

specimens were prepared by cutting the required part from the cast 

block with a diamond impregnated cutting wheel and grinding with 

alumina powder. Gauges were affixed in the usual manner. 

3.2. MAGNETOSTRICTION THEORY 

3.2.1. Derivation of Form of 3rd Rank Axial c-tensor in Group 3m  

It has been shown in section 1.5.2. that the low temperature 

phase of hematite has magnetic symmetry operators 1, 1, 3(2J, 3(2k), 

T 3z,, 
so that it exhibits the symmetry of the magnetic group 7M. 

The generating matrices for derivation of the form of property 

tensors in this group are, according to Birss(1), 	, 2 , +3 1 y 	z 

where y is the 2-fold rotation axis and z is the 3-fold rotation 

axis. If d. 	is an axial property tensor, then the require- 
ijk....n 

ment that it is invariant under all permissible symmetry operations 

for a particular symmetry class is the same as saying 

dijk....n = 1 5 1 5ip5jq5kr.".".. Gnu dpqr....0 (3.1)  

where 6. , 6. and 6kr  are matrix elements all corresponding to the ip jq 

Particular permissible symmetry operation, and then the equation 

for a third rank axial tensor simplifies to 

dijk  = 	15±136iqdkr  dpqr  e 	(3.2) 

When i, j and k can each have the values 1, 2 or 3, correspond-

ing to the Cartesian co-ordinates x, y and z respectively, the 

tensor dijk  has 27 components which are 
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d111 d121 d131 
d112 d122 

d132 
d
113 

d
123 

d133 

d211 
d221 d231 d212 d222 d232 d213 d223 d233 

d
311 

d
321 6331 

d
312 d322 

d
332 

d
313 d323 d333 

The matrix [11 has been listed in equation (1.4) as 

-1 o 01 

0 -10' 

0 0 -1 

so that the determinant col in equation (3.2) is equal to -1. The 

only non-zero matrix elements are 611' 622 and 633 
so that the set 

of equations that can be derived from equation (3.2) is 

d
111 611 

c
11 

6
11 

d
111 

d222 622 622 622 d222 

d333 = - 633 633 
d
33 

d
333 

d112 = - 61111 522 d112 (3.3) 

etc., 

which give the solutions 

d111 = +dill' 	d222 +d222 	etc. 	(3.4)  

This generating matri::,1 1!,impses no restrictions at all on the 

individual tensor components, so that if a third rank axial tensor 

had only this matrix, all 27 of its components would be non-zero. 

The second matrix 12 I has also been listed previously in 
y.,,  

equation (1.4) as 

o 1 0 

0 0 -1 
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so that the determinant 101 is +1. As in the previous matrix, only 

the terms 
611, 

 622 and 0.33  are non-zero, so that the set of equations 

relating the components of the property tensor are 

d111 = 011 611 011 d111 

d 222 22 =066d 22 22 222 

d333 = 633 633 633 d333 

d112 = 611 611 622 d112 (3,,5) 

etc. 

The solutions of the equations listed are 

dill = -dill 	dill = 0  

d222 = +d222 

d
333 

-d
333 	d333 

= 0 
 

d112 = +d112 	 (3.6) 

In general the combinations 
6112222 or 6 c 0 or 33 22 22 

will all give solutions which cause the 611 (533 0.33  or 633 11 611  

respective components of dijk  to be zero. The remaining combin- 

ations of matrix elements, which are 0 
11 611 622' 033  a33  022  and 

61122 033 all give real, non-zero tensor components when equations 

similar to equation (3.5) are constructed and solved. The 13 non- 

zero tensor components are d121, e211' d231' d321' d112, d132' 

d312, d332'  d123, d,213, 
d233,  d323 

and also d
222 

derived from 

equation (3.6). 

The third generating matrix 1+3 !can now be used to provide _ 

equations relating the 13 remaining components. From equation (1.4), 

this matrix has been listed as 
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0 0 +1 

0 -43 
2 

I 2 0  7 

0 1 0 1 
= '4' 1/4 = 4' 1  

(3.7) 

so that the determinant 161 which decides the initial sign in 

equation (3.2), has the value 
--1 
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It can be seen that the L-3 I matrix has the elements 513' d23' Z_ 

15
31 

and 632 
all equal to zero, so that the only non-zero elements 

are 61_, C12' 621' 622  and 633
. These can be used to provide 

relationships bei;wewl ..6he remaining tensor components. One such is 

d
121 

= 6
11 

522 611 d121 + 61221 611 d211 + 11 621 612 d112 

+ 612 622 612 d222 

:° d121 = * d121 	d211 	1 4112 - 1 d222 

(3.8) 
(3.9) 

The complete set of equations are constructed and solved in appendix 

II. The solutions are 

d
231 

= -d
132 	

d
312 

= -d
321' 	

d
123 

= -d
213 	

(3.10) 

and d
121 

= d
211 

= d112 = -d222 (3.11) 

Considering the intrinsic symmetry of the property tensor of 

linear magnetostriction Qijk, it can be seen from its defining 

equation (in section 1.3.5.) that since the str 	tensor is 

symmetrical in its first two suffices, i.e. 

dijk  = djik 	 (3.12) 

a slightly simplified method of writing the tensor which utilises 
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(3.16) 

(3.17) 

a double suffix can be employed, viz. 

d
llk 

= Q
lk' 	d22k = Q2k' 	d33k  = Q3k,  

d23k = d32k = 4k, 	d31k = dl3k = Q5k' 

di2k = dnk = Q6k°  

In this notation, equation (3.10) becomes 

Q41 = 	Q52 = -Q41' Q63 = -Q63' 
	

Q63 =0  
also equation (3.11) becomes 

Q61 = Q61 = Q12 = -Q22 

so that the only non-zero components are 

Q41 = -Q52 

and 
	

Q12 = Q61 = -Q220  

It is convenient to write the linear magnetostriction tensor 

in group 3m which has just been derived, in a suitable 6 x 3 matrix 

form 

F-0 -Q22 0 

Q22 

41 0 

o -Q41 
 

-Q
22 

0 

Then the defining equation for this effect 

Eij = Qijk Hk 

or 	E
A 

=
Ak 

H
k' 

gives as component equations 

QAk 

(3.18) 

(1.13) 

(3.19) 
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Ell = -Q22 H2, E22 = Q22 H2' E33 = 0, E23 = E32 = Q41 H1 
E13  = E31  = -Q41  H21 E12 = E21 = -Q22 H1 	(3.20) 

From these equations one would expect to observe a longitudinal 

strain resulting from linear magnetostriction along the x and y 

axes in a crystal of hematite when a field is applied along the 2-

fold axis or y-axis. However, regardless of the direction of any 

applied magnetic field, linear longitudinal strain resulting from it 

should never be exhibited along the z-axis or 3-fold rotation axis 

of the crystal. All of the three possible shear strains are pro-

duced by applying the magnetic field in any general direction in the 

x-y plane of the crystal, and a component of the shear strains will 

exist along the z-axis which could give the appearance of a long-

itudinal strain. Components of the shear strains will also be 

present along the two other axes and these must be combined with 

the longitudinal strains existing there. Finally, it is evident 

from the equations (3.20), that if a magnetic field is applied 

parallel to the z-axis of a hematite crystal, there should be no 

strains at all resulting from linear magnetostriction. 

3.2.2. Derivation of Form of 4th Rank Polar i-tensor in Group 3m 

It has been previously mentioned in section 1.3.1. that the 

strain resulting from a magnetic field H does not, in general, con-

sist solely of a term linear in H although this is the principal 

term. There is the possibility of progressively smaller terms in 

H
2
, H

3
, etc. being evident, according to the strain tensor expansion 



Eij  = Qijk  Hk  + Sijk, Hk  H1  + Tijklm  Hk  H1  Hm  + ooeoo (3.21) 

It is useful to find the form of the tensor Si jki  representing the 

'square law' magnetostriction in hematite. Since a tensor in the 

same magnetic symmetry group as the previous section is being con-

sidered, the same generating matrices can be used. These are 

[ii, 	F3d. 

If dijk, is a 4th rank polar tensor, then the requirement that 

it is invariant under all permissible symmetry operations for the 

particular symmetry class is the same as saying 

dijk1 =Gip Cjq clkr 634 dpqrs' 	
(3.22) 

dip,j  C q' 6kr' 613 
 are matrix elements all corresponding to the 

particular symmetry operations which are permissible, and these 

are very similar to those used in the preceding section. The tensor 

dijk, needs to be represented by a 3 x 3 x 3 x 3 matrix, but the 

3 x 3 matrix 

dxxll 	
d
xx12 	d xx13 

dxx21 	dxx22 	dxx23 

dxx31 	
dxx

32 	
d
xx33 

where xx represents in turn 

11 12 13 

21 22 23 

31 32 33 

lists all the 81 components, 

It has been seen in section 3.2.1. that the matrix [1] affords 
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no simplification at all of the form of the property tensor. The 

second matrix 1 
r 21 has been listed in equation (1.4) as LY 	 ---.:1 

1-2,d  = 	0 

This matrix causes all components containing the following suffices 

in any order to be zero: 2221, 1112, 3332, 2223, 1123, 1233. Sim-

ilarly all the components of the tensor 
dijkl which are non-zero 

contain the following suffices in any order: 1111, 2222, 3333, 

3331, 1113, 2213, 1122, 2233, 1133. 	The non-zero elements of d
ijkl 

are thereforedddd 	d 1111' 	1113' 	1122' 	1131' 	1133' 
d
1212' 

d
1221' 

d1223' d1232' d1311' d1313' d1331' d1333' d1322' d2112' d2121' 

d2123' d2132' d2211' d2213' d2222' d2231' d2233,  d2312' d2321' 

d2332' d2323'111' d3113' d3122' d3131' 
d3133' d3212' d3221' 

d
3223' d3232' 

d
3311' 

d3313, d
3322' d3331' d3333.  

The third generating matrix can now be used to give equations 

relating these 

listed in equation 

[1-3zI 

The non-zero tonso-2 

similar to 

41 remaining components. 

(1.4) as 
r- 

I 	0 
I 

	

-2 	0 

0 	0 	1 

componPnts arc 

This matrix has been 

related by sets of equations 
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0 	0 

 

0 0 -1 
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d1111 = 611 611 611 611 d1111 611 611 612 612 d1122 

+ 611 612 611 512 d1212 + 11 512 a12 a11 d1221 

+ 12 511 511 512 d2112 + 12 a11 a1211 d2121 

612 612 611 Ill 12211 612 612 612 612 d2222 (3.23) 

S13 	
0 	-S25 

S12 	512 6 
s
13 	

s25 

s31 	531 
	s

33 	
0 

0 
	

0 
	

o 	544 	S52 

-s52 	s52 	0 	0 	s
44 	

0 

0 
	

s25 	
s
66 

5 2 - +PS66 S12 1  

Therefore 

d1111 
_2A _2A 

' a. 16- 1212 
J_ _2A -2A 

IL-1111 ' 16-1122 - 16-1221 16-2112 

2,1A 
12121 + 16-2211 16-2222°  

(3.24) 

There are no further terms as the elements 613'31'  a23 and a32 

are zero. The complete set of equations relating the tensor com-

ponents are given in appendix III. Using the double suffix notation 

introduced in section 3.2.1,, it is possible to represent the 

'square law' magnetostrictionSijkl  by the tensor SAB and in this 

case the components are 

Sll = S22 = S12 2S66' S21 = S12' S13 = S23' S31 = S32' 

544 = s55' S64 = s25 = -815' 546 = s52 = -S51' 

s66  0, S33  / 
0, and all other terms are zero, 

It is convenient to write this tensor in group 3m in a 6 x 6 matrix 

form, thus 

SAB = 

(3.25) 



Since the defining equation for this effect can be written in 410101 

suffix notation as 

EA = SAij Hi Hj 	
(3.26) 

then the matrix of equation (3.25) produces the following component 

equations: 

Ell = (S12 4. 2s66) 11171 S12 H2H2 + S15  H3H5 -2S25 H1113 25 	1
H  3 

E22 = 512 H1H1 +_ (S12 2S  66)H 2H  2 +S HH 13 	3 +2S  25  H 1H 3 
E33  =S HH+S HH+S H H_ 31 1 1 	31 2 2 	33 3 

E23  = E32 =2S44 H2H3 +2552 H1H2 

Elf E31  = -S52H1H1 + S52 H_aHz _ +.2.544 - H H - - 13 

E
1
2=E21 

=.2325 
 H2H3 
 4,2S H 
---66 -1-TT  2 (3.27) 

These strain equations show that if a magnetic field is applied 

in any direction in the crystal all longitudinal strain components 

are present. In addition, if the direction of the applied field 

does not lie along a principal axis then shear strains are also 

present. In general it can be said that the strains resulting from 

'square law' magnetostriction in hematite are extremely complicated 

and although the components are mathematically separable it is 

doubtful whether they could be separated experimentally and the 

coefficients determined. Linear magnetostriction however, produces 

a far simpler strain situation as seen from equation (3.20), and 

without any measurable 'square law' magnetostriction, the linear 

magnetostriction coefficients can be evaluated from a simple exper-

imental determination. If, in addition, the 'square law' magneto-

striction strain is appreciable, it will probably mask the strain 
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due to the linear term and will produce conditions which make strain 

analysis virtually impossible. 

The possibility of measurement of the linear coefficients 

therefore depends on the rate of convergence of the terms in the 

magnetostrictive strain expansion of equation (3.21). If the series 

converges rapidly, then the linear term predominates and it is 

possible to determine its coefficients, but if it does not converge 

very rapidly then the magnetostrictive strain cannot be satisfact-

orily analysed. 

3.2.3n Derivation of Form of 3rd Rank Axial c-tensor in Group 2/m 

It has been shown in section 1.5.2. that the high temperature 

phase of aFe,O has magnetic symmetry operators 1, 1, 2, 2, so that 
wl, Aad 41./tA: a 41a.V a a-1.-6( 

it exhibits the symmetry of the groue2/m. The generating matrices 

for derivation of the form of property tensors in this group are, 

according to Birss(1)  , 1 and 2 1, where the x, y and z axes bear 

the same relationship to the hematite unit cell as for the low temp-

erature phase of section 3021. This means that the y-axis is 

parallel to the 2-fold rotation axis. The requirement that the 

third rank axial property tensor dijk  is invariant under all 

permissible symmetry operations for the particular symmetry class 

produces the same equation as previously, i.e. 

dijk  = 151 crip  dig  5kr  dpqr 	(3.2) 

The calculation of the form of a 3rd rank axial c-tensor in 

group 2/m is initially identical to the calculation of the form of 
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the same tensor in group 3m, for both utilise the generating matrices 

Nand 12 1. From section 3.2.1. the 13 non-zero coefficients 

which remain after using the two matrices are d121, d211, d231, d321, 

d
112' d132' d222, d312' d332, d123' d213' d233,  d323° Using the 

double suffix notation introduced previously for the tensor QAk  it 

can be seen that its eight non-zero components are Q61, Q41, Q12,  

Q52, Q22, Q32, Q63, Q
43' Hence the linear magnetostriction tensor 

in group 2/m can be written as 

        

QAk 

 

0 Q12 	
0 

0 Q22 	0  

o Q32 	o 

Q41 	0 	Q43 

o Q52 	0 

 

  

Q61 
	0 
	

Q63  (3.28) 

        

        

and the component equations can be written as 

Ell = Q12 H2 

E22 = Q22 H2 

E33  = Q32  H2  

E23 = E32 = q41 H1 1.  R43 H3 

E
13 

= E31 = Q52 H2 

Flt = E21 = Q61 H1 Q63 H3° 
	

(3.29) 

From these equations one would expect to observe a longitudinal 

strain along all three Cartesian axes when a magnetic field is 

applied parallel to the two-fold axis. In a4ditien all bite eilear 



eri~nta ion to the cryntal axti.te, Finally it must be noted that un-

like the case of linear magnetostriction in the 3m group, strains 

are produced when the magnetic field is applied parallel to the 

z-axis of a hematite crystal when in the high temperature phase. 

Linear magnetostriction in the 2/m group may have apparently 

important distinctions from the same tensor in the 3m group, for in 

this latter group the spin direction (apart from 1800 phase changes) 

is completely fixed within the lattice. The 2/m group however, 

being pyromagnetic, allows the direction of the spin pairs to rotate 

to align with the magnetic field. This means that low field magneto-

striction in the 2/m group would be expected to be characteristic 

of strains occurring during the rotation of the internal magnet-

isation of a material, and under these strains the effect of linear 

magnetostriction would probably be masked. Once the rotation of 

magnetisation is complete, the true linear effect should be ex-

hibited by the material. 

This concept of a true linear strain superimposed on the strain 

resulting from domain reorientations has never previously been con-

sidered for a canted spin antiferromagnetic, although the same 

effect is a well-known phenomenon in ferromagnetics and is known 

as forced magnetostriction. In nickel which is ferromagnetic, the 

coefficient of linear increase of strain with applied field at high 

field values has been found by Kornetzki
(62) 

to be of the order of 

-10 
10 	oersted-1 
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3.2.4. Linear Magnetostriction in Hematite Through the Magnetic 
Transition  

It is of interest to consider the effect of the transition of 

the magnetic structure of hematite from group 3m to group 2/m upon 

the tensor coefficients of linear magnetostriction. In nature, 

changes are rarely discontinuous, and since the Morin transition 

occurs as a result of a gradual rotation of spin direction extending 

over at least 200, (see Figure 4), it would be reasonable to expect 

that the tensor components of linear magnetostriction should also 

be continuous through the transition. 

