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Abstract. 

This thesis reports the results of an investigation 

into the properties of antiferromagnetic domains in 

single crystals of chromium oxide, the growth and orientation 

of which are described in chapter 2. Chapter 3 deals 

with the effects of applying electric and magnetic fields 

to crystals while cooling them through the ileel point and 

a number of new observations are presented. The existence 

of two important effects is confirmed and theoretical 

explanations are offered in each case. Chapter 4 deals 

with the development of an apparatus capable of monitoring 

domain reversal in Cr203  and also reports the first 

direct observation of this reversal process in the material. 

The domain switchim: data is seen to bear a striking 

resemblance to data gathered for ferro- and ferrimagnets 

and this similarity is pursued in chapter 5. The Gilbert 

damping constant, evaluated from wall motion data, is 

found to differ from the same quantity evaluated from 

resonance data, by some five orders of magnitude. This 

discrepancy is explained by postulating a new and more 

general form of the damping constant. Finally, in the 

light of the work performed, a speculative picture of 

the structure of antiferromagnetic domain wails in Cr2O3  

is presented. 
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CHAPTER 1. Introduction.  

1.1 The magnetoelectric effect. 

When a magnetoelectric medium is placed in a magnetic 

field it becomes eletrically polarised and when placed in 

an electric field it becomes magnetically polarised. The 

effect is linear and is characterised by the general relation 

Q,1=°(ijFj 	 1.1 

where Qi may be electric or magnetic polarisation induced 

by the applied magnetic or electric field Fi  respectively; 

wij is the magnetoelectric susceptibility. 

An early reference to such an effect was published by 

Tellegen (1948)' who proposed a new four-terminal network 

element -:.hoSe properties would be described by 

171 =-sit 	
1.2 

v2 = 311  

where v1 and la are the input voltage and current and 

v2  and 12 are output voltage and current. Such an element 

would violate the reciprocity theorem, the off-diagonal 

terms of the impedance matrix obeying 

1.3 

Tellegen reasoned that the network element could be 

constructed from a medium characterised by 

P =XE 
1.4.  

M = ZrE 4-)CH 
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where P is electric polarisation, M is magnetisation and 

Kand ?Care electric and magnetic susceptibilities 

respectively. He attempted to synthesise the medium 

reasoning that it should consist of particles bearing-

both permanent electric and magnetic dipoles. In the 

.presence of an electric field, the electric dipoles would 

align and so therefore would the magnetic dipoles. The 

complementary effect would be achieved by placing the 

medium in a magnetic field. After performing some 

preliminary experiments, Tellegen concluded that it 

would be very difficult to produce a medium having the 

required properties. 

Landau and Lifshitz (1957) first mentioned that:a 

relation between magnetic and electric fields could in 

principle exist in spin-ordered materials. They observed 

that the Shubnikov groups Permitted the occurrence of 

certain magnetic crystal classes with a term in the free 

energy proportional to (E.H). It was left to Dzyaloshinskii 

(1959), however, to reason that the effect should appear 

in antiferromagnetic chromium oxide, Cr203. His arguments 

was based on a consideration of the effect of various 

symmetry operators on the thermodynamic potential of-

Cr203  and a similar argument is followed in the next: 

section. 
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1.2  Occurrence of the  magnetoelectric effect in Cr22z). 

Suppose the free energy F of a rigid, static, 

magnetic, dielectric and magnetoelectric medium, 

characterised by magnetic flux density B and dielectric 

flux density D, may be written in the form.  

F =Fo + 1B.H + 	D +11E. B 	 1.5 

in the presence of magnetic field H and electric field E. 

The second and third terms are the familiar magnetic and 

electric energies respectively and the final term represents 

the interaction between electric and magnetic fields in 

the medium. Using Birss (1963) notation and recalling 

that E and D are first rank polar i-tensors, while B and 

H are first rank axial c-tensors, then operating on 

equation 1.5 with the space inversion operator I, 

I [F] Fo+ 	-11E.B 	 1.6 

Since the free energy of a medium remains unchanged under 

any symmetry operation that leaves the medium unchanged, 

if I is a symmetry element, 

F = [F] 

whence 1=0 	 1.8= 

Thus, the magnetoelectric effect may not exist in a 

medium which is invariant under space inversion. Similarly, 

operating on equation 1.5 with the time inversion operator 

R leads to the result that the effect may not exist in a 
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medium which is invariant under time inversion. Operating 

on equation 1.6 with R, however, 

po  ÷ tiB. E 	 1.9 

and comparing equations 1.5 and 1.9, 

IR[7] =F 	 1.10 

Therefore, the magnetoelectric effect may exist in a 

medium which has combined space and time inversion as a 

single symmetry element. Dzyaloshinskii noted that 

chromium oxide was such a material. 