Examination of equations (3.20) and (3.29) would therefore 

lead one to expect that the value of the components Q22  and Q41  

would be continuous from group 3m to group 2/m, but that the com-

ponents Q32, Q43  and Q63  in group 2/m should rise from zero with 

increasing temperature from the Morin transition. Similarly close 

to the transition it should be expected that the components Q12  and  

Q
61 of the high temperature group would be equal to -Q22 of the low 

temperature group, because the strain components E
11 

and E
12 would 

be expected to be continuous, By a similar comparison Q
52 

of the 

2/m group should tend, close to the Morin temperature, to the value 

of -Q41  in the 3m group. From this reasoning it i4 imme0-17,tely 

apparent that for a small temperature range above the Morin trans-

ition, magnetostrictive strain along the z-axis of the hematite 

unit cell must be negligible so as to be continuous with the zero 

strain below the transition, 
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3.2.5. ngnetostriction Data from Elastic Constants 

In the previous sections, crystal symmetry and magnetic 

symmetry have been utilised to predict the form of various magneto-

striction tensors. This allows one to say that in one crystal 

linear magnetostriction can.exist whilst in another the 'square 

law' magnetostriction term will predominate, and of course all this 

is very useful and important- Magnetic symmetry however, cannot 

give reasons for the existence of these effects, it can only indicate 

their presence. In this section the reasons for the existence of 

any form of magnetostriction are considered. 

When a magnetic field is applied to a material its thermo-

dynamic free energy is decreased due to the decrease in magnetic 

energy. Atoms prefer to be situated in positions of minimum 

energy in the lattice and these minimum energy points change as 

magnetic energy is impressed upon the material, and for this reason 

alone atoms move to occupy the bottom of the displaced potential 

wells. This constitutes magnetostriction. Normally, since magnetic 

energy is an even function of field, the magnetostriction is also an 

even function. In come cases, the complicated magnetic structure 

of a material may cause the internal magnetic energy to be different 

when the applied field is reversed and it is this difference which 

constitutes a magnetostriction which is dependent on the odd power 

of the field. 

The formulation of the normal magnetostriction from thermo-

dynamic principles has been performed by Powe11(63)  in 1931, and 
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later by Kittel(64). If E..13 
 is a symmetrical strain tensor, then 

in the unmagnetised state the stored elastic energy W0  of a crystal 

is given by 

W
o 
= 1 c.. 	

j i 
E  Ekl 	 (3.30) ijkl  

where the components of ci jki  are the elastic constants. When the 

crystal is magnetised, the internal energy is increased by the 

magnetic energy Wm, so that the total energy then becomes 

W = W + W 	 (3.31) o m 

If the absence of linear magnetostriction is assumed, then Wm  must 

be composed of only even terms of intensity of magnetisation Ii  in 

combination with the strain tensor Eij 
 
. Then the simplest expansion 

that can be used is 

Wm  = aij  IiIj  + bijki  IiIjEk, 	(3.32) 

where the components of aij  are defined as the coefficients of 

magnetocrystalline anisotropy energy of the crystal, and the com-

ponents of bi jk, are defined as the magnetoeleastic coupling con-

stants. 

It is now known that in certain magnetic crystal classes, 

linear magnetostriction can exist. In this case the expansion of 

the magnetic energy Wm  can include terms linear in intensity of 

magnetisation. A suitable expansion that can be used is 

Wm  = d.I. + a..I.I. + e
ijkIiEjk  + bijklIiIiEki 	(3.33) 2.3 I 

where (1i  could be called the linear magnetocrystalline anisotropy 

coefficients and e
ijk 

 could be called the linear magnetoelastic 

coupling constants. 
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Both in the unmagnetised state and in the magnetised state the 

internal structure of a material is in a position of zero stress 

otherwise the stress would cause the ions to move until this position 

is attained. Stress is the strain differential of energy, so that 

this equilibrium position can be represented mathematically by the 

equation 

aE.. - 0 
	 (3.34) 

13 

where W (from equation (3.31) ) is the sum of the strain energy and 

the magnetic energy. The solution to equation (3.34) gives the 

magnetostrictive strain corresponding to the particular value of in-

tensity of magnetisation Ii. 

In particular examples, crystal symmetry and magnetic symmetry 

afford considerable simplification of the forms of the various tensor 

coefficients used in the preceding expressions. The coefficient di, 

which is a first rank axial c-tensor like the pyromagnetic tensor, is 

known to be zero (from section 1.3.2.) in the 3m group to which 

hematite belongs in its low temperature phase. The coefficient a13.. 

is a second rank polar i-tensor and in the group 3m only even rank 

axial c-tensors are zero, and the second rank polar i-tensor has the 

form 
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aw 

a
11 

0 	0 

0 0 a
32] 

so the particular expression from equation (3.33) becomes 

a. . = 13 0 a
11 0 (3.35) 
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aiiIiIj = all (Il2 1
22) 	a33I32. 	(3.36) 

Similar considerations apply to the forms of the tensors eijk, bijki  

and ci jkl  and from these the equilibrium strain of a material in a 

magnetic field can be determined. 

The form of both linear magnetostriction components in the 3m 

group in terms of the elastic constants and the linear magneto-

elastic coupling coefficients is derived in appendix IV. The cal-

culation is more of academic interest in relating elasticity to 

magnetostriction than practical use, for the concept of linear 

magnetoelastic coupling constants is quite new and values have not 

yet been determined in actual materials. The calculation shows 

however, that the predictions of crystal symmetry are self-consistent, 

for the final form of the strain components agrees completely with 

the form predicted solely from symmetry considerations (ice. 

equation (3.20) ). 

3.2.6. Spin-lattice Interaction Theory  

This section considers the possible atomic mechanism for linear 

magnetostriction in hematite. Very many antiferromagnetic crystals 

exist as such because of a superexchange interaction
(65) between 

pairs of magnetic cations via an adjacent anion. This interaction 

probably takes the form of bonding electrons which are shared be-

tween the two magnetic ions and the oxygen ion in the case of 

hematite The spatial distribution of these bonding electrons 

obviously depends radically on the cation-anion-cation separation 



and angular direction and in this manner controls the strength of the 

superexchange interaction. It has been recently postulated(66)  that 

the distribution of bonding electrons depends also on the direction 

of the spin moment of the magnetic cations, so that if the spin 

moment is affected by a magnetic field or if the bonding electrons 

interact with a magnetic field, then the distribution of bonding" 

electrons is altered. Eecause the bonding electrons of different 

spin have different wave functions this could lead to a change in 

bond lengths and/or an induced polarization of the bonds. The 

former would cause magnetostriction, whilst the latter would cause 

the magnetoelectric effect. 

Whether such effects will occur macroscopically, and if so, 

whether they will be linear in applied field depends on the atomic 

symmetry and on the spin distribution around each atomic site. It 

is this requirement which introduces the need for a classified 

system of magnetic symmetry such as has been discussed in Chapter I. 

Conversely, it also explains in atomic terms, the success of magnetic 

symmetry in predicting the forms of the various physical tensors. 

A reversal of antiferromagnetic domains would be expected to 

occur by this niechanism immediately on reversal of the applied 

magnetic field, for if in a given magnetic field a certain spin-

charge distribution is more favourable, then upon reversal of the 

field the opposite spin distribution would be preferable. Since this 

is a co-operative process it would be easily arrested if certain 

regions throughout the crystal have their domain type pinned as a 
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result of lattice imperfections and the like. In this case it would 

require a finite threshold of magnetic field to reverse the spin 

direction and there could be expected to be a distribution of 

threshold field values so that except for very high applied fields, 

there would remain regions of opposite domain type. 

3.3. THEORY APPLIED TO THE SPECIMENS USED  

5.3.1. Form of Linear Magnetostriction on (110) Plane in Hematite  

Equations giving the linear magnetostrictive strain in hematite 

for all nine components of the tensor have previously been derived. 

The common natural cleavage plane of hematite crystals is the (110) 

plane, and so it is necessary to calculate the form of the strain 

equations on this plane. Suppose an angular position on the plane 

is defined by the angle 0, where 0 = 0 is aligned with the [0(102] 

direction. It is intended to measure strain at a certain angle 

0 =IS on the plane, and so the first step is therefore to trans-

form the strain component equations from the crystallographic axes 

to a set of axes rotating in the (110) plane. The fixed axes and 

the rotating axes at 0 = 0 are shown in Figure 25. a is the angle 

between the (110) plane and the [111] axis, and 0 is measured as 

positive in the direction shown. 

The strain E in a direction having direction cosines pipj  

relative to a particular set of axes is given by 

E = E
Ij  ..p.p. 1 j 

If the strain gauge were along the &0,g direction on the (110) 
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Figure 25. Rotating and fixed axes relative to the (110) 

plane. 

e is positive in the direction shown. 

134. 



plane then the cosines would be 

pi  = - sin 0, 	p2  = 0, 	(33  = cos o 	(3.38) 

However, the gauge is not in this position; it is on the plane at 

an angle 8 =L, , and its new direction cosines are given by 

• = X - -43 • 
J (3,39) 

where 	is the transformation matrix from crystallographic co-

ordinates to co-ordinates on the (110) plane at 8 =6 . Hence 

P1 = Al11 	713P3 
of 	a 	n 
1j2 = 	

n 	
A27"3 

P3 = 	;1'33(33 
(3.40) 

The transformation matri:c must be obtained from geometrical con-

siderations. A general matrix has been derived by Jeffreys and 

Jeffreys(67) considering successive rotations about one axis, then 

another and finally a third axis. Adapted to transform to a co-

ordinate system rotated through an angle e about the xl-axis perp-

endicular to the (110) plane from crystallographic co-ordinates, 

it reads 

?'•• • = 

cos 8 + cos
2 
0(1-cos 9) -sin o sin 0 cos 0 sin o(1-cos 0) 

sin o sin 0 	cos 0 	-cos 0 sin 8 

cos a sin 0(1-cor 0) 	cos o sin 0 cos 8 + sin2 o(1-cos 0) 

(3.41) 

Using this for 0 = with equation (3.40) 

2 
R1 = -icost + cos 0(1-cos 4 ),/ sin o + cos e sin o(1-cos 0) cos o 
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Therefore 

Likewise 

and 

-cos .6 sin 

-sin 1 

cos 6 cos o 

(3.42) 

(3.43) 

(3.44) 
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In a similar manner the magnetic field components must be 

trartsformedfroninefixecitotherotating„„xes.Ifa.are the 

direction cosines of the field H in the rotating co-ordinate system, 

then these also transform according to 

a. = Xijp  . (3.45)j   

giving similar equations to equation (3.40). For each component 

H. = Ha. (3.46) 

Therefore H1  = H(413 1  ▪ xl3p3) 

H
2 = 11( 	p + % B ) 21 1 	23'3 

H, = 1-
1(h

31p1  + .3303) 	 (3.47) 

We can therefore use the same transformations as in equation (3.41) 

replacing 0 for i.e, 

H1 = -H cos 0 sin o 

H
2 = -H sin 0 

H cos 	cos c, (3.48) 

Having transformed both strain,(and field onto the (110) plane, 

the resultant strain E along the measurement direction can now be 

obtained from equation (3.37) since the values of E.. in the 3m 
ij 

group are known from equation (3.20). 

u (n)2 	n 	u ar4  
- 2q41  Hglp3  + E  = -Q22 "2"11 -2"22 "r-T-'2 	2Q41 Hi 2(33 

+ Q22 
u  
"2(a'2)2  (3.49) 



/ 
Replacing for H1, H2  and H3  from equation (3.48) and for pi, p2  and 

p
3 

from equations (3.42), (3.43) and (3.44), 

E n 	2 	 2 
H  = -c22  (cos2 	2  A sin o sin ) sin + 2Q22 cos 	Csin sin o cos 0 

-2Q41 
2 / cos 	sin o cos 0 sin 0 + 2Q

41 
sin L. cos ZS cos o sin o cos 0 

(3.50) 

= 'f222  (cos
2
A sing  0 - sin2A) 	(Q41 

cost sin 20).} sin 0 

i (Q22 sing  o sin 2+ (Q41 sin 
L. C..) 
	

cos /.A sin 2o)} cos 0 

(3.51) 

Equation (3.51) gives the total strain E on the (110) plane at 

r - 
an angle LS to the I001] direction due to linear magnetostriction 

resulting from a field applied in the plane at an angle 0 to the 

[001] direction. It is therefore possible from this equation to 

predict the angular dependence of strain, measured at a fixed angle 

, when the magi 	 tic field is rotated in the (110) plane, and so 

by measuring this dependence experimentally it is a simple matter 

to calculate the value of the tensor components. 

3.3.2. Optimum Position for Strain Measurement on (110) Plane  

For greater strain accuracy, it would be desirable to measure 

at the particular angle n. which would be expected to exhibit the 

maximum strain. For this, a maximum of equation (3.51) at constant 

needs to be determined. Equation (3.51) can be rewritten 

E 	 2 
= 	22 sin o sin u - Q41  sin 20 sin 01 cos

2  LI - Q22  sin 0 sin
2
A 

+ S2Q22  sing  o + Q41  sin 20} cos 0 sins cosil 	(3.52) 
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and so by differentiation 

8(E/11) 

b 	- - IQ' 	
2 

a 
22  sin o sin 0 - Q

41 
sin 20 sin 0). 2cos A sin 8 

- 2Q22 sin e cos i.7.. sin/.  

( ,n 	2 
+ t ' -'22 sing  o Q41 

 sin 2o) cos ei cos2A - sin 6 ) 

(3.53) 

? 	(sin2 	1) sin e - Q
41 

(sin 20 sin 0).1 sin 2A 
22 

+ (2Q22 sin
2 es + gal  sin 2o)3 cos 9 cos 26 	(3.54) 

At a maximum or minimum value of LX , equation (3.54) is zero, which 
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gives the following relationship 

sin 2A 	(2Q22 sin2° Q41 sin 
 2o) cos 

cos 2/i - q22  (sine 	 1) - gza  sin 20 sin 0 (3.55) 

i.e. tan 26 = constant x cot 0 	 (3.56) 

Equation (3.56) shows that there is no clearly defined strain max-

imum, independent of the angle of the applied field. There are 

however, apparent restrictions on the value of A , for if cot e is 

to have a value between a0 and zero, then 2a. must lie between 90°  

and zero, i.e. A must lie between 45°  and zero. If L\ = 0, then 

from equation (3.52) the maximum strain occurs at 0 = 0, but since 

at this angle the strain equation only contains sine terms it is 

impossible to evaluate both tensor coefficients from the strain 

angular dependence, The strain gauge can therefore be stuck on the 

(110) face of the hematite crystal at any angle between 0 and 45°  to 

the &101] axis, although it is preferable not to measure at 	= 0 

so that both tensor coefficients may be evaluated. 
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3.3.3. Form of Linear  Magnetostriction on (111) Plane in Hematite  

It may be noticed from section 3.1, that not all of the crystals 

used for magnetostriction purposes had cleaved (110) faces, for some 

had (111) faces. The previous calculation determining the form of 

the strain equation on the (110) plane must be repeated for the 

(111) plane. Fortunately one of the three Cartesian axes can co-

incide with the principal crystallographic axis, so that the (111) 

plane is also the xlx2  plane, as shown in Figure 260 e is the angle 

on the (111) plane between a particular vector and the x2  axis, 

measured positive in the direction shown. 

Suppose the measurement of strain is performed on this plane at 

an angle 0 = Q, , then the direction cosines pi  of the gauge are 

pl = sin 	' 	
p2 = cos 	, 	433  = 0 	(3.57) 

The strain E in this direction is given by 

E = E.. aid 	 (3.58) 13 	j 

and values of E12, E11 
and E

22 can be replaced from equation (3.20) 

producing 

n 	n 
E  = -2Q22 H1 C31 C32 - Q22 H2 

(
"1

/\2 	
'° 
n 
622  u 

 
"2 

(
"2'

)2  * (-z .0)  

The components of the magnetic field applied in the plane are 

H
1 

= H sin 0 	H2 = H cos 0, 	H3 =0 
	

(3.60) 

so that 

= Q22 (c°s2 	- sin2 ) cos 0 - 2 sin6 cosiN sin 0} 

(3061) 

This permits evaluation of only one of the two tensor coeff- 



z-axis 

Figure 26. Rotating and fixed axes relative to the (111) plane. 

6is positive in the direction shown. 
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icients from the angular dependence of the magnetostrictive strain 

on the (111) plane. If L. = 0 (i.e. the strain gauge lying along 

the (110) direction), the strain equation reduces to the very 

simple form 

E = Q22 cos 0. 	 (3.62) 

3.3.4. Optimum Position for Strain Measurement on (111) Plane  

It is desirable to know where the strain is a maximum on the 

(111) plane. Taking equation (3.61) and differentiating it with 

respect to 6 , 

aix - 
0

22  ( - 2 cos A sin A - 2 cos A sin[ ) cos A '  

- 2 (- sin-
7 
 6 + cos2A ) sin 0 (- 	. 	(3.63) 

- Q22 2  sin.U1 cos e + 2 cos 2A sin e3 	(3.64) =  
The differential is zero at positions of maximum and minimum strain; 

the angle at which this occurs is given by 

sin 24 	sin 0 
cos 2/1 	- cos 0 (3.65) 

i.e. 	tan 2/__ = - tan 0 	 (3,66) 

In a similar manner to the previous calculation concerning the (110) 

plane, equation (3.66) shows that there is no clearly defined strain 

maximum, independent of the angle of the applied field. There are 

restrictions on the value of A for if tan 0 is to have a value 

between zero and c)0 , then IS. must have a value between zero and 450. 

If Z\ is taken as 450, then from equation (3.61) the maximum strain 

of -Q22  H occurs at 0 = 900; but if A is taken as zero, then the 
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maximum strain of Q22 H occurs at 0 = 0, 

3,3.5 Form of 'Square Law' Magnetostriction on (110) Plane  

The preceding sections have shown that an excellent way of 

experimentally determining the values of the linear magnetostriction 

tensor coefficients is to record the angular dependence of strain 

and then, by harmonic analysis, extract the coefficients of the 

sine and cosine terms, All the linear magnetostriction strain is 

characterised by first order terms in 0, and so it is interesting 

to see the type of angular dependence produced by the 'square law' 

magnetostriction. 

Firstly both strain and magnetic field direction cosines are 

referred to the measurement orientation, for it is known from section 

320—thattheiraluesof3.andHa.when related to axes on the 

(110) plane with x
3 

rotated by angle 0 from the 1001j axis, are as 
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follows 

Pi= - cos A sin 

Q,, - - sin 

= cos A cos 0 

H1  = - H cos sin (3 

H2 = H sin 0 

(3.42) 

(3.43) 

(3.44) 

H
3 

= H cos 0 cos o 	 (3,47) 

Also from before, the strain measured by the gauge is given by 

E = E. pipj 	 (3,37) 



Therefore 

E = E (0 )2 + 	 11-1' 2F12G1P2 2713P1533 2E2gg3 
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Replacing for the strain components from equation (3,27) 

, E = 	+ 2S66)  H
1 
2 + S

12 H2

2 +S711 	-S HH3.  (0
2  
) 11 	 13 3

2  
	25 1 3) 1 

(3.67) 

 

+ 261p2  1..s25  H2H3  + s66  H1H23 + 2p1p3 .-s52 H1
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2
) 
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(3.68) 

Equation (368) is already long and complicated, and the next step 

involving replacement of pi, p2  and p3  and H1, H2  and H3  will ex-

pand it further. 

Fortunately these steps are not necessary to find the form of 

the angular dependence of the 'square law' magnetostriction if it 

is noted that every term in equation (3,68) involves the second 

power of the magnetic field components. From equation (3,47) it can 

be seen that each component depends on either sin 0 or cos 0, so 

that it is obvious that terms involving the second power of the 

2 
magnetic field components will depend on either sin 0, sin 0 cos 0 

or cos̀  0. Applying this to equation (3.68), the 'square law' magneto-

striction on the (110) plane must exhibit an angular dependence con-

taining only terms even in 0; i.e. a constant, sin 20 or cos 20. 
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Hence the harmonic analysis method of determining the linear magneto- 

striction tensor components also serves to isolate the higher order 

terms from the linear effect. 

3.3.6. Form of 'Square Law' Susceptibility Term on  (110) Plane  

It has been seen in section 1.5.46. that a term which results 

in a non-linear antiferromagnetic susceptibility also provides an 

energy difference between antiferromagnetic domains related to each 

other by time inversion. The tensor coefficient C 	has a non-zero C. 

value in the group 3m, to which hematite belongs at low temperatures, 

so it is of use to determine its form in that group, and in part-

icular its form on the (110) plane of hematite. 

The non-linear susceptibility coefficient is a third rank 

axial c-tensor and so would appear to be represented by the same 

matrix as linear magnetostriction. Intrinsic symmetry arising as a 

result of the independence of the order of the magnetic field com-

ponents in the energy expression C.H.HH causes the following 
ijk I j k 

equality, 

Cijk  = Cjki  = Ckji 	etc. 	 (3,69) 

Considering the two tensor components Q22  and Q41' of equation (3.18) 

we have, replacing Cijk  for Qijk, 

. 
C41 = C231 = C321 - 0123 m  C63 	

(3 70)  

andC63  = 0, hence. for this particular intrinsic symmetry situation 

C41 = 0'  and the 3m non-linear susceptibility matrix becomes 



0 	0 	0 	0 	0 	-C22 

Cijk = -C22 	C22 	0 	0 	0 	0 (3.71) 

0 	0 	0 	0 	0 	0 

so that the free energy resulting from this term is 

F = C
i  . 	

H.H.H 
jk 	j k 

= -3C22  Hily2  + C22  H2H2H2 	(3.72) 

If the magnetic field components are referred to the field H rot-

ating through an angle 9 about an axis perpendicular to the (110) 

plane, then the components are the same as those used in section 

3,3.1. i.e. 

HI  = -H cos 9 sin 

H2  = -H sin e 

H, = H cos 0 sin o 	 (3.47) 

The free energy arising from the non-linear susceptibility term on 

the (110) plane is therefore 

cost  9 sin sin
2 

- 022 H3  sin3  O. (3.73) F  = 3022 H3  

Equation (3.73) obviously has the value of zero at 9 = 0 and the 

value -C22 H3  at 9 = 90°. This energy arises from a time anti-

symmetric effect and so reverses sign between 180°  antiferromagnetic 

domain types. The maximum energy difference between opposite anti-

ferromagnetic domains is thus 2C22 
H30,4%0= 9 0, 
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CHAPTER IV 

DISCUSSION OF RESULTS  

4,1. MAGNETOSTRICTION AT  HIGH TEMPERATURES  

4.1,1. Synthetic Crystal 

The magnetostriction of an initially demagnetised synthetic 

crystal of hematite was measured at room temperature as a function 

of applied magnetic field. Figure 27(a) shows the field dependence 

at four separate field orientations on the (110) plane; the 0°  

curve corresponds to the field applied along the r00111 direction. 

On this and the following curves, expansive strain is shown as 

positive. The strain is typically that exhibited by a parasitic 

ferromagnetic material, for it shows no difference between positive 

and negative magnetic field directions, This would be expected, 

because the antiferromagnetic domains should rotate with the ferro-

magnetic domains to follow the applied field direction as discussed 

in section 1.5.5. 

In low fields the strain varies rapidly with field as a result 

of rotation of ferromagnetic domains from the crystallographic 

easy direction, but after this process is completed a saturation of 

strain occurs. This is evident at a field of about 3500 oersteds 

along the L0011 axis and at about 2300 oersteds perpendicular to 

it, This latter direction lies within the (111) basal plane of the 

unit cell and so it would be expected that at room temperature, 
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Figure 27(a). Strain in the synthetic crystal produced by a field 

applied at various angles to the E01.] direction. 
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Figure 27(b). Strain in the synthetic crystal produced by a field 

of 4500 oersteds rotating on the (110) plane. 

Curve corresponds to equation (4.1). 
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where the spins lie in this plane, saturation would occur at a 

lower field than at any other angle to the plane. The high field 

saturation strain is only very slightly dependent on the magnitude 

of the applied field, which would indicate that in this crystal 

the true linear magnetostriction strain 4-v, the 2/m glieup which is 

exhibited as a forced magnetostriction, has a value less than 

0.5 x 10-7  at 7000 oersteds. 

The strain along the gauge direction caused by a field of 

4500 oersteds rotating in the (110) plane is shown in Figure 27(b), 

, 
the zero of angle corresponding to the L001.] direction. Although 

the maxima and minima of strain occur for fields at 0o and 90o 

respectively, corresponding to the crystallographic directions 

P011 and 11I01, the curve is by no means a simple 20 function. 

Harmonic analysis of the experimental points showed them to be best 

represented by the function 

61 
+ 086 x 10-6  - 3.91 x 10-6  cos (29 + 18°) 

-6 
-•1-35 x 10 	coo (4e + 57° 12') 	(4.1) 

counting expansive strain as Positive. Equation (4.1) is unfort-

unately not of fundamental significance as total strain is plotted 

in Figure 27(0), and this is composed of components due to both 

ferromagnetic domain rotation and a linear effect in a reversible 

domain system. 

4.1.2, Annealed Synthetic Crystal 

After a complete set of high and low temperature measurements 
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were made on the synthetic crystal, it was removed from the ex-

perimental apparatus and thermally annealed in oxygen to remove 

strains and lattice dislocations, and possibly to improve the 

stoichiometry. After the magnetic remanence had been measured and 

the crystal returned to the apparatus with the strain gauge re-

positioned exactly, the room temperature magnetostriction was 

measured. 

The resultant field dependences for four field directions on 

the (110) plane are shown in Figure 28(a) with expansive strain 
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unannealed 

of most of 

strain due 

It is very interesting to compare Figure 28(a) 

which is the corresponding diagram for the 

crystal, It is immediately obvious that the magnitudes 

the saturation strains have increased radically. The 

to a field along the 1001] axis has increased to 1,7 

shown as positive. 

with Figure 27(a), 

times its previous value, the strain due to a field along the [40] 

axis has increased to 1.9 times the previous value, whilst with the 

r 
field at 45°  to the Liald axis, a 1.55 times increase in strain is 

evident. In addition the high field linear magnetostriction 

coefficients ?A.44.i,e 27:1  gr up must have increased appreciably so as 

to produce a measurable linear term The value of this term along 

the [001] axis is - 4.6 x 10-11 per oersted, and its value at both 

to the 1 0011 axis is + 6.5 x 10
-11 

per oersted. 

It is of interest to note that in the synthetic crystal before 

directions at + 45 

Along the iii0laxis the value of the linear term is much smaller 
_ - 

and is certainly less than 1 x 10
-11 per oersted. 
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. Figure 28(a). Strain in the annealed synthetic crystal produced by a 

field applied at various angles to the Ecyg direction. 
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Figure 28(b). Strain in the annealed synthetic crystal produced by a 

field of 4500 oersteds rotating on the (110) plane. 

Curve corresponds to equation (4.2). 



annealing, a magnetic field applied at 135°  to the E.001] direction 

produced a contraction, but after annealing the same field produced 

an expansion. This is seen by reference to Figure 28(b) which shows 

the strain along the gauge direction resulting from a field of 

4500 oersteds rotating in the (110) plane. The curve has a slightly 

different shape from that of Figure 27(b), for the peak of contract-

ive strain is sharper and that of expansive strain is broader, and 

as a result of this relatively slight change in shape of the 

angular dependence curve, the previous contraction at the 135 

position has become an expansion. This change in shape is probably 

caused by a change in the magnetocrystalline anisotropy energy 

resulting from the removal of inbuilt strains. 

The total amplitude of the strain variation has only increased 

from 8.3 x 10
6 

before annealing to 11 x 10
6 after annealing (i.e. 

about 1.3 times the former value), and so the larger increase in 

strain observable from the field dependence curves must be attribut-

able to the change in shape of the angular variation curve. Harmonic 

analysis of the experimental points of Figure 28(b) showed it to be 

best represented by* the function 

4. 3.35 x 10-6  - 5.1 x l0-6 cos (2e + 2°  30, ) 

+ 1.63 x 10-6 cos (48 + 18°) 
	

(4.2) 

which is not very similar to equation (4.1) even thoud ithio. -actual 

curves are almost identical in shape. 
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4.1.3. Elba Crlstal 

In this specimen, the most pure natural crystal investigated, 

the magnetostrictive strain was measured on the (110) face along 

the [111] direction, which makes an angle of 135°  with the L00i] 

direction. The observed strain would be expected to show some 

similarities to the strain existing at 10°  to the 100i] axis, 

although not being identical to it. 

The strain resulting from magnetic fields applied at various 

orientations in the (110) p]pne are shown in Figure 29(a). None of 

these curves show complete saturation of strain, so it must be 

assumed that domain rotation in a room temperature Elba crystal still 

proceeds in fields up to 9000 oersteds. This is quite remarkable 

since domain saturation was shown by previous measurements of the 

synthetic crystal to be completed in fields less than 3000 oersteds 

applied at any orientation in the same plane. In the ferromagnetic 

state it would be expected that domain rotation would be impeded by 

all of the many defects and dislocations which are exhibited by most 

natural crystals The actual values of the magnetostrictive strains 

are considerably less than those produced in the synthetic crystal, 

but this could possibly be solely due to the strain gauge at 135°  

to the 1001! axis only experiencing a small resolved component of 

the strains, There is considerable difficulty in calculating the 

value of this resolved component due to the presence of eight non-

zero tensor components representing linear magnetostriction in the 
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Figure 29(a). Strain in the lba crystal produced by a field 

applied at various angles to the E3013 direction. 

Pigure 29(b). Strain in the Elba crystal produced by a field 

of 7500 oersteds rotating on the (110).plane. 
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2/m magnetic group. 

The strain existing at 135
o 
to the IM axis when a magnetic 

field of 7500 oersteds was rotated in the (110) plane is shown in 

Figure 29(b)0 The dependence upon angle appears quite different 

from that of the synthetic crystal, for increased rotational 

hysteresis of the internal ferromagnetic domain structure of the 

material causes the curve to take on the appearance of a saw-tooth 

function. In addition the maxima and minima of strain occur for 

fields at angles of 20°, 140°  and 200°  to the P01.] axis, which is 

not in accordance with theory because the separation of the first 

pair of peaks is 120°  and the separation of the second pair is 60°, 

whereas according to the perpendicular 2-fold symmetry axes on the 

(110) plane, all peaks should be 90°  apart. This behaviour has 

previously been met in measurements of room temperature magneto-

striction in hematite by Urquhart and Goldman(35), and is also 

associated with a large rotational hysteresis which is superimposed 

on the four-fold symmetry of the (110) plane. 

A harmonic analysis of the curve shows it to be represented by 

the equation 

= - o,46 x 10-6  + 3,05 x l0-6  cos (2e - 67°  20, ) 

+ 0067x 10-6 cos (4e - 53°  30,) 

+ 015 x l0-6 cos (60 - 38°  lo, ) 	(4.3) 

which is closer to a true 20 variation than in previously investig-

ated crystals. This is probably only fortuitous and does not 

reflect the quality of the crystal, since as mentioned in section 
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4.1.1., the total strain is composed of components resulting from 

both ferromagnetic domain rotation and a linear effect in a reversible 

domain system (i.e. forced magnetostriction). 

4.1.4. Arizona Crystal 

Strain in this crystal was measured in the p61 direction lying 

in the (111) basal plane of the unit cell. This is a convenient 

axis to use for it is the only direction which is common to both the 

(111) and (110) planes. The strains (with expansion shown positively) 

resulting from magnetic fields applied at various orientations to the 

5.-10] axis (and also at the same angle to the strain gauge) are shown 
in Figure 30(a). These curves for the basal plane are quite diff-

erent from those considered previously, for although both of them 

show a saturation effect, a low field peak of strain is in evidence 

in these (111) plane measurements. This bears a resemblance to the 

peak existing in the low field magnetcstriction of ferromagnetic 

materials and this is explicable(4) in terms of the strains 

incurred by domain wall displacements and rotations. The reason 

that the shape of the strain curve resulting from these processes 

is different on the (ill) plane from (110) plane is that on the 

latter only strains of one sign are caused by domain reorientation, 

whereas on the (111) plane strains of both signs are produced at 

different field strengths. 

Saturation of strain occurs at approximately 5000 oersteds 
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Figure 30(a). Strain in the Arizona crystal produced by a field 

applied at various angles to the 6-1-03 direction. 

Figure 30(b). Strain in the Arizona crystal produced by a field 

of 4500 oersteds rotating on the (ill) plane. 

Curve corresponds to equation (4.4). 



with the field applied at any angle, but the process is quite 

gradual particularly when field and gauge are parallel. The sat-

uration effect is seen to combine with a relatively large linear 

magnetostriction strain. The value of the linear term with gauge 

and field parallel is + 45 x 10-11 oersted,
1 
 and when the field is 

applied at 135
o 
to the gauge the linear term is - 2.2 x 10

-11 
per 

oersted, and at the remaining two angles it is too small to measure 

with any accuracy. 

The The strain existing along the 1110! axis when a magnetic field 

of 4500 oersteds was rotated in the (111) plane is shown in 

Figure 30(b)0 A 69 component is not immediately visible, for even 

though the basal plane has a six-fold anisotropy it is very weak 

and would certainly be completely saturated by a field of 4500 

oersteds applied at any orientation in this plane. In this relatively 

high field the (111) plane behaves isotropically and so the pre-

dominate shape of Figure 30(b) is a 29 variation. A harmonic anal-

ysis of the curve produces the strain equation 

"(51 - = + 10-7 p  + ,,5 x 10-7  cos (20 + 15°) 

- 1.,6 x 10-7  cos (40 - 340  36') 	(4.4) 

which shows that there is principally a cos 29 variation. The strain 

amplitude of the angular dependence of field curve is very consid-

erably smaller for the same field than for any other crystal exam-

ined so far. 
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4.1.5. St, Gothard Crystal 

The strain existing on the (111) plane of this crystal was 

measured parallel to the [47] axis, which is perpendicular to the 

strain measurement direction in the Arizona crystal. The strains 

resulting from magnetic fields applied at various orientations to 

this axis (and also at the same angle to the strain gauge) are 

shown in Figure 31(a). This is quite different'from Figure 30(a) 

which shows basal plane curves for a material of much higher chemical 

and magnetic purity. The sign of the strain resulting from a field 

is the same as the previous crystal, but the St. Gothard curves rise 

gradually to saturation and do not show a strain peak at low fields. 

At room temperature these crystals are highly ferromagnetic and 

this could possibly be the reason for complete suppression of the 

high initial strains, The ferromagnetic properties appear to pre-

dominate, for there is no evidence of any linear magnetostriction 

resulting from the field applied at any orientation in the (111) 

plane. 

— - The strain existing along the 111 axis when a magnetic 

field of 7500 oersteds was rotated in the (111) plane, which is 

shown in Figure 31(b), provided further evidence as to the ferro-

magnetic nature of this crystal. The curve is almost exactly 

represented by the equation 

bl = - 1.75 x 10-6  cos Pe 
	

(4.5) 

which is the form theoretically expected from a purely ferro- 



i06 

-.0 

2 	11, 

,,...O 
J.6  

10 	Ficld 

o°  EITg 

Figure 31(a). Strain in the St. Gothard crystal produced by a field 

applied at various angles to the L1T01 direction. 
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Figure 31(b). Strain in the St. Gothard crystal produced by a field 

of 7500 oersteds rotating on the (111) plane. 

Curve corresponds to equation (4.5). 



magnetic type of 'square law' magnetostriction. There is no con-

stant term in equation (4.5) which means that the strain resulting 

from a field applied perpendicular to the strain gauge is of the 

same magnitude but opposite in sign to the strain existing when 

field and gauge are parallel. 