Fig.1.1(a) shows the magnetic structure of Cr203  after 

Cox et al (1963). Operating on the structure of fig.1.1(a) 

with R leads to the structure shown in fig.1:1(b). 

Similarly, operating on fig.1.1(b) with I gives the structure 

of fig.l.1(a). Thus IR is a symmetry element of Cr203  and 

two essentially different structures may exist, related 

by the time reversal or t-›.-t transformation. 

Since Dzysloshinskiils work the magnetoelectric effect 

has been observed in a number of materials and these-are 

listed in Appendix A. 

1.3 The magnetoelectric susceptibility  in Cr 0 . 

The magnetoelectric effect is characterised by a 

second rank axial c-tensor. Birss (1963) has shown that 

axial c-tensors of even rank are null in 21 of the 90 

possible magnetic point groups. Of the 69'remaining 



Fig, LI Magnetic Ordering in Chromium Oxide. 
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groups, the magnetoelectric tensor vanishes identically 

in a further 11 leaving 58 groups which may exhibit the 

effect. The magnetic structure of Cr203 has been 

determined by McGuire et al (1955) and the material 

belongs to the rhombohedral point group 3m. Applying 

the symmetry constraints of this point group to the. 

general magnetoelectric susceptibility tensor reduces 

the number of independent components to two and the 
form of" cqj  for Cr203  is given by 

'11 0 0 

c<ij= 0 110 
	

1.11 

0 0 °(33  

The_ 0(11 components will in future be referred to asoCj_ 

while D,33  will becomecxu. 

1.4 Magnetoelectric domains in Cr203„ 

Shortly after the publication of Dzyaloshinskiits 

note, Astrov (1960) confirmed the existence of the 

magnetoelectric effect in Cr203. In a subsequent paper 

Astrov (1961) reported some more detailed measurements 

and it is worth considering these results in some detail. 

In this second series of observations, he subjected a 

spherical single crystal of Cr203, accurately orientated 

and ground, to a 10KHz homogeneous, sinusoidally varying 

electric field. The resulting induced magnetisation was 
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detected using a pair of search coils. Astrov measured 

the temperature dependence of bothckfl and- 0(.1his results 

for o& ar e reproduced in fig.l.2. 

The most significant of Astrovis results, from the 

point of view of this project, was that he demonstrated 

that=the magnetoelectric susceptibility could be either 

positive or negative while its temperature dependence was 

the, same for ttoth cases. Furthermore, the sign of all 

depended on the history of the sample. If a crystal was 

heated to a temperature in excess of the Neel temperature 

TN  and cooled slowly, the sign of II 
was found to vary 

randomly being independent of the sign before heating. 

If the crystal was cooled rapidly the sign of ok fl  was 

again arbitrary but its magnitude had decreased sharply. 

Astrov concluded that the most natural explanation 

of these phenomena was to attribute the two signs ofckH  

to the fact that two distinct magnetic structures may 

exist in Cr203. He reasoned that slow cooling could 

lead to a crystal consisting predominantly of one type 

of ordering, while rapid cooling would probably lead to 

smaller regions of both types of ordering, effectively 

reducing the observed value of o4fl  . Clearly, the 

measured value of all would depend upon the relative 

volumes of each type of ordering being a maximum for a 
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crystal consisting of one type only and zero for equal 

volumes of each of the two possible structures. The 

failure to observe the magnetoelectric effect in 

polycrystalline samples could be understood on this basis. 

One final point emerged from Astrov's report and 

that was that the sign of c(11  could be influenced by a 

magnetic field. Applying the field parallel to the three-

fold axis of a crystal and cooling through the Ndel point 

gave 	consistently of the same sign. Reversing the 

field changed the sign of of . Astrov could not explain 

the observation conceding that both structures remained 

energetically equivalent in a magnetic field. 