4.1.6, Polycrystalline Specimens 

The magnetostrictive strain in pressed powder samples composed 

of both commercial grade and high purity powder was measured parallel 

to the applied field direction. Both curves showed a typical ferro-

magnetic saturation effect (see Figure 32(a) ). The strain amplitude 

is considerably less than any single crystal value but this is 

obviously a result of absorption of a greater part of the strain by 

the epoxy resin binding material. Saturation of magnetostriction 

occurs at about 4 kilo-oersteds in the commercial grade powder, but 

at about 7 kilo-oersteds in the high purity material. The latter 

is rather a high field but Chevallier and Mathieus(34)  have shown 

that particles below 10 microns in diameter do not have identical 

magnetic properties to bulk hematite, and it is probable that the 

particle size of the high purity material was less than this value. 

Magnetisation of particles of this size is always difficult because 

of the absence of domain walls. In both polycrystalline specimens 

no linear effect occurring either with or without domain reversal 

was observable. 

Nothing could be gained in the experimental results by obtaining 
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Figure 32(a). Strain in the polycrystalline samples at +23°C. 
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the field dependence at other angles or the strain resulting from 

a rotating field, since the polycrystalline material is also iso-

tropic and the angular variation would result solely from the 

geometrical dependence of the components of strain. 

4.2. MAGNETOSTRICTION AT LOW TEMPERATURES 

4.2.1- Synthetic Crystal 

The field dependence of magnetostrictive strain resulting from 

fields applied along the t0];) and L110J directions was determined 

in the synthetic crystal before and after the annealing process. 

The strains along the 11101 direction at -78°  C and at -196°  C in 

the unannealed crystal are shown in Figure 33. The measurements 

were performed after the crystal had been subjected to optimum 

magnetic annealing conditions (which will be discussed later). It 

is important to note that the annealing was in the positive field 

direction, and in this field direction the strain was almost com-

pletely linear and temperature independent This part of the curve 

exhibits linear magnetostriction in a single domain crystal, the 

domain previously being located favourably to the measurement field 

by means of the annealing field. The linear coefficient at both 

temperatures was approximately 11 x 10-11 per oersted. 

When the measurement field was applied in the opposite dir-

ection to the annealing field it produced an unexpected effect. At 

very low fields a contraction took place as expected, but when a 
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certain negative field value was exceeded, the contraction no 

longer increased and immediately started to decrease. High negative 

fields produced a roughly linear strain increase, but the linear 

magnetostriction coefficient appeared to have reversed. 

These observations are explicable if it is assumed that the 

measuring field in the opposite direction to the annealing field 

caused a reversal of the antiferromagnetic domain direction. This 

process came about gradually as various crystallographic impurities 

and imperfections impeded the reversal and as a result the strain 

reversal showed this process as smoothly dependent upon magnetic 

field, In this direction the high field strain did not manifest 

itself as an exactly linear function until all of the material had 

reversed its domain state, For example, at -196°  C and 3200 

oersteds the strains due to each linear term from the opposite 

domains were equal, so that there was no resultant strain at that 

fielcL The onset of domain reversal can be seen from Figure 33 to 

be temperature dependent, since at -78°  C it occurred at 800 

oersteds but at -196°  C it required 2200 oersteds to effect a 

reversal. 

, - 
The magnetostrictive strain parallel to the 10011 axis, being 

perpendicular to the pre7iousl y considered direction, was very small, 

for although it varied linearly with field it only rose to a value 

of 1.5 x 10-7  in a field of 7 kilo-oersteds. The strain did not 

show any evidence of domain reversal with the field applied in this 

direction. 
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4-2.2 Annealed Synthetic Crystal  

The strain existing at 10°  to the L0011 axis of this crystal 

at liquid nitrogen temperature with the magnetic field applied along 

the F1101  axis, is shown as the broken curve of Figure 33. It will _ 

be noticed that after thermal annealing the domain reversal is more 

acute and occurs over a much smaller range of fields than in the 

natural state. The domain reversal threshold field, i.e. the field 

required to first start the domain moving, is now 1600 oersteds 

which is considerably less than the field of 2300 oersteds needed 

before annealing, so a very rough estimate gives a threshold field 

reduction of 30% resulting from annealing. Annealing has also 

caused the reversal to be substantially complete at about 2.000 

oersteds instead of at least 3000 oersteds as previously. 

All of these facts are indicative of the thermal annealing, 

which it is already known reduces the thermal remanence, also re-

ducing the number of antiferromagnetic domain pinning centres and 

also reducing the energy of each centre. This effect, which results 

in the easier passage of a domain reversal wall through the material, 

is probably caused by a reduction in the lattice imperfections and - 

internal strains, all of which would constitute an impedence to the 

progression of a spin reversal wave. 

The overall shape of the broken curve of Figure 33 for the 

annealed-specimen is really just the same as the solid curves for 

the unannealed material. The linear portion, which corresponds to 



measurements performed in a favourable direction of domain orient-

ation, has a gradient of 11.5 x 10
-11 

per oersted for the annealed 

crystal. 

When looking for the true 'square law magnetostriction it is 

necessary to examine the field dependence measured in the same 

direction as the annealing field so as to eliminate domain reversal 

effects. Within experimental error, which is 0.1 x 10-7  on each 

strain point, there was no low temperature square law° magneto-

striction at -73°  C in the unannealed crystal. The annealed crystal 

at -196°  C exhibited a non-linear strain of 1.2 x 10-7  at 8000 

oersteds, which would correspond to a 'square law' coefficient of 

approximately 2 x 10-15  per (oersted)2. 

4.2.3. Elba Crystal 

The maximum strain as measured along the gauge direction on 

the (110) plane of the Elba crystal at liquid nitrogen temperature 

was produced by a field applied perpendicular to the gauge. With 

annealing in the same direction as previously, the field dependence 

curve, which is reproduced in Figure 34, is not vastly different 

from that shown in Figure 33 for a crystal of higher Turity, Domain 

reversal is still in evidence but its onset is not visible until at 

least 3000 oersteds have been applied in the direction necessary to 

reverse the domain. Associated with this higher threshold field, 

there is a marked reluctance of the unfavourably oriented domain to 
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Figure 34. Strain in the Elba crystal produced by a field 
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applied along the Yol direction at -196°C. 
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rotate into the favourable direction after the threshold field has 

been surpassed. At 9 kilo-oersteds, which was the highest field 

applied to this crystal, 30% of the specimen remained in the un-

favourable domain- state. Although it is to be expected that in a 

less pure material the passage of a domain wall would require more 

energy, there is a:.other effect to be taken into consideration. In 

section 4.5.1. where domain switching energies are considered more 

closely, it is seen that only the field component along the lj:161 

axis on the (110) plane has any effect on the antiferromagnetic 

domains. If this is the case, then only 0.707 of the applied field 

was available in this crystal to cause domain movement. 

The linear term in the strain expansion appropriate to the Elba 

crystal had a maximum value of 5 5 x 10-11 per oersted. Figure 34 

shows that in addition to the linear strain, a 'square law' strain 

was visible at higher fields, and estimating that it accounted for 

a strain of 1.9 x 10-7 in a field of 9000 oersteds, the correspond-

ing coefficient in the strain expansion would have an approximate 

value of 2.4 x 10-15 per (oersted)
2, 

4.2.4. Arizona  Crystal 

The maximum low temperature magnetostriction on the (111) plane 

in the Arizona crystal showed no essential differences from that 

existing on the (110) plane. The field dependence along the I116 

direction, which was very similar to the curve of Figure 34, 



indicated domain reversal occurring in a threshold field of approx-

imately 1800 oersteds. Fields of 6 kilo-oersteds produced sub-

stantially complete (%90%) reversal of the unfavourably oriented 

domain state. The linear coefficient for a field applied along the 

[401 crystallographic axis with strain measured parallel to this 

direction is 8.75 x 10
-11 per oersted. Like previous natural 

crystals, the strain showed a 'square law' component which amounted 

to a value of 10-7  in a field of 9 kilo-oersteds, so that the 

appropriate coefficient had the value 1.2 x 10
-15 per (oersted)

2
. 

4.2.5. St. Gothard Crystal 

In section 5.16. it was seen that the titanium impurity con-

centration in St, Gothard crystals is greater than 2%, and it 

appears from magnetic domain observations
(60) that as a result 

there is no transition to the purely antiferromagnetic state in 

this material. There remains the possibility however, that due to 

the presence of a large number of FeTiO3  ferrimagnetic impurity 

regions dispersed throughout the crystal, excessive internal magnet-

isation may remain to exhibit a domain pattern even though a greater 

part of the material is a pure antiferromagnetic. This question 

cannot be completely resolved by magnetostriction measurements because 

of the necessity to measure overall strain, which if the crystal is 

ferromagnetic in any part, will be predominately of a ferromagnetic 

nature. 
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The strain on the (111) plane along the plj axis with the 

field applied at liquid nitrogen temperature parallel to the same 

direction is shown in Figure 35. There is no measurable difference 

in strain when the magnetic field is applied in one direction or in 

the reverse direction. Although the shape of the curve is very 

similar to that obtained at room temperature (Figure 31(a) ), the 

saturation strain at the particular orientation is increased by 66% 

above the room temperature value. 

This comparison of size of the saturation strain at high and 

low temperatures can give some indication of the magnetic state of 

the material at liquid nitrogen temperature, for if a magnetic 

transition takes place the ferromagnetic strain component should be 

considerably reduced. Experimentally the reverse is the case and 

so it is probable that no Norin transition occurs over an appreciable 

volume of the crystal even down to -200°  C. The evidence points to 

this absence being attributable to some form of pinning of the anti-

ferromagnetic spins in a canted state rather than being solely due 

to the external magnetic effects of an impurity material. 

4.2.6. Polycrystalline Specimens 

The magnetostrictive strain in pressed powder samples composed 

of both commercial grade and high purity powder was measured 

parallel to the applied field direction at liquid nitrogen temp-

erature. The field dependence of both materials is shown in 
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Figure 32(b), and it is immediately obvious that the commercial 

grade powder shows a ferromagnetic saturation whilst the high purity 

material exhibits typical antiferromagnetic characteristics. The 

former has probably such a high impurity concentration that it does 

not exhibit a magnetic transition at all, and in this case the 

saturation strain would be expected to be much largeret low temp-

eratures due to the very considerable hardening of the epoxy resin 

binding material. A comparison of Figures 32(a) and 32(b) shows 

there to be more than a three-fold increase in saturation strain 

upon cooling. 

The high purity material shows a linear strain effect with a 

coefficient of approximately 5 x 10-11 per oersted, which is very 

large for this type of polycrystal and is almost 50% of a good 

single crystal value. 

4.5. AlTIFERROMAGNETIC DOMAIN ANNEALING 

In section 1.5.5. the possibility of annealing a single anti-

ferromagnetic domain state into the lattice at low temperatures by 

means of a magnetic field alone was found to be feasible. Experim-

entally, the production of single antiferromagnetic domain crystals 

was performed by cooling the material through the Morin transition 

in the presence of a static magnetic field. The proportion of the 

crystal which became single domain was assessed from the magnitude 

and sign of the linear magnetostriction coefficients in the low 



temperature 3m magnetic group; 100% single domain was taken to 

correspond to the largest value that could be obtained for the 

linear coefficients. 

4.3.1. Angular Dependence 

The direction of maximum strain on the (110) plane was always 

along the 11101 direction, independent of the annealing conditions, 

but the magnitude of the strain in this direction depended critic-

ally on the magnitude and direction of the annealing field. The 

strain measured under favourable domain conditions was approximately 

10% greater at high fields when annealed and measured along the 

110] direction than when measured in this direction after annealing 

perpendicular to it (i.e. along the 100l] direction). 

A reversal of annealing along the Eld axis caused no change 

in the maximum strain conditions, but referring to Figure 33, the 

positive and negative field parts of the curve were interchanged. 

This means that the linear coefficients changed their sign but 

remained constant in magnitude when annealing conditions were re-

versed which is indicative of a reversal of the domain state of the 

crystal. Reversal of the strain direction at a certain field value 

as also shown in Figure 33, was evidenced in measurements both at 

-196°  C and -73°  C after annealing parallel to the ilibj axis with 

either a positive or negative magnetic field, The field required 

to cause reversal was exactly opposite under opposite annealing 
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conditions. 

After annealing in a field of 9 kilo-oersteds applied on the 

---1 
(110) plane along the 1pOlj axis and measuring along the [1107 

direction, the strain produced was virtually independent of the 

sense of the measurement field (in a similar manner to Figure 36). 

This means that no preferred domain direction was given to the 

crystal, and as a result statistically equal regions of opposite 

domain type were produced. Small measurement fields caused an 

effectively single domain state in one direction or in the other 

and so no discontinuous domain reversal effects were visible. Thus 

the application of an annealing field parallel to the strain 

gauge produced no effect, and rather like demagnetisation, left the 

crystal in an unannealed condition, 

It has been shown experimentally that the annealing effect is 

the greatest along the 110; direction on the (110) plane, and it 

is important to note that this is the only crystallographic direction 

which also lies in the (111) basal plane, This supports the 

suggestion that annealing is caused by alignment of the ferro-

magnetic component of the high temperature domains in hematite, 

for this component always lies in the basal plane and so therefore 

a magnetic field acting upon the moment would cause the most effect-

ive alignment when applied here. There is also a rapid saturation 

of strain meaning easy domain alignment shown in the room temp-

erature magnetostriction curve of this direction, as in Figure 27(a), 
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Figure 37. Dependence of the linear term on the annealing 

field in the Elba crystal. 



In the basal plane the six-fold anisotropy is small
(68) 

and so the 

annealing resulting from a field applied in the (111) plane should 

be virtually independent of orientation, and this also is supported 

experimentally. 

4.3.2. Demagnetisation 

Demagnetisation of the crystal before annealing, or annealing 

in an a.co magnetic field produced a measured strain along the 

PO] direction which had a field dependence as shown in Figure 36. 

The tangent to the curve near the origin is almost horizontal 

showing virtually zero overall linear magnetostriction which would 

indicate the presence of roughly equal volumes of oppositely 

oriented antiferromagnetic domains. 

It would appear from the curve that the crystal was made into 

an effectively single domain state by small measurement fields,. It 

is therefore reasonable to assume that it requires only relatively 

low fields in the low temperature magnetic phase to produce a single 

domain state, and only slightly larger fields are needed to reverse 

domains. As a result there is no clearly observable 'reversal 

field' and this process can occur almost spontaneously, so that a 

non-saturated antiferromagnetic domain state in hematite is quite 

possibly a condition of unstable equilibrium. 
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4,3.3. Rate of Cooling  

A short investigation was conducted to determine whether the 

effect of the annealing field was dependent on the rate of cooling 

of the material. Normal cooling to -196°  C was effected by slowly 

adding liquid nitrogen to the dewar flask in which the experimental 

specimens were situated, and the rate could be changed by varying 

the quantity and frequency of addition of the liquid gas. No 

difference in annealing effect was observed whether cooling through 

the 200 deg C. took place in one minute or in thirty minutes. 

4,3.4. Field Dependence 

• The relation between the size of the annealing field and the 

amount of antiferromagnetic annealing it produced was experimentally 

determined in both the annealed synthetic and a natural crystal. In 

both cases the field was applied along the fllOj direction on the 

(110) plane. In the annealed synthetic crystal the linear magneto-

striction coefficient was measured for annealing fields of 250 

oersteds and 100 oersteds and for zero applied field. These values 

were chosen with reference to the 90°  curve of Figure 23(a), for 

they are the fields required to produce 50% and 25% respectively of 

the saturation magnetostriction strain at room temperature. 

The initial linear coefficients resulting from these annealings 

were (6 + 0,5) x 10-11  per oersted and (2.8 + 0.3) x 10-11 per 

oersted respectively, and the coefficient exhibited after cooling 
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in zero field was (1.0 + 0,5) x 10
-11 per oersted. When compared 

with a coefficient of 12 x 10-11 per oersted after saturation 

annealing it is seen that the effect of annealing in a certain 

field is proportional., within experimental error, to the amount of 

magnetostrictive strain saturation produced at room temperature by 

the same field. 

In section 4.1.1. it we...s seen that a large initial increase 

in room temperature strain for low fields was due to domain reorient-

ation and that when strain saturation occurred the material consisted 

of a single canted spin domain. From this and the experimental 

observations it would seem probable that the success of magnetic 

annealing in th._ low temperature phase is proportional to the 

degree of domain saturation in the high temperature phase. 

Further confirmatory evidende was afforded by measurements of 

the hysteresis of domain annealing of the Elba crystal, since it is 

easy to observe hysteresis in this crystal because of its relatively 

high room temperature renianence. The various annealing fields were 

applied in turn along the 110] direction on the (110) plane at 

room temperature withoUt previouSly demagnetising the crystal,and 

the corresponding antiferromasnetic domain state was obtained each 

time from measurements of the linear strain term at liquid nitrogen 

temperature. The dependence of the linear term on the annealing 

field is shown in Figure 37. 

The loop which was traversed experimentally starting from the 
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negative saturation part, is completely non-symmetrical about the 

origin. This is a little surprising since the annealing should 

follow the distribution of canted spin domains and this should be 

symmetrical in the applied field. A possible cause is that the 

hysteresis loop is displaced by some form of fixed internal field 

of approximately -1000 oersteds at room temperature in this part-

icular crystal, so that any positively applied annealing field is 

decreased and any negatively applied annealing field is increased. 

The mechanism for the existence of this internal field is completely 

unknown although it has been found to be only slightly affected by 

any external field, for an annealing field of +7500 oersteds does 

not materially affect it. The inbuilt preference for negative 

annealing may have been caused by many previous annealings in a 

negative saturation field. 

Whatever the reason for this remanent field, the existence of 

the hysteresis loop of Figure 37 further underlines the relation-

ship between success of annealing and the degree of domain satur-

ation Which in this case is evidenced by the relative magnetostriction 

at room temperature, 

4.3,5. Memory of Annealing 

This is a property of the material closely linked with the 

previous annealing hysteresis. It is virtually certain that anneal-

ing results from a change in the high temperature domain pattern, 
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but it is not known how stable is this pattern through a cooling-

warming cycle. 

In order to determine this point the synthetic crystal was 

annealed once in a field of +7500 oersteds. When cooled, the 

gradient of linear strain was measured, the last measurement field 

always being in the direction of the original annealing, and then 

the crystal was warmed to room temperature and then cooled in the 

unannealed condition and the linear gradient measured again. This 

process was repeated four times and the linear magnetostriction 

coefficients were found to remain constant to better than +5% 

throughout the cycling. This showed that providing the antiferro-

magnetic domain state was not reversed at low temperatures, the 

domain pattern remained constant when cycling through the transition. 

Blackman and Gustard(69) obtained a tine-film of the weak 

ferromagnetic domain pattern, using a magnetic colloid, when a 

crystal of hematite was cycled through the transition temperature. 

Upon cooling, the domain pattern disappeared but subsequent warming 

caused an identical pattern to be formed again, thus showing that 

high temperature domain nucleating points must be memorized in the 

antiferromagnetic phase. If the assumption is taken that magnetic 

annealing depends on the high temperature domain state of the 

material, then the present observation of memory of annealing through 

the transition is to be expected from the similar memory of the 

domain pattern. 
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4.4. LINEAR MAGNETOSTRICTION CaqVICIENTS  

The field dependence of magnetostriction at a particular angle 

will produce the linear term for that orientation of field and 

gauge, but in general this term will consist of two tensor com-

ponents. In order to evaluate the components separately it is 

necessary to observe the field dependence of magnetostriction along 

a fixed direction resulting from at least two different orientations 

of the applied magnetic field. 

4.4.1. Synthetic Crystal 

The method actually used consisted of obtaining the linear 

term from the strain (v) field curves measured by the fixed strain 

gauge, and with the magnetic field applied firstly along the 1001) 

direction, then at 20°  to it, then at 40°  to it, etc., rotating in 

the (110) plane. The antiferromagnetic domain state of the crystal 

was kept in a known saturated condition by adopting a standardized 

annealing field of +7500 oersteds along the 1)1.0.] direction (i.e. 

0 = 90°), 

The nine field dependence curves are shown in Figure 38, and 

from each was extracted the linear term near the origin. The 

resulting angular dependence of the linear term (E/H) is shown in 

Figure 39. A harmonic analysis for the first order component of 

these experimental points produced the strain equation 

E/Ii = 1,83 x10-11  cos 0 + 8.4 x 10-11  sin 0 	(4.6) 
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Iligure 39. Angular dependence of the linear term on the (110) 

plane of the synthetic crystal. 
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where e is the angle between the field and the 
	11 direction. A 

curve of this function is shown in Figure 39 and the deviation of 

the experimental points from this curve, which may be represented 

by terms of higher order than 0, is probably caused by various 

angular and strain measurement errors. The magnitude of these over-

all errors in the synthetic crystal may be judged from the ratio 

of the coefficients of the 3e and 8 terms, which is 0.09. 

It was seen in section 3.3.1, that the magnetostrictive strain 

on the (110) plane measured at an angle 	to the [0011 direction 

and resulting from a rotating field, was given by equation (3.51). 

For A, = 10°  and (,;, the angle between the (110) plane and the 1111! 

axis equal to 36°, equation (3.51) reduces to the form 

VII = sin 8 0,305 Q 
f 

- Q22  - 0.922 Q41  } + cos e 0.118 Q22  + 0.163 Q44 
(4.7) 

Comparing with the experimental values of equation (4.6),.it can 

immediately be seen that Q22 and Q41 
 are related by two simultaneous 

equations 

0.305 Q22 - 0-922 Q41  = 8.39 x 10-11 	(4.8) 

0.118 Q22  + 0.163 0 1  = 1,33 x 10-11 	(4.9) - '  

Solving these, the tensor coefficients become 

Q22 = 19.3 x 10-11  per oersted 

and 	Q
41 

= -2.9 x 10-11  per oersted 

There is a certain ambiguity about the sign of these coeff-

icients as they obviously change sign with domain reversal. It is 

(4.10) 
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certain however, that Q22 
and Q

41 
have opposite signs, and the values 

derived above are based on the domain type formed when the anneal-

ing field is in the direction e = +90°. 

4.4.2. Annealed Synthetic Crystal  

After the thermal annealing process the linear magnetostriction 

coefficients of the synthetic crystal were re-measured in an 

identical manner to the preceding section. The field dependence of 

magnetostrictive strain resulting from fields applied at 20°  inter-

vals around the (110) plane is shown in Figure 40. The variations 

are very similar to Figure 33 except that the amplitude of all the 

curves has been increased due to the annealing process. 

The angular dependence of the linear term (Wit), which is the 

gradient of the curves at the origin, is plotted in Figure 41. A 

harmonic analysis of the experimental values produced the strain 

equation having first order terms thus 

E/1-1 = 1.9 x 10-11  cos 0 	12.0 x 10-11  sin e 	(4.11) 

where, as before, 0 is the angle between the field and the 10011 

direction. This function is shown in Figure 41 together with the 

experimental points so that the deviation between them may be 

examined, The mathematical curve of equation (4.11) shows very good 

agreement with the experimental points and some estimate of the 

overall errors may be obtained from the ratio of the coefficients 

of the 30 and e terms, which is 0.045. 
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figure 41, Angular dependence of the' linear term on the (110) 

plane of the annealed synthetic crystal. 



The experimental conditions are the same as in the preceding 

section, so that the same theoretical expression of equation (4.7) 

may be used. Comparing this with the experimental values of 

equation (4.11), it can immediately be seen that Q22  and Q
41 

 are 

related by two simultaneous equations 

	

0.305 Q22 -  0.922 Q41  = 12.0 x 10
-11 	

(A.12) 

	

0.118 Q22  0.163 Q41  = 1.9 x 10-11 
	

(4.13) 
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Solving these the tensor coefficients become 

Q22 = 2304 x  10
-11 

per oersted 

and Q41 = -5.3 x 10
-11 per oersted (4.14) 

The sign of the coefficients being determined under the same anneal-

ing conditions as in the previous section, 

Comparing equations (4.10) and (4.14) for the same crystal before 

and after the thermal annealing process, it can be seen that both 

coefficients are increased. Q22  has increased by 21% and Q41  has 

increased by 45%, and since the former coefficient is by for the 

larger and therefore more accurately known from the harmonic 

analysis, the proportional increase in Q.2  can be taken as result-

ing solely from the thermal annealing techniques. The increase in 

Q
41 is quite possibly due not only to the annealing but also to the 

improved accuracy of the orientation and measurement. 

4.4.3, Elba Crystal 

The linear magnetostriction coefficients in the Elba crystal 



were determined in an analogous but not identical manner to those 

in the synthetic crystal. The strain was measured on the (110) 

plane along a line making an angle of 135° with the H001! direction 

and the magnetic field was applied firstly along the !0011 direct-

ion, then at 20°  to it, then at 40°  to it, etc., rotating in the 

(110) plane. The domain state of the material was kept in the same 

condition as in the synthetic crystal by application of the same 

annealing field of +7500 oersteds along the b:16] direction. 

The field dependence curves at 20°  intervals are reproduced in 

Figure 42, and are somewhat similar to those of the synthetic crystal 

although domain reversal is shown to be a far more continuous pro-

cess. It should be expected that there are differences between the 

curves of synthetic and Elba crystals, because the position of strain 

measurement on the (110) plane is rotated through 55°. 

The angular dependence of the linear term (E/H) is shown in 

Figure 43, and a harmonic analysis of the measured value gives the 

first order terms as 

E/14 = - 2.2 x 10-11  cos 0 3,5 x 10-11  sin 0 	(4,15) 

0 being as in the previous crystal. This function is plotted in 

Figure 43 and the deviation of the experimental points from it is 

seen to be far greater than for the corresponding measurements on the 

synthetic crystal, This is probably attributable to the decreased 

size of the measured strains and so the experimental error forms a 

higher proportion of the total recorded value. The ratio of the 
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coefficients of the 38 and 8 terms, which has been taken previously 

as some estimate of the overall errors, is 0.22. 

Equation (3.51) from section 3.3.1. gives the strain on the 

(110) plane at en angle a to the E001 axis resulting from a rotat- 

ing field. For A = 135°  and the crystallographic angle s equal 

to 36°  as previously, this equation reduces to 

Eni = (:).327Q22  - 0..475Q41  sin e - 0.346Q22 + 0.475Q*41  cos e  

(4.16) 

so that Q
22 and Q41  can be obtained in a simultaneous equation form 

by comparing equations (4.16) and (4.15). 	The relationships are 

0,327Q22  - 0.47 4h41 = 	3°5 x 10-11  (4.17) 

00346Q22 + 0'475Q41 = + 2.2 x 10711 
 (4.18) 

Solving these, the tensor coefficients are found to be 

+ 8.5 x 10-11 per oersted Q22 = 

and 	0
41 = 	1,5 x 10-11 per oersted 	 (4.19) '  

These coefficients are respectively 36% and 28% of the coefficients 

of the annealed synthetic crystal, and so because of this, errors 

of constant magnitude are proportionally three times more important 

when investigating the Elba crystal. 

4,,4_4. Arizona Crystal 

Magnetostriction measurements were performed on this crystal 

on the (111) plane, and as a result it was impossible to determine 

the tensor coefficient Q
41 because the strain equation on this plane 
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only includes the term Q22: 
Strain was measured along the 1110_1 

direction and the magnetic fild applied successively along this 

direction, then at 20°  to it, then at 40°  to it, etc., rotating in 

the (111) plane. These curves are shown in Figure 44. 

The domain state of the crystal was kept in the same condition 

as all the preyious crystals by annealing in a field of +7500 

oersteds along the 11101 axis. Thic 1'14,14 1;:iay jlact poocibly have-

n t b on enough to satunat tho d main ctat , for th 0°  ourvo of 

3nH slaaa.g th:,t gfltuation g-1-7 ctrain did n t ocur oom 

pletoly at 7500 oorctodc  

The angular dependence of the linear term (E/H) on the (111) 

plane is plotted in Figure 45, and a harmonic analysis of these 

points gives the first order terms as 

E/H = 5-9 x 10-11  cos 0 + 1.4 x 10-11  sin 0 	(4.20) 

= 6.06 x 10
-11 

cos (E) - 13° 20°) 	(4.21) 

where 0 is measured from the E1101 axis. In section 3.3.3. a 

theoretical equation for the strain existing along the [lid axis 

caused by a magnetic field rotating in the (111) plane was derived 

and it was found to contain only a cos 0 component, viz. 

E/H = Q22 
cos  0 	 (3.62) 

Hence Q22 	6.0 x 10-11 per oersted, 	(4.22) 

and the sin 0 term of equation (4.20) must be considered as some 

measure of the total error of the experimental points. 

The discrepancy between these points and equation (3.62) which 
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is also plotted in Figure 45 is not as large as the corresponding 

discrepancy for the Elba crystal even though the coefficient Q22 
is 

only 70% of the Elba value. The reason for this is two-fold; 

firstly the Q22 values result from different equations since measure-

ments are performod on different planes and actually the linear 

gradient is approximately 50% larger on the (111) plane in the 

Arizona crystal than on the (110) plane in the Elba crystal. 

Secondly, equation (4.21) plotted in Figure 45 has a shifted origin 

from the theoretical equation and so gives a false impression of 

greater agreement between theory and practice. 

4.5. ANTIFERROMAGNETIC DOMAIN  SWITCHING 

It was seen in section 4.2. that reversal or switching occurs 

at low temperatures under field conditions favourable to the effect. 

In this section the experimental evidence for the nature and speed 

of switching is presented together with the facts about domain wall 

motion derived from other authors. 

The existence of antiferromagnetic domains is now generally 

accepted, principally from the evidence of polarized neutron 

diffraction. The first domains to be 'seen' in this way(79)  were 

in MnF
2 and the actual domain distribution was found to be determined 

by the magnetic field applied to the crystal as it was cooled through 

the Neel Point. A given cooling field produced a certain fixed 

domain configuration and reversing the biasing field switched the 
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domain types without changing the distribution. One large anti-

ferromagnetic domain was seen to be at least 2 mm. across. 

When attention was turned to low temperature hematite crystals, 

domains related by time inversion were observed by Pickart et 

al(38,42) 	 . 
although no estimate of their physical dimensions was 

attempted. It was reported, in agreement with the present work, 

that the degree of single domainness could be increased by cooling 

from a more nearly single domain state above the transition. In 

addition, Pickart et al found that the low temperature domain state 

could not be altered by an external field. This last result is at 

variance with those of Borovik-Romanov(30)  on cobalt and manganese 

fluorides who reported observing the results of domain reversal 

below the Neel point in piezomagnetic measurements under fields of 

approximately one kilo-oersted. 

A final piece of confirmatory evidence for the existence of 

antiferromagnetic domain switching in hematite below the transition 

is the reversal of the direction of change of strain in Figures 33 

and 34 when the magnetic field was applied in the opposite direct-

ion to the annealing field. 

4.5.1.. Angular Dependence of Switching Field  

Experimental investigation of the variables of domain switching 

was initiated by obtaining the angular dependence of the field re-

quired for switching as derived from the field vs. strain curves. 
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In the annealed synthetic crystal, which showed switching most 

clearly, the critical field at which the strain suddenly departed 

from linearity was found at 20°  angular intervals from Figure 40. 

This angular dependence of the switching field is shown in Figure 

46 together with the more approximate values of the critical field 

obtained from measurements on the synthetic crystal before 

annealing. 

Both curves closely resemble the shape of an inverse sinnsoidl 

function and so a harmonic analysis was performed on the reciprocal 

of each field value. The equation for the switching field Hs  is 

experimentally 

1/Hs  = 4.8 x 10-4  sin e - 0.88 x 10-4  sin (30 + 32°  48') 

(4.23) 

so that to better than + 5%, the switching field in oersteds on the 

(110) plane is given by 

. H
s 
= 2.1 x 103 cosec e, oersteds 	(4 24) 

with A zeroed on the [poi] axis. 

This is in agreement with the hypothesis that the energy re-

quired for domain switching is a constant and is only derived from 

a field along the L119] direction (i.e. lying within the basal plane). 

The switching field is then just simply the field required to give a 

L1 
large enough component along the L31.10j direction to provide the 

switching energy. 

So that switching energy PO H sin e 
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i.e. 	switching energy niC 2.1 x 103 
	

(4.25) 

and the right hand side of equation (4.25) is a constant, so that 

as expected, the switching energy in the crystal is independent of 

the angle of observation, 

4.5.2. Hysteresis of Domain Switching  

In all ferromagnetics, domain reversal and even domain rotation 

always exhibit some form of hysteresis, that is to say that a 

certain non-zero magnetic field is always required to be applied 

before domain movement can proceed whether in one direction or in the 

other. Magnetically soft materials such as 3.8% Si-Fe only require 

fields of the order of 0.2 oersted along the i.001 axis in order to 

initiate reversal, whereas very hard materials such as the permanent 

magnet Alnico 5 require fields as high as 600 oersteds(70), The 

reason that a definite field is needed to change the domain pattern 

is that this usually occurs by movement of domain walls and the 

passage of these is always obstructed by lattice imperfections and 

magnetic anomalies. There is therefore the tendency for the domain 

pattern to preserve the status quo unless the applied energy is 

enough to cause the walls to surmount the particular energy barrier. 

The most probable mechanism for the switching of the antiferro-

magnetic domain state is by domain wall movement, since the domains 

themselves have zero resultant magn?tic moment, and this in turn 

would lead one to expect a switching hysteresis. To detect this 
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effect, the thermally annealed synthetic crystal was magnetically 

annealed in a field of 7500 oersteds and cooled to liquid nitrogen 

temperature, The magnetostriction was then measured as the strain 

difference between zero field and measurement field conditions, but 

the procedure differed from usual in that the highest positive field 

was used first. The field was decreased to zero in the usual 

measurement steps and then increased negatively in stages, and at a 

certain negative field, domain switching took place. 

After a maximum field of -9000 oersteds was reached the field 

was progressively reduced in the usual measurement steps and of 

course no switching took place. It required a certain positive 

threshold field to switch back to the initial domain pattern. The 
- _ 

strain hysteresis loop resulting from a field along the NI)! direct- 
ion, which is shown as the 'butterfly loop' of Figure 47, could be 

traversed from positive field to negative field and back many times. 

This loop provides an excellent method of determining how the 

overall domain state of the crystal varies with applied field, for 

the measured strain at any field point is dependent on the domain 

configuration at that point. This of course ignores the presence 

of any higher order magnetostrictive strains but these are known to 

be negligible in the synthetic crystal, The calculation is based 

on the proven assumption of section 4,3.4. that annealing in a 

field of +7500 oersteds produces 100% positive domains in the crystal. 

If the linear term in a certain direction is A, then the strain 
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in a field +H is just +AH.. If in a field of the same value applied 

negatively, 	x% of the crystal has changed to a negative domain 

state with linear coefficient -A, then the observed strain E is 

given by 

so that 

,A(100 - x)H 	AxH 
= 100 	100 

100(AH - E) x = 

(4.26) 

(4.27) 

This enables one to calculate the overall domain state of the crystal 

at any particular field value whether positive or negative and 

whether increasing or decreasing. Plotting proportion of initial 

domain that still exists against applied field, a usual type of 

hysteresis loop is :produced as shown in Figure 48. 

It is worthwhile to consider this loop a little further - firstly, 

the initial switching acrid region is almost symmetrical about the 

zero field line and this symmetry is extended more approximately to 

higher field values. Secondly, only approximately CO% of the crystal 

switches its domain state in fields up to 9 kilo-oersteds, and there 

is no evidence to show that fields only slightly in excess of this 

value will change the situation at all It would appear therefore 

that roughly 20% of the crystal has its domain state pinned during 

annealing such that fields of 9 kilo-oersteds cannot switch it. 