Redo and Folen (1962) also reported a magnetic field 

annealing effect in single crystals of Cr203, claiming 

that the magnetoelectric susceptibilities of some samples 

had been increased by factors as high as 300 simply by 

cooling in large magnetic fields. No explanation was 

offered for the effect although Rado and Folen concluded 

that the phenomenon would be difficult to explain 

without postulating the existence of antiferromagnetic 

domains. Foner and Hanabusa (1963) and Martin and 

Anderson (1964) have reported similar findings. 

1.5 The heat treatment process. 

Shtrikman and Treves (1963) are generally credited 



with making the first observation of the magnetoelectric 

effect in polycrystalline powder samples of 0r203, but 

Al'shin and Astrov (1963)' in a paper• on the observation 

of the effect in T1203, write ".... when the antiferro- 

magnetic transition of polycrystalline Cr203took place 

in electric and magnetic fields, it was possible, to detect 

a magnetoeletr•ic effect equal in magnitude to about one- 

third of the effect in a single crystal along the three— 

fold axis." Although this paper was published in English:  

some five months after that of Shtrikman and Treves it 

predates this latter work by a few days. 

There is no doubt, however, that Shtrikman and 

Treves were responsible for• formulating the theory behind 

the method of rendering a polycrystalline specimen time 

antisy ii 	an essential step if an effect characterised 

by a c-tensor is to be observed. Although their work was 

performed entirely on powder samples the basis of the 

theory applies equally well to single crystals. It is 

not intended to go into this theory in great detail, this 

being unnecessary for the present work. Instead, the 

reasoning behind it will be noted and the results applied 

to a single crystal medium. 

The point group of a polycrystalline powder consists 

of all the symmetry elements of classical drystallography 
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and the time reversal operator R. A property characterised 

by a c-tensor cannot exist in a material which is time 

symmetric. Thus a powder will not show such a property 

unless R is first eliminated as a symmetry element and 

Shtrikman and Treves predicted and confirmed that this 

would be achieved in Cr203  powder samples by cooling 

through the Neel point in the presence of electric and 

magnetic fields. Under those conditions the overall 

energy was a minimum when a greater number of crystallites 

were of one particular type of ordering thereby giving a 

finite value for N. 

The argument is simply extended to single crystals. 

Consider a single crystal medium at temperature TN in 

which two small regions of spin ordering have appeared, 

one having a positive ocil  and the other a negativecxu. 

In the presence of parallel electric and magnetic fields, 

defined as in fig.l.3, the magnetoelectric energy density 

of the o domain will be 

F- =(-c0E.B 	 1.12 

while the energy density of the oCt  domain will be 

F+ =0;E.B 
	

1.13 

Subtracting equation 1.12 from 1.13, 

F+- F
- =20(E.B. 	 1.14 

and equation 1.14 represents the difference in energy 
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density between the domains. Since a domain pattern 

generally exists to lower the free energy of a system it 

is clear• that the loner• energy of domain will grow at 

the expense of the 0k-i- domain. In a single crystal medium 

in the absence of other effects the minimum free energy 

would be obtained when the crystal is one saturated 

domain. This is.  not the case for a powder• sample nor 

even that all domains should have the same sign of 

(Shtrilauan and Tr•eves 1963). 

1.6 Domain reversal below TZV.  

Suppose the argument of section 1.5 is extended to 

apply to a single crystal medium at some constant 

temperature below TN. Let the crystal be of unit cross-

sectional area and of length L and suppose a domain wall 

divides the sample into two domains, the 0( domain being 

of length x and the 40(:/-  domain of length (L-x). The 

situation is shown in fig.1.4. In the presence of parallel 

electric and magnetic fields the free energy of the crystal 

due to the magnetoelectric effect is given by 

F = -0(EBx -11-0(EB(L-x) 	 1.15 

Recalling that force P is given by 

P=-grad.F 	 1.16 

P= -bF = 20(EB 	 1.17 
bx 

and 1.17 gives the force exerted on unit area of the 
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domain wall due to the applied fields. Clearly ifs 

sufficiently large force could be applied the domain 

wall would move. 