If the previous assumption that domain switching occurs as a 

result of wall movement is used, then hysteresis can be explained 

in terms of the energy needed to overcome wall obstacles when 

sweeping through the crystal. The failure to switch 20% of the 
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crystal can then be attributed to various regions of positive 

domain which cannot be swept out by the domain wall as they are 

firmly pinned to the lattice. There are many forms that the pinning 

can take and the most likely is a discontinuity in the spin repetition 

caused by a dislocation or vacancy defect, although other pinning 

centres such as ferrimagnetic impurities could possibly be important. 

If a large enough negative measurement field could be applied 

to the material, there is the likelihood that the remaining 20% of 

the crystal would switch and if this occurs, then when t1•re field is 

reduced the domain state contains 0% positive domains until (with 

reference to Figure 48) +1000 oersteds is applied and the hysteresis 

loop is commenced. At +9 kilo-oersteds the crystal would contain 

only 80% positive domains and final switching to the 100% state 

would require the previous much larger field. 

4.5,3. Rate of Domain  Switching 

In this section, the rate of domain switching is taken to mean 

the rate at which switching occurs in a field close to the threshold 

for reversal. If it is assumed that this process occurs as a result 

of the passage of a domain wall through the material then the wall 

has a certain statistical probability of overcoming any energy barrier 

in its path. If the energy applied to the wall is far in excess of 

the pinning energy of any obstruction, then the wall will progress 

through the material at the same rate as any thermal wave or shock 
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wave. If, however, the energy applied to the wall is just less 

than that of a certain energy barrier, then it is known from 

Boltzman statistics applied to the thermal energy of the magnetic 

ion that there is still a finite probability that the barrier may 

be surmounted after a long period of time. An experiment utilising 

time intervals of minutes and even' hours could conveniently be per-

formed with the apparatus described previously, 

It is first necessary accurately to determine the critical 

switching field at liquid nitrogen temperature. Strain measurements 

were made at 300 oersted intervals close to the switching field and 

the resulting variation is reproduced in Figure 49, It can be seen 

that the strain reversal is completed within a maximum of 200 

oersteds about a value of 2500 oersteds, which agrees well with the 

hypothesis that once the annealed domain is 'unpinned', very little 

extra field is needed to achieve a substantially reversed domain 

crystal, 

Experimentally the crystal was returned to its positive annealed 

state by the application of a field of +9000 oersteds at liquid 

nitrogen temperature. A negative field of 70% of the switching 

threshold (i,e. -1700 oersteds) was applied to the crystal for three 

hours whilst the magnetostrictive strain was monitored at frequent 

time intervals by recording the final galvanometer deflection in 

zero field, -1700 oersteds, zero, +1700 oersteds and zero field 

again in quick succession. The strain plotted against a logarithmic 



Expansive A 
Strain 
x107 	3 

205, 

Field 

1 	2 10e. 

—2- 

-3 

Figure 49. Magnetentrictive strain in thn annealei synthetic crystal 

for accurate determination of switching field along the [0] arie. 
Expansive 
Si-rain 

X10' A 
2- 

Time 

3 	10 	30 	100 	300 mins 

Figure 50. Hagnetostrictive strain in the annealed synthetic crystal 

cal.! 	by a field of 7010 of the sditching threshold. 



206. 

time scale is shown in Figure 50, and is virtually constant over 

all the time, No switching is visible and the slight departure 

from linearity after 100 minutes, which results in the strain in-

creasing when measured in either field direction is almost certainly 

due to the magnetostrictive strain causing a slight permanent 

deformation of the crystal. 

4.5.4- Possible Mechanism for Antiferromagnetic Domain Switching: 

Before proposing a reason for the switching of domains it is 

desirable to consider firstly the theories of reversal of magnet-

isation in ferromagnetics in the light of the preceding experimental 

evidence for an antiferromagnetic material. 

In ferromagnetics reversal occurs by nucleation and growth of 

reversed domains and by propagation of domain walls through the 

crystal(64),and only when this process is completed do the domains 

rotate to follow the magnetising field. The former is the most 

probable mechanism in hematite, since actual rotation of the domains 

would have to take place against the anisotropy field of approx-

imately 10 kilo-oersteds(71) which acts along the c-axis. From this 

one would expect that there would be a threshold field below which 

it will be energetically unfavourable for reversed domains to grow..  

This is supported by the evidence of a clearly defined switching 

threshold of 2500 + 100 oersteds along the;110: direction in the 

particular crystal investigated. The step is clearly defined since 
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it was found that 70% of the critical field when applied for three 

hours failed to produce any switching 

There is no reason to expect a preferred direction for the 

switching threshold except as resulting from the magnetic annealing 

process and so it follows that a hysteresis of switching (which has 

been found experimentally) should be expected. On the domain wall 

model it is unreasonable to suppose that all the crystal would switch 

in one step since there is the probability of more than one type of 

pinning centre acting on each domain wall. It was found in practice 

that approximately 80% of the crystal switched in the first step 

and presumably the remainder would switch in one or more additional 

steps. This behaviour has been observed by Martin(72)  in anti-

ferromagnetic domain switching in Cr2O3  when investigated using the 

magnetoelectric effect. 

Up to the present time the width of an antiferromagnetic domain 

wall has not been measured experimentally, but a theoretical con-

sideration by Li(73)  gives a value of 10 ems. which is the same 

order of magnitude as the ferromagnetic wall thickness, This is 

far smaller than the dimensions of any crystal used in the present 

work. 

All the observed phenomena are explicable in terms of domain 

switching, but it is necessary to postulate a mechanism by which a 

purely antiferromagnetic domain without any external magnetisation 

can be affected by a magnetic field. An immediate possibility is 

the reversible domain energy arising from the non-linear suscept- 



ibility term CijkHiHjHk  which was discussed in section 1.3.6. An 

estimateofthemaximumvalueofC
i 
 may be made from the 
jk 

susceptibility values of Lin(43)  . In his published work there is 

no visible deviation from linearity in the magnetisation vs. field 

curve, and this puts an upper limit of 5 x 10
-11 

e.m.u./grm. on 

Cijk. Calculating from this the maximum value of the non-linear 

susceptibility energy at the switching field, it is found to be 

0.08 erg/cc., which is very considerably less than the lowest 

switching energy of approximately 25 ergs/cc, that has been observed 

as a threshold in 
Cr203 

by Martin
(72) 

An alternative suggestion to account for the interaction of the 

magnetic field with the antiferromagnetic domains is an extension 

of Linis explanation(43) of the remanent moment which was discussed 

in section 1,5.6. Since the remanent moment followed the anneal-

ing field direction it was suggested that it could be due to slightly 

unequal sublattice moments which were aligned by the external 

field. This theory fitted all the facts of remanence but to account 

for the linking between field and domain direction it is necessary 

to extend the theory to suppose that the small inequality of sub-

lattice moments has only one direction in each domain and by 

measurement of this, the domain direction is defined. 

On this basis, annealing in a positive field aligns all the 

moments in some general positive direction and then a negative 

applied field attempts to rotate the internal magnetisation of the 
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material, and this in turn is intimately linked with its domain 

direction. This situation then allows the natural introduction of 

the concept of domain reversal occurring as a result of the passage 

of a domain wall, for the unequal sublattice moments are very sim-

ilar in behaviour to a ferromagnetic spin array. 

Looking at this theory from the quantative point of view?  a 

typical remanent moment of 10-3 erm.u./grmo would give the crystal 

an energy in the reversal field of approximately 2 ergs/grm. or 

approximately 15 ergs/cc. If this theory is correct, and at the 

moment it fits all the experimental facts of switching and remanence, 

then the reversible domain energy derived from the non-linear sus-

ceptibility term is negligible as compared with this unequal sub-

lattice moment energy. 

4.60 TEMPERATURE DEPENDENCE OF MAGNETOSTRICTION 

The temperature dependence of magnetostrictive strain was 

obtained in the annealed synthetic crystal by recording the field 

dependence of strain at various fixed temperatures from -2000  C. up 

to room temperature. The reasons for using constant temperature 

baths have been discussed in section 2.6c, and the liquids actually 

used are listed in Table III of that section. 

Z.6-1. High Temperature Phase  

_o The field dependence of strain at rciOgr temperature (+2) C.) 
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with the gauge at 10°  to the 10011 axis has already been seen in 

section 4.1.2, and the curves reproduced in Figure 28(a). When 

measurements were performed at the temperature of melting ice, the 

field dependency curves, shown in Figure 51, were almost identical 

in shape to the room temperature curves. 

The direction of field giving maximum saturation strain has 

changed from the rAl axis to the 1-0017 axis, because the strain 

caused by a field applied parallel to the LOU]]  direction has in-

creased by 70% whilst the strain caused by a field parallel to the 

L1101 direction has decreased by 20%. At 45°  and 135°  to the 10011 

axis the saturation strain has decreased by 25% and 38% respectively, 

The reason for these changes in strain is linked with the temp-

erature variation of the magnetostriction constants along each of 

the principal directions, and since hematite is highly anisotropic 

it should not be expected that the various coefficients would have 

the same temperature dependence. The linear coefficients in the 

reversible domain system at 0°  C. are so small as to be unmeasurable 

at any angle of the applied field. 

4.6,2. Low Temperature Phase 

The field dependence of strain at low temperatures provides a 

much more interesting and informative picture. Measurements of 

field dependence were performed in the low temperature phase of 

hematite at 77° K, 113o  K, 195° K, 229° K and 250° K, and curves 

210. 
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were obtained as shown in Figure 52. Immediately it can be seen 

that at 77°  K, 113°  K and 195°  K the linear coefficient in the truly 

antiferromagnetic state is absolutely constant at 11 x 10
-11 per 

oersted and is independent of field and temperature. At 229°  K, 

after an initial very low field region where it appears that domain 

movement takes place because annealing has not had its full effect, 

the linear coefficient has increased to 13 x 10
11 per oersted, 

At 250°  K, which is almost exactly on the transition temperature 

in high purity hematite, the linear term at low fields appears to 

have increased considerably to a value of 57 x 10-11 per oersted. 

However, this obvious conclusion is almost certainly incorrect, for 

examination of the whole of the field dependence curve corresponding 

to measurements at this temperature reveals that there is a very 

considerable strain component due to 'square law° magnetostriction. 

This is typical of a canted spin antiferromagnetic, and would imply 

that at 250°  K a substantial portion of this particular crystal is 

in the process of spin rotation to the high temperature phase. This 

in turn would lead one to expect to observe a large low field 

strain due to canted spin domain reorientation, and it is probably 

this which gives a false impression of a very large initial term. 

Figures 23(a) and 51 which are field dependency curves in the 

high temperature phase show a saturation of the domain reorientation 

strain. The reason that this is not visible at 250°  K lies in the 

very low moment resulting from the extremely small goin canting just 
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at the transition temperature, and because of this weak linkage 

between moment and applied field, saturation would occur in fields 

far higher than those available. Similarly if the 0°  C and room 

temperature curves from zero to one kilo-oersted (mentioned pre-

viously) could be expanded ten times along the field axis they 

would probably look like the 250°  field dependence curve. 

It can be seen from the curves of Figure 52 that the threshold 

field for domain switching is ouite highly temperature dependent. 

Switching occurs at approximately 2300 oersteds at 77°  K and at 

approximately 2500 oersteds at 113°  K. At the higher temperature 

of 195°  K, switching still occurs in a field of approximately 

2 kilo-oersteds. As the transition region is approached the 

threshold field decreases rapidly so that switching occurs in a 

field of approximately one kilo-oersted at 229°  K and in only 250 

oersteds at 250°  K. Above this temperature, when the material is 

predominately in the high temperature phase the rnagnetostrictive 

strain reverses easily and the threshold field for domain switching 

is effectively zero. 

Figure 53 shows the temperature dependence of the threshold 

switching field. Within experimental error this forms a smooth 

curve in which the field decreases more rapidly the higher the temp-

erature is raised until it reaches zero at the generally accepted 

transition temperature of 250°  K. This shape is to be expected for 

the thermal agitation energy of the magnetic ions adds to the 
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magnetic energy when attempting to rotate pinned spins against the 

anisotropy field of the pinning centres. At low temperatures the 

thermal energy is small so that the magnetic energy must be corres-

pondingly larger to compensate for this. At higher temperatures, 

not only does the thermal energy increase but the overall magneto-

crystalline anisotropy field decreases
(71) 

so the field required for 

switching drops rapidly. Above the transition temperature the spin 

pinning energy is so small as to make the switching field undetectable 

on the scale of measurement used. 

4.6.3. Field Dependence of Transition Temperature 

When comparing magnetostrictive strains in both high and low 

temperature phases, it has been seen that comparison of the apparent 

linear coefficients is really quite false. In Figure 54 is plotted 

the actual measured strain in the annealing direction at fixed 

field values as a function of temperature.. At 1, 3, and 5 kilo-

oersteds the strain is temperature independent at low temperatures, 

but at 8 kilo-oersteds the strain increases by 30°.  over the temp-

erature range from 770 K to 2290 K, 

At the transition temperature there is a rapid increase of 

strain in all fields after 'fnich the strain attains a uniform temp-

ero.ture dependence with the same slope for all fields above 3 kilo-

oersteds but for lower fields the slope is less. There are two 

very important characteristics shown in Figure 54 which need ex-

plaining further. 
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Firstly, if the transition temperature is taken as the temp-

erature at which a sudden increase in strain occurs then this 

temperature is seen to be field dependent. This variation can be 

understood in terms of the weak ferromagnetism existing above the 

transition temperature, for the application of a field will cause 

the weak moment to align itself with the field consequently lowering 

the energy of this phase. It is intuitively obvious that of two 

phases, a material exists in the one in which it has the lower 

internal energy and this is supported mathematically by Landau's 

Phase transition theory(`'). Because of the reduction of the energy 

of the ferromagnetic phase by the magnetic field, the low temper-

ature phase can only give the material a lower internal energy at 

a temperature lower than the usual zero field transition point. 

Since the transition occurs when the energies of the two phases are 

equal, this will occur at a lower temperature as the energy of the 

canted spin phase is further reduced by the application of a larger 

field, so that the transition temperature will be field dependent. 

If a field is applied to a crystal of hematite at a temperature 

just below the transition, the material exists in the antiferro-

magnetic phase until the field is large enough.  to reduce the energy 

of the canted spin phase to such '1n-extent that it is equal to the 

energy of the existing phase whereupon a transition occurs to the 

weak ferromagnetic state. If the field is removed and the temp-

erature reduced slightly, the internal energy of the purely anti- 
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ferromagnetic phase is also reduced and it therefore requires a 

higher field a bring about the transition to the weak ferromagnetic 

state. This means in general, that the phase transition can be 

made to occur at a reduced temperature by the application of a 

magnetic field of a suitable size. 

Landau's theory suggests that the reduction in energy of the low 

temperature phase just below the transition is proportional to the 

temperature difference measured from the zero-field transition. 

This decrease in energy due to the reduction of the temperature is 

equal in the transition to the decrease in energy caused by the 

field Zv the weak ferromagnetic phase, and the latter is proportional 

to field. This would then indicate that the depression of the 

transition temperature is directly proportional to the applied field. 

The field induced antiferromagnetic to weak ferromagnetic trans-

ition is very similar to the effect known as 'spin flopping', 

occurring at temperatures well below the transition. This is often 

illustrated physically by considering that the applied field in the 

basal plane forcibly rotates the spins of the low temperature phase 

away from the trigonal axis and into the field direction thus 

creating a ferromagnetic configuration This effect has recently 

been reported by Besser and Morrish(74) and by Hirone(75) and has 

been found to occur in fields of approximately 70143_10-oersteds 

below 1000 K. Observation of the magnetoelectric effect in Or 0_ 
2 ) 

through a cycle of spin flopping(76) showed that the overall anti- 



ferromagnetic domain distribution remained fixed, and hence it is 

probable that similar domains in cSe
2  0_ are also fixed under the 

same conditions. 

The depression of the transition temperature in comparatively 

low fields has been found in the present investigation to be com-

pletely linearly dependent on the magnitude of the field applied 

along the [iDj direction which lies in the basal plane. This.is 

shown in Figure 55n In addition, the antiferromagnetic domain anneal-

ing was found to be retained by the crystal, when cycled through 

the phase transition by means of a field applied at constant temp-

erature. 

-A very similar increase in magnetostrictive strain at a certain 

field which is temperature dependent has previously been reported by 

Urquhart and Goldman(35), and the straight line pertaining to this 

work and relating the change in transition temperature to the applied 

field is also shown in Figure 55. The antiferromagnetic to weak 

ferromagnetic transition close to the usual Morin temperature has 

recently been detected by Kacze'r and Shalnikova(77) using torque 

measurements and by Flanders and Shtrikman(78) using magnetisation 

measurements. The field dependence of the depression of the trans-

ition temperature obtained from these authors results is also shown 

in Figure 55 for comparison. 

There is good agreement between all three reported field depend-

encies and the present results taken with the specimen temperature 
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5° 	10° 	15° 	20° 	25° 	30°  
DEPRESSION OF MAGNETIC TRANSITION TEMPERATURE. 

Figure 55. Field dependence of the depression of the magnetic transition 

temperature along the E11-03 axis in a synthetic crystal. 

Curve A. from reference 78. 	Curve B. from reference 77. 

Curve C. from reference 35. 

Curve D. present investigation, measuring under increasing temperature. 

Curve E. Present investigation, measuring under decreasing temperature. 



increasing, However, the depression of the transition temperature 

measured when cooling is far larger than when warming. This means 

that the strain at a certain field when the temperature is reduced 

from above the transition value is not identical with that measured 

after the temperature has increased from below the transition 

point, even though measurements are performed at the same temp-

erature as read by a thermocouple. 

This can be understood by consideration of the energies each 

side of the phase transition, for if the field is applied above the 

transition temperature, the crystal is a single domain and the 

magnetic energy has the same sign throughout the crystal. As the 

specimen warms from the antiferromagnetic phase below the trans-

ition, the weak ferromagnetic domains have to nucleate and grow in 

order that the field-induced depression of the transition temp-

erature may operate Thus it is to be expected that the zero field 

transition temperature must be more nearly approached before 

nucleation and growth can become significant. 

4.6.4. Anomalous Strains at the Transition Temperature 

The second important point shown in Figure 54 which needs ex-

plaining is the anomalously high magnetostriction observable in high 

fields close to the transition, This effect has also been reported 

by Urquhart and Goldman(35) although an explanation was not offered. 

Dilatometric measurements(36)  in zero fields have shown that at the 

transition temperature there is a measurable volume change, so that 
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the thermal expansion coefficient takes on a very sharp peak at the 

Morin temperature. Under an externally applied magnetic field 

which would amplify any effect of the transition, this volume change 

would be expected to be much larger. 

Figure 55 shows that at a fixed temperature just below the zero 

field transition, the application of a certain field will bring about 

the transition and with it of course the appropriate volume change. 

This is obviously what happens at 250°  K with a field of 8 kilo-

oersteds, and since the crystal presumably comprises a mixture of 

the two phases which is field dependent, the strain resulting from 

the transition adds itself gradually to the magnetostrictive strain 

and so it is difficult to isolate either component from the result-

ing combination. 



CHAPTER V 

FINAL CONCLUSIONS 

The original intention at the commencement of work on this pro-

ject was to measure and investigate linear magnetostriction; the 

converse effect of piezomagnetism. 	This was fulfilled by measure-

ment of linear magnetostriction in hematite in four effectively 

different crystals and the subsequent calculation of the relevant 

tensor components Q22  and Q
41 

 in the low temperature phase, The 

angular dependence of measured strain was in complete agreement with 

the prediction of magnetic symmetry. The values of the tensor com-

ponents for each crystal together with values of magnetic thermal 

remanence are listed in Table IV, 

Table IV 

  

Material 	Q22 Oe
-1 

 
-1 

Q41 Oe 	e. 
 Tr 

  

 

annealed synthetic crystal -1-2:).4 x 10-11  

synthetic crystal 	x 10-11  

Elba crystal 	+,5 x 10-11  

Arizona crystal 	+6.0 x 10-11  

-4 -5.3 x 3.0-11 12 5 x 10 

-2.9 x 10-11  1.5 x 10-3  

-1.5 x 10
-11  3.0 x 10

-2 

    

1,0 x 10
-1  

     

            

It is generally accepted that the size of the low temperature 

remanence in hematite is a reliable guide to the magnetic purity of 

the material, and it is also probable that the linear magnetostriction 

coefficients are dependent on magnetic purityyfor, since the effect is 

223. 
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an external manifestation of interatomic forces, these would be mod-

ified by any internal magnetisation. The values of remanence quoted 

in Table IV for both natural crystals are only typical of each 

particular type of crystal. 

Experimentally, the equation 

Q22  = - 7 x 10-11 log10  Tr 	 (5.1) 

was found to give an accurate prediction of each crystals character-

istics. Unfortunately it has not been possible to base equation 

(5.1) on any theoretical reasoning, mainly because so very little is 

known about either the low temperature remanence in hematite or about 

the additional remanence introduced by impurities. 

Above the transition temperature the magnetostriction was of 

the type expected from the weak ferromagnetism existing in this 

phase. Small applied fields produced high internal strains which 

resulted from ferromagnetic domain reorientation. A small linear 

effect was exhibited at saturation in high fields (--." 2000 oersteds) 

corresponding to forced magnetostriction in ferromagnetics. 

Linear magnetostriction being a 'forbidden' effect is sensitive 

to the antiferromagnetic domain direction of the material, and as a 

consequence magnetic annealing of each crystal before cooling to the 

low temperature phase was very important, All the experimental 

evidence pointed to the cause of annealing being the alignment of 

the canted spin domains by an external field at room temperature, 

and then this order was carried through the transition point to the 
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low temperature phase by the linkage of ferromagnetic and antiferro-

magnetic domain walls, 

The degree of saturation of room temperature magnetostrictive 

strain was dependent on the ferromagnetic domain state, so that the 

success of annealing a single domain state into the low temperature 

phase by means of a certain field was estimated from the ratio of 

strain produced by the same field to the saturation strain. Since the 

high temperature atomic spin direction lies within the basal plane of 

the unit cell, a field lying in this plme was most effective for 

annealing. 

The measured field dependences of strain invariably exhibited a 

reversal of the antiferromagnetic domain state of the crystal by the 

measurement field, applied in the opposite direction to the annealing, 

when it exceeded a certain switching threshold value. Domain switching 

from the annealed state took place by an increase in size of the 

opposite domain and a decrease in size of the 'annealed in' domain 

type as the measurement field exceeded the energy required to release 

the domain walls from their pinned locations. This process must occur 

by the passage of the walls through the crystal and these would be 

impeded by the crystallographic and magnetic defects of the lattice 

so requiring a definite field to overcome each obstacle. Switching 

from one domain type to another and back again showed a hysteresis 

effect, with 80% of the annealed synthetic crystal switching in one 

step at 2300 100 oersteds applied along the [40] direction. 
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The mechanism of interaction of the field with the purely anti-

ferromagnetic domains is a matter of some speculation, but Lin's 

postulate of hematite having slightly unequal sublattice magnetisations 

in the low temperature phase appears to fit the experimental results 

of remanent magnetisation. If this is extended a little further to 

imply that the antiferromagnetic domain direction is specified by the 

direction of the very small resultant moment, then both qualitatively 

and quantatively this explains the field interaction with the anti-

ferromagnetic domains, From this the energy required to switch 

domains in the particular crystal investigated was found to be 

15 ergs/cc. 

Finally from the temperature dependence of the magnetostrictive 

strains it was shown that the linear coefficients were virtually 

independent of temperature in the range 770 K to 2200 K. Above this 

temperature the strain increased rapidly at the onset of the ferro-

magnetic properties, 

Nagnetostriction also revealed a field induced reduction of the 

Morin transition temper-,ture, this being related to the relative 

thermodynamic potentials of the two phases This reduction explains 

the unusually large measured strains close to the transition in terms 

of the volume changes resulting from the magnetic transition super-

imposed on the usual magnetostriction- Separation of these two 

strains was not attempted because of its extreme difficulty, and as 

a result it was not possible to determine the temperature variation 

of the linear coefficients from 2200  K to the transition point of 258°K, 



APPENDIX I 

Classification of antiferromagnetics showing forbidden effects:- 

PZ piezomagnetic, FY pyromagnetic, ME magnetoelectric, 

L linear magnetostrictive. 

Material 	Neel 	Spin 	Group 	Properties 
Temperature Reference  

CoC0
3 	

1 	1 	PY,PZ 

CoF2 	35°K 	2 	4/mmm 	PZ,L 

Co0 	280°K 	3,4 	mmm 	PY,PZ 

Cr203 	300°K 	4,5. 	7m 	ME 

CrS 	6 	assumed _§./mmm 	PZ,L 

CrSb 	&tuck 	6,7 	6/mmm 	PZ,L 

FeCO
3 	

35°K 	1,6 	5m 	PZ,L 

FeF2 	80°K 	2 	4/mmm 	PZ,L 

FeGe2 	8 	assumed 222 	PY,ME,PZ 

FeO 	190°K 	3,4 	7 	PT,PZ 

dFe203 below 250°K 	4,5 	3m 	PZ,L 

leFe203 above 250°K 	4,5 	2/m 	PY,PZ 

FeS 	410°K-430°K 6,9,10 	6/mmm 	PZ,L 

FeSn2 	384°K 	8 	222 	PY,ME,PZ 

6 FeTe 	assumed WTI= 	PZ,L 

GaFe03 	350°K 

MnAs 	400°K 

MnBi 	600°K 

MnC0
3 
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11 mm2 PY,ME,PZ 

6 assumed 6/mmm PZ,L 

6 assumed gmum PZ,L 

1 2/m PY,PZ 



Material Neel 
Temperature 

Spin Group Properties 
Reference 

24/mmm MnF2 70°K 

Mn0 120°K 3,4 mmm PY,PZ 

MnS 150°K 3,4 mmm PY,PZ 

MnSe 250°K 3,4 mmm PY,PZ 

MnSn2 8 assumed 222 PY,ME,PZ 

MnTe 320°K 6 assumed 6/mmm PZ,L 

MnTiO3  60°K 12 7 NE 

NiAs 6 assumed _§./mmm PZ,L 

NiC0
3 

25°K 1 1 PY,PZ 

NiF2 75°K 2 mmm PY,PZ 

Ni0 523°K 3,4 mmm PY,PZ 

Ti203 260°K 13 ME 
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APPENDIX II 

Relationships between tensor components of a 3rd rank axial 

tensor in group 3m.- 

229. 

The matrix 0 

0 

1•••••••., 

1-4-3;,] 
LID1 0 +1 

can be used to provide relationships between the 13 non-zero tensor 

components of section 3.2.1. 	These are 

d 	=666d 	+ 612 621 	+ d11 621 11 	22 	11 	121 	12 	21 	11 	211 	11 	21 	12 112 

+ 612 622 612 d222 (A.1)  

d121 - 	*d121 	d211 	*d112 	6  d222 (A.2)  

and d211  = 621 1512 611 d121 	622 Cll 611 d211 + 621 611 612 d112 

+ 622 612 612 d222 (A.3)  

d211 = 	'31 d121 	1.c1211 	d112 	-83-d222 (A.4)  

and= 	612 621 le 	11 	12 	21 d121 + 612 611 621 d211 c11 611 622 d112 
612 612 d22 d222 (A.5)  

d112 = 	s d121 d211 jp- d112 	d.222 (A.6)  

73 

-2  



(A.13)  

gives 

(A.14)  

and d222  =     
d21 d22 d21 d121 

6
22 1'22 122 d222 

d222 = - 	- 	d 	- 222 	8  121 	8 	211 	8  

122 121 

d 	- 112 

121 d211 

J- d 
8 	222 

d21 121 122 d112 

(A.7)  

(A.8)  

Equations (A.2), (A.4), (A.6) and (A.8) can respectively be re- 
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written as 

9d121 = 3d211 ÷ 3d112 - 3d222 

9d211 = 3d121 3d112 3d222 

9d112 = 3d121 + 3d211 - 3d  - 222 

9d222 = 3d121 3d211 3d112 

Subtracting equation (A.10) from equation (A.9) gives 

9d121  9d213  = 3d211 3d121 

d121 = 

Similarly subtracting equation (A.11) from equation (A.9) 

9d121 - 9d112 = 3d112 - 3d121 

d112 = d121 

Adding equations (A.9) and (A.10) gives 

9d121 9d211 = 3d211 3d121 6d112 6x222 

Therefore 

Therefore 

(A.15)  

(A.16)  

another set of equations 

Therefore 	d222 = - d121 

Thus d121  = d211 = d112 = d222_ 

The matrix of 
E
.3 2J also crovides 

relating the remaining components 

d
231 

Therefore d231 

and 	d312 

Therefore d
312 

= (121 633 612 
d132 + 622 (533  611 d231 

- iLd_ 	+ 	d 132 4  231 

- 133 612 621 d321 + 633 d11 622 1312 

= - + d 
321 	312 

(A,17) 

(A.18)  

(A.19)  

(A.20)  



and 	d123 = 61221 d33 d213 + 611 
622 633 

d123 	
(A.21) 

Therefore (1123  - T  
3  d

213 
 + 4  d123 	

(A.22) 

and 	d332  = d233  = Cl323  = 0 	 (A.23) 

because 6
23 

= 0, 

The solutionU of equations (A.18), (A.20) and (A.22) are 

respectively 

d231 = d132' d312 = d321' d123 = d213 	(A.24)  
All the remaining tensor components are therefore related or 

equated to zero by equations (A.16), (A023) and (A.24). 

APPENDIX III 

Relationships between tensor components of a 4th rank polar 

tensor in group 3m:- 

The matrix 11:3'd can be used to provide relationships between 

the 41 non-zero tensor components of section 3.2.2, These are 

d1111 = d11 611 611 511 d1111 + 111 61112 d12 d1122 

+ 611 a12 0'11 512 d1212 611 612 612 611 d1221 

+ c12 611 611 612 d2112 612 611 612 611 d2121 

d12 512 611 611 d2211  612 612 612 612 d2222 (A.25)  

_ 1 	 1 3 	3 	3  -1-• d1111 - 16 -1111 16 ("1122 +  7 (11212 ' 
4.  
7 -1221 - 

, 7 -2112 

3 	3 + 
	-2121 + 
	d 	+ 	d 16 2121 16 2211 16 2222 (A.26)  

Similarly 

7, 	1 ri 	3 a 	3 , 	3 a  
d1122 = 7 d1111 + "1-6 -1122 - 7 -1212 - 7.6 "1221 - 7 -2112 

- 7
A 	

+ 
	a 	

+ 
	a 

-2121  7 -2211  1.-6* -2222 	(A.27) 

231. 



3 	3 	1 	3 	3 a  - "7'  d1212 = T.6 dam - lb d1122 	d 1122 lb 1212 lb d1221 - 7 -2112 

+ 
	3 	3 
- a 2121 -7 d2211 ' 

.4.  
-2222 (A,28) 

etc, for d1221' d2121' d2211' d2112 and d2222 ° 

The group of eight equations can be rearranged to form a set of 

eight simultaneous equations relating the eight unknowns. 

15d1111 = 3(11122 + 3d1212 + 3d1221 + 3d2112 + 3d2121 + 3d2211 

+ 9d2222 (A.29)  

15d1122 = 
3d
1111 - 3d1212 

- 3d
1221 

3d
2112 - 

3d
2121 9d2211 

+ 3d2222 (A.30)  

15d1212 = 3d1111 - 3d1122 -.3d1221 3d2112 9d2121 - 3d2211 

+ 3d2222 (A.31)  

15d1221 = 3d1111 - 3d1122  - 3d1212  
+ 9d2112 - 3d2121  - 3d2211 

+ 3d2222 (A,32) 

15d2112 = 3d1111 - 3d1122 - 3d1212  + 9d1221 - 3d2121  - 3d2211 

+ 3d2222 (A-33) 

15d2121 = 3d1111 - 3d1122  + 9d1212 - 3d1221  - 3d2112  - 3d2211 

3d2222 A.34)  ( 

15d2211 = 3d1111 + 9d1122 - 3d1212 3d1221 3d2112 3d2121 

+ 3d
2222 

(A.35) 

15d2222 = 9d1111 + 3d1122 + 3d1212 + 3d1221 + 3d2112 + 3d2121 

3d2211 	 (A.36) 

Subtracting equation (A.36) from (A.29) gives immediately 

d1111 = d2222 
	 (A037) 

Subtracting equation (A.35) from (A,30) gives 

232. 
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d2211 = d1122 
	 (A-38) 

Subtracting equation (A.34) from (A.31) gives 

d2121 = d1212 
	 (A.39) 

Subtracting equation (A.33) from (A.32) gives 

d1221 - d2112 	 (A.40)  

Replacing equations (A.37), (A.38), (A.39) and (A.40) into equation 

(A.29) we get 

= 6d1122 + 6d1212 + 6d1221 	(A,41) 15d1111 	 + 9d
1111 

Therefore d1111 = d1122 + d1212 + d1221 	(A.42) 

No further information may be obtained from equations (A.29) to 

(A.36), and so further sets of equations are sought which will give 

relations between the other tensor components. 

For example:- 

d1113 = 611 611 611 633 d1113 	611 612 612 633 d1223 

+ 	a 	a 	5,- d2123 + 5 	5 	15_ 	d2213 12 	11 	12 	j, 	2123 	12 	12 	11 	.)3 

Therefore d1113 = - 8rd1133 - 	d1223 - 8 d2123 - 8 d2213 

In a similar manner 

	

3 	I 

	

d1223 = - 	d1113 - -:ti d122_   + T d2123 + ° 	d2213 

I 	+ 3 	_1 TT 

	

2123 = - 	 (1 2 d1113 + 8 	1113 + 8 d1223 - 8 d2123 	"2213 

	

d2213 = 	-i-- d1113  + -i d1223 + id2123 --k  d2213 

(A43) 

(A.44)  

(A.45)  

(A.46)  

(A.47)  

Equations (A.44) to (A,47) inclusive can be rearranged to form four 

simultaneous equations relating the four unknowns. Thus:- 

9d1113 = - 3d1223 - 3d2123 - 3d2213 

(AAI4 489) 9d1223 = - 3d1113 
+ 3d2123 + 3d

2213 



9d2123 

9d2213 

and the solution 

d1223 = 

Yet another 

- 1113 + 3d1223 

- 3d1113 + 3d1223 

to these is 

2123 = d2213 = 
set of equations 

+ 3d2213 
+ 3d2123 

41113 

(A,50) 

(A.51)  

(A.52)  

234. 

d1131 = 611 611 633 611 d1131 

612 611 633  612 d 12 11 3) 12 d2132  

611 612 633 612 d1232 
+ 612 612 633 c11 d2231 

- .-- 1131 - ' 1232 	8  2132 1  d 	- 6 - d 	- 1  d 	- -3- d2231 

etc.. 

gives four equations 

9d1131 = - 3d1232 - 3d2132 3d2231 

9d1232 = 341131 3d2132 3d2231 

9d2132 3d1131 3d1232 3d2231 

9d2231 = 3d1131 3d1232 3d2132 

and the solution to these is 

(A.53)  

(A.54)  Therefore d1131 

This set 

(A.55)  

(A.56)  

(A.57)  

(A.58)  

(A.59)  d1232 = d2132 = d2231 = d1131 

There are two more similar sets of four equations which give-sol- 

utions of the same type as equations (A.52) and (A.59). These 

other solutions giving a relation between components of the tensor 

dijk, are 

and 

43122 

41322 

= 

= 

d3212 

d2312 

= 

= 

d3221 

d2321 

= 

= 

d3111 

d1311 

(A,60)  

(A.61)  

There are now only 15 tensor components that have not been re- 



235. 

lated to each other or to zero. 	A usable equation is 

11133 = 611 611 633 633 d1133 	612 612 633 633 

i.e. d1133 = - 	d1133 + 	12233 

a
1133 = d2233 

Very similar equations give as solutions 

d1331 	12332 

11313 
= d2323 

13113 
= d3223 

d
3131 

= d3232 

13311 = 13322 

Other simple equations give 

= 
d1333 = d3133 = 13313 	13331 	

0 

and (A.71) 
d3333 = d3333 

(A.70) 
 

12233 
(A062) 

(A.63) 

(A64) 

(A.65)  

(A.66)  

(A.67)  

(A,68) 

(A.69) 

All of the components of the tensor di jk, have now been ident-

ified and their values calculated. There remains a further important 

simplification, being due to the intrinsic symmetry of the property 

tensor, for the stress tensor is symmetrical in its components and 

the positions of the magnetic field vectors in the equation (3,21) 

are also symmetrical. This means 

dijkl = djikl = dijlk = djilk 
	(A072) 

So, using the double suffix notation introduced in section 3.2.1. 

we get for example 

11111 = S11' 	12311 
= S41' 	d1231 

= S
65 
 etc. (A073) 
 

Thus, using the derived relationships between components of di jkl 



of equations (A.37) to (A.40), (A.42), (A.52), (A.59) to (A.61), 

and (A.64) to (A.71) it is possible to obtain the following simple 

equations relating the components of the 4th rank tensor SAB. 