The fact that domain reversal can take place below 

T11  was confirmed by Yartin and Anderson (1966) who 

submitted a crystal of Cr203  of known mil  to intense 

electric and magnetic fields. Remeasuring showed that 

o11•had changed sign and therefore that domain reversal 

had taken place. They observed that the minimum field 

product (E.B) required to bring about domain reversal 

decreased monotonically as exp.(a/T) where a was a 

constant. Switching time was estimated by applying a 

pulsed electric field to the sample in the presence of 

a steady magnetic field and noting the shortest pulse 

length that would bring about domain reversal. Domain 

wall velocity was estimated by coupling the measured 

switching time with the assumed presence of a single 

domain wall. 

1.7 The need for further work on Cr223. 

A great deal of experimental and theoretical work 

has been performed on the investigation of the magneto-

electric effect in chromium oxide and the temperature 

dependence of the magnetoelectric susceptibility has 

been accurately recorded and satisfactorily explained in 
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theory (see Appendix B) and is therefore of no further 

concern in this project. It was first suggested by Astrov 

(1961) that a sincle crystal of Or,7,03  -:rould, in general, 

contain a number of antiferromagnetic domains of two 

types, related to each other by the t-*-t traasformation, 

and this domain concept provided en elegant explanation 

for a number of experimental observations. Although the 

idea of antiferromagnetic domains in Cr203  is now well 

established there has, however, been no detailed study 

of the dynamic properties of the domain walls below TN. 

Such an investigation would yield information of some 

interest from two points of view. First, the results 

would be unique in that wall motion data has never been 

obtained for a zero-moment antiferromagnet and it would 

be interesting to compare such results with data for 

walls in ferro- and ferrimagnets. Secondly, it has 

been suggested (Martin 1965) that. Cr203  might be used in 

a non-destructive read out (iDRO) memory store (see.  

Appendix C). Before any attempt can be made to assess 

the feasibility of such a system, measurements of switching 

times, threshold switching energies, domain wall mobility 

and ocher switching characteristics must be made. 

Since the work of Shtrikman and Troves (1963) was 

published, O'Dell (1965) has accurately recorded the 
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dependence of ocu  upon the electric and magnetic fields 

applied during heat treatment, for ceramic samples of 

Cr2so 0-' There has been no such series of measurements 

for the single crystal form of Cr203, however, and it 

would seem important that these measurements should be:  

made for several reasons. First, the results might yield 

information on the 'structure of- the antiferromagnetic, 

domains in Cr203; secondly, they would enable a systematic 

investigation of the magnetic field annealing effect to 

be made, this being difficult to understand in the light 

of the work of Shtrikman and Treves (1963); thirdly, the 

existence of a temperature 'memory' effect reported by 

Lartin and fmderson (1964) could be confirmed, this 

observation being the only mention of the effect. 

Thus the aims of the project may be broadly classified 

into two part-s:- 

a) a detailed study of the dependence ()eau  upon electric 

and magnetic fields applied while cooling a crystal 

through the Neel point. 

b) observation of domain reversal in Cr203  below TN  and, 

measurement of various parameters of- moving domain walls. 
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CHAPTER 2. The Preparation of the Chromium Oxide Samples.  

2. Z The rot:th of  Cr 2L3  single eriltals. 

The proposed course of investigation for this project 

was outlined in section 1.4 and the first objective was 

to produce the single crystals of Cr203  required. 

Chromium oxide is a refractory oxide with a melting point 

around 2300°C crystallising with the corundum-type 

structure. It is extremely hard, brittle and virtually 

insoluble. Crystal growth from a flux melt is a difficult 

matter because of the extreme insolubility of the material 

in common solvents, and pulling from a molten melt is not 

feasible because of the problem of containing the melt at 

a temperature in excess of 2300 C. An obvious choice 

overcoming both these difficulties, is the Verneuil or 

flame fusion process and this has been used with some. 

success in the past. 

The Verneuil technique is really a modification of 

crystal growth from a melt. Material in the form of a 

fine powder is supplied to the molten tip of a growing 

crystal, normally heated by an oxy-hydrogen flame although 

numerous other heat sources are currently available. The 

feed powder is commonly introduced into the gas at a point 

some distance above the flame, ensuring an even distribution 

of material onto the growing crystal face. 'The main 
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disadvantage of the system is that high thermal gradients 

are inherent in the process and produce considerable 

mechanical strains in crystals grown this way. 

The method was first described by Verneuil