Sll = S22 = S12 
2S66, 

 821 = S12' 	S13 = S23' 	S31 = 832' 

S44 = S55' S64 = S25 = - S15' S46 = 852 = - S51' 

553 
= S35  = 0, s66  0, S

33 
/ 0, all other terms zero. (A.74) 

All the tensor components are therefore related or equated to zero 

by equation (A.74). 

APPENDIX IV 

Derivation of the linear magnetostriction coefficients from 

elastic and magnetoelastic constants in group 3m:- 

Since only terms linear in magnetic field are being considered, 

the simplified expansion 

W  = 3 cijkl Eij Ek, eijk  Ii  Ejk 	(A.75) 

can be used. E..
ij  is the strain resulting from an intensity of 

magnetisation I. The third rank axial c-tensor eijk  in group 3m 

should be derived from components identical to those of the linear 

magnetostriction tensor of section 3.2.1., except that where 

Qijk  Qjik  the intrinsic symmetry is now changed to eijk  = eikj  

This completely changes some equations relating tensors when the 

double suffix eiA  instead of QAk is used, and in particular it is to 

be noted that e16  = - 2e221  i<e. twice as large as the linear magneto-

striction component. The appropriate matrix is therefore 
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0 	0 	
0e14 	

0 	-2e22 

eiA = -e22 	e22 	0 	0-e14 	
0 	(A.76) 

	

0 	0 	0 	0 	0 	0 

and the particular expression from equation (A.75) expands to 

jk ei k P 

	

Si. E 	= 

	

-14 172.. E4 	
2e22  Si  E6  + e22 I2(E2 - E1) 

e14 12 E5 	
(A.77) 

 

The only other coefficient to be considered is the 4th rank 

polar i-tensorcijkl' 
 The form of this tensor may be derived from 

that of the 'square law' magnetostriction tensor of equation (3.25) 

but with the additional simplification afforded by the intrinsic 

symmetry of the two already symmetrical strain tensors of equation 

(A.75). Thus 

cijkl = cjikl = cijlk = cjilk = c 	= c kli3 	lkij etc. 	(A.78)  

so that from equation (3.25) 

CAB = 

ell ÷ 	 0 
2c66 c12 	c13 	-c25 	0 

c12 c12 -1- 2c66 c13 	
0 	c25 	

0 
 

C13 	c13 	C33 0 	0 	0 

o o 	0
c44 	

0 	c25 

-C25 	C25 	0 	0 0 
c44 

0 0 	0 c25 0 c66 

     

     

A.79) 

so that 

2W = c 	Ei  E o ijkl j kl 

(c12 2c66)  2'12 + (c12  + 2c66) E2
2 + 2c12 E1 E2 + 2013  (E1  E3  +E2  E,) 

+ c33  E32 + 2c25(-E1E5  + E2E5  + E4E6) + c44(E42 +E52)    + c66  E62  

(A.80) 

237. 



= o 	(A.89) 

238. 

The next step in deriving the linear magnetostrictive strain 

is to add equations (A.77) and (A.80) to produce equation (A.75) 

expanded into its components. The magnetic ions are in equilibrium 

in the presence of a field when I = 0 and so to perform this 
ij 

calculation it is necessary to differentiate the component equations 

for W with respect to El, E2  ,„ 	E6  in turn, thus:- 

(c12 2c66) El 4. c12 E2 c13 E3 c25 E5 aE
1  

aw = (c 	2c  ) E 	c 
 E + c E + c E aE2 	12 	66 2 	12 l 	

13 3 	25 5  22 2 
 

OW = c
13 

(E
1 
+ E2

) + c33  E3  = 0 
aE
3  

aw 
aE4 = c25 E6 + c44 E4 + el 

aw = c25 (-E1 + E2) + c44  E5  - c14 12 = ° aE
5  

aid = 	= 0 a% 	c25 E4 + c66 E6 — 2e  22 Il 

The solution of these equations is accomplished as follows:- 

Adding equations (A.81) and (A.82) we get 

2c12  (E1  + E2) + 2c66  (E1  + E2) + 2c13 
E
3 
= 0 	(A.87) 

but from equation (A.83) 

	

(E1  + E2) = - (c33/c13) E3 	 (A.88) 

Hence from equation (A.87) we get 

2 
c13 —  c33  (c12 +  c66)  

C13 

2 
so that either E3  = 0 or c13 	c33 (c12 c66)' 

+ 

e22 12 

e 	1 

7: 

= 

0 

0 

(A.81)  

(A.82)  

(A,83) 

(A.84)  

(A.85)  

(A.86)  
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Taking the solution E
3 

= 0 as most probable, since it is in agreement 

with the crystal symmetry predictions of the form of the tensor 

(section 3.2.1.), then from equation (A.83) 

El = E2. 
	 (A.90) 

From this, equation (A.81) becomes 

2c66 El - c25  E5  - e22 12 = 0 
	

(A.91) 

and equation (A.85) becomes 

- 2c
25 

E
1 

c
44 

E
5 
- e14 I2 

= 0. 	(A.92) 

Multiplying equation (A.91) by c44  and equation (A,92) by c25  and 

adding we get 

(2c66  044  - 2c252\ ) E1 	(°22 044 	014 c25)  12 	
(A-93) 

Therefore 

[, 	,
e22c44 e14c25 E

1 
 - 

c-c66c44 c̀25
2  

(A.94) 

but from equation (3.20) derived from the linear magnetostriction 

matrix 

El = - Q22 H2 = - Q22 I/4)c. 	 (A.95) 

hence 

t 2c25 2 2 c 

e22c44 e14c25 	 (A.96) 
Q22 = 	- --66-

c  
44 

The matrix of equation (3.35) for a and rank polar i-tensor in group 

Th, 
3m indicates that ,11 / 	= ;‹22 = X and that all cross-terms are ` 

zero. 

It is quite simple to find the other coefficient Q41  in terms 

of the elastic constants. Replace for El  from equation (A.94) into 

equation (A.92), 
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1

e22c25c44 c66e14 44 
2 

c66c44 c25 

Therefore 

c 4E5 =0 (A097) 

(c66c44 	c252 ) E5 = (e22c25 	c66e14)  12 	(A.98) 

It is known from the matrix form of the linear magnetostriction 

E5 	 (A.99) q41 H2 = -77 
q4112 

e22c25  c66e141 
	

(A.100) 2 
c25 c66c44 

tensor that 

Hence 

Q41 
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ABSTRACT. A single crystal of hematite (a-Fe203) has been found to exhibit linear magnetostriction 
at low temperatures. At —196°C the coefficients characterizing this effect are given by P32 	* 19  " 10-11  0e-1  and P14  12* s 3 x 10-11  0e-1. the choice of sign being dictated by the direction in which a 
magnetic field Is applied to the specimen as it is cooled down through the transition temperature. Such 
fields needoonly be as large as 100 Oe to produce domain saturation: the application of an a.c. field des-
troys the linear magnetostriction, presumably due to the formation of antiparallel antiferromagnetic 
domains. 

Introduction 
An antiferromagnetic crystal is said to exhibit 

linear magnetostriction when the application of a mag-
netic field H is accompanied by a deformation of the 
crystal characterized by a (symmetrical) strain tensor 
E that depends linearly on the components of H. Such 
aiVeffeet is the inverse of the piezo-magnetic effect, 
the existence of which was demonstrated in certain 
fluorides by Borovik-Romanov (1959, 1960). The mag-
netic crystal classes in which linear magnetostriction 
can occur have been listed by Birss and Anderson 
(1963). 

Hematite (a-Fe202) is a rhombohedral antiferro-
magnetic crystal having two different spin structures. 
Below the magnetic transition temperature at about 
—15°C the antiferromagnetic spins are aligned along 
the rhombohedral c axis and the crystal belongs to the 
magnetic crystal class 3m, which can exhibit linear 
ma,s-rnetostriction. Above —15°C the spins (ire arrayed 
in planes perpendicular to the c axis. The crystal then 
belongs to the magnetic crystal class 2'm. and although 
it does not show linear magnetnstriction, it does ex-
hibit 'pyromagnetism' or parasitic ferromagnetism. 
This is caused by the spins being able to incline 

' slightly away from theirantiferromagnetic position 
without changing the symmetry of the crystal. In effect 
this gives hematite weak ferromagnetic properties at 
room temperature. In this paper measurements on 
hernatitt afg rwrIcti in wh!th linear  niaple!9§41cUgn 
has been observed. 

For an antiferromagnetic crystal of the magnetic 
crystal class 3m, an applied magnetic field H gives 
rise to linear magnetostriction characterized by a • 
(symmetrical) strain tensor Eii  = PijkHk with com-
ponents 

Ell = —P22112' E22 = P22142* 
	E33  = 0. 

E23 = E32 = P14141. E31 = El3 = —P14112. 

Ell = E21 = —P22E1' 
where P32  and P14  are coefficients that may be deter-
mined by experiment. The suffixes 1.2,3 refer to 
rectangular Cartesian coordinate axes orientated so 
that the x2  and x3  axes are parallel respectively to a 
twofold and the threefold crystallographic axes. The 
strain in a direction with direction cosines 61 ,02.03  
is 

3 3 
Eij616j 

i j 

P22 W22 —.012)112 + 2P14 (132H1  — diH 2).33  

2P220102E1• 	 (1) 

If the measuring direction coincides with a (001) 
direction and a field is applied in the (110) plane so as 
to make an angle B with this [0011 direction, then equa-
tion (1) reduces to 

A = (sin2  9 P22 — sin 2 9PL4) sin 0, 

where is the angle (38') that the (1111 direction makes 
with the [00I1 direction. Thus 

—= (0.345 P22  — 0.951 P14) sin 9, 

and this particular experimental configuration does 
not permit the separate determination of P22  and P14. 

If.however,the measuring direction makes an 
angle a with the 10011 direction, then 

—= sin 8 [using 47 C032  — sin2  1, )P22  

lath t r tbi3a)Pi41 t 	[WO alit 

(sin 24,v sin a cos 4)171241. 	 (2) 

In this case, if a is known, P22  and P/4  can be evalu-
ated from the two experimental values for the coeffi-
cients of sin 9 and cos 9. This will be done by plotting 
strain against 9 and applying Fourier analysis to obtain 
the coefficients of the sine and cosine terms. These 
then give two equations for the two unknowns. 

2. Experimental procedure 
An artificial hematite crystal was used after 

orientation by the Laue tech-nive. It was flund that all 
its natural cleavage planes were of the (110) tme which 
do not contain a [111] axis (c axis) in the rhotnhoheo..ral 
cell. The measurements were made by Mf7Intirr; a. 
strain garage  on such a (110) face of the criztal at an 
angle .1 = 10' to the 10011 direction. (Because of the 
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geometry of the specimen it was not convenient to in-
crease A much above this value.) 

Measurement of ferromagnetic magnetostriction 
in a natural n-Fe203  crystal by Urquhart and Goldman 
(1950) indicated strains of the order of 2 x 10"k below 
—25`C in a field of 9000 oersteds. The sensitivity 
aimed at in the present apparatus was such as to per-
mit measurements of strains down to one part in 108. 
Since the coefficient of thermal expansion in hematite 
at these temperatures is of the order of 10-3  degC-1  
it is necessary to compensate for thermal expansion 
of the specimen. This was done by mounting an iden-
tical strain gauge on a piece of soda glass, of closely 
similar expansion coefficient to hematite,placed near 
the crystal. The overall coefficient of thermal 1.7-pan-
sion of the combination was found to be 5 Y 10-1  deg C-1, 
so that a temperature stability of 1 50 deg C was 
required during measurements. The gauges formed 
two arms of a balanced Wheatstone bridge provided 
with a stabilized current supply, and high sensitivity in 
measuring the out-of-balance current was achieved by 
using a split photocell amplifier. The strain gauges 
had a nominal resistance of 100S1 and active length of 
0.5 cm. 

Initial measurements were made at room tempera-
ture, where hematite exhibits weak ferromagnetism. 
A magnetostrictive contraction, having a saturation 
value of (3. 65 f  0. 10) x 10-6, in a minimum field of 
1500 Oe was obtained: Urquhart and Goldman obtained 
about 8 x10-8  but they made measurements on a natur-
al crystal and along the c axis. 

For measurements at low temperatures, where 
hematite is nominally antiferromagnetic, the crystal 
was subjected to a steady magnetic field of 7500 Oe 
perpendicular to the direction of strain measurement 
as the specimen was cooled down through the transition 
temperature. At —196°C the magnetostriction revealed 
no indication of saturation in fields of up to 9000 Oe. 
For all directions of the applied magnetic field, the 
magnetostrictive strain may be expressed as the sum 
of two functions, respectively odd and even in the mag-
netic field. An analysis of the experimental data re-
veals that,for fields up to 1500 0e, the odd function 
may be satisfactorily represented by just one term of 
the form PH, where P is a constant factor depending 
only on the field direction. The magnitude of P is 
determined by the domain state of the specimen. After 
being taken through the transition temperature with an 
a.c. field applied, the coefficient P for perpendicular 
fields is generally small and of random sign, indicating 
the formation of antiparallel domains. If, however, a 
steady field is applied as the specimen is cooled 
through the transition temperature the linear term is 
constant in value and has the same sign as the applied 
field. This indicates that the presence of the field 
causes the antiferromagnetic domains tcynucleate and 
grow all with the same orientation. Fields as small as 
100 Oe are sufficient to switch domains in the ferro-
magnetic state at room temperature. and this field is 
sufficient to give domain saturation in the antiferro-
magnetic state, as is evidenced by the reproducibility 
of the coefficient P. 

The value of the factor P may be obtained imme-
diately from the slope at the origin of the curves of 
magnetostrictive strain plotted against field. Figure 1 
shows the angular dependence of these curves and the 
corresponding values of the factor P are plotted. as a 
function of the angle 9 in figure 2. 
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Fourier analysis of the data shown in fir;ure 2 re-
veals that P is sinusoidal with period (i, since the co-
efficients of the higher harmonics are well within the 
limits of experimental error. The fundamental is given 
by 

P = — 	(8.4 sin + 1. 8 COS 6) 10-11 0e-1. 

Figure 1. Variation of magnetostrictive strain 
with the magnetic field applied In various direc-
tions at —196°C. 

The result (3) is in excellent agreement with the 
equation derived from (2) when A = 10', namely 

sin 0 (0.305 P22  — 0.922 P14) 

+ cos 9 (0.118 P22  + 0.163 P14). 

from which it may be deduced that P22 =• 19 r 10-11  
Oe-1  and P14  42.-3 x10-11  Oe-1. With a reverse an-
nealing field the sign of both these coefficients is 
changed. 

3. Discussion 

The even component of the magnetostriction at low 
temperatures cannot be represented (for a fixed value 
of 0) solely by a term proportional to H2. It can, of 
course, be analysed into a power series in H2, and the 
coefficient of the leading term is gratifyingly small 
compared with the coefficient of the odd compor.erd 
2 • 10-14. cf. El. 6 x 10-11  for perpendicular magnet-

zation'; hit the higher terms do not exhibit a similar 
convergence and the field dependence of the even com-
ponent is rather reminiscent of that of a ferromagnetic 
material below sat:ration. It is not suggested that the 
crystal is ferromagnetic in the normal sense, but 
merely that the magnetostrictive behaviour could be 

A 
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fairly represented as a superposition of the linear 
magnetostriction of a normal antiferromagnetic with 
the even magnetostriction of a ferromagnetic suitably 
reduced by a volume weighting factor. This feature is  

to preserve the same spin direction-and hence the same 
magnetic crystal class-in the presence of a large op-
posing field. 

ttirn.701 
Figure 3. Variation of thermal remanence with 
temperature (heating curve). 

Figure 2. Angular variation of the coefficient P 
characterizing linear magnetostriction in small 
fields. 

also reflected in the behaviour of the (thermal) re-
manent magnetization of the crystal, the temperature 
dependence of which is shown in figure 3. It will be 
seen that there is a constant remanent moment of about 
10-3  e.m.u. g-1 below the transition point. The de-
viation in the region of -10'C Is believed to be associ-
ated with the formation of domains. This curve agrees 
well with the results reported by Iwata et al. (1962). 

The coefficient of sin rl in the odd component of the 
magnetostriction is of the same order of magnitude as 
the coefficient of forced magnetostriction in a ferro-
magnetic material. In this effect the magnetostrictive 
strain is found to increase linearly with applied field. 
at WO field valuest the slope of this 	Increagelg 
of the order of 10-th in nickel (kornetzki 1935). Al-,  
though the ferromagnetic effect reverses with field it 
is, in reality, a linear effect. The reversal arises be-
cause reversing a large field reverses all the spins and 
it is not possible (as it is in the antiferromagnetic case)  
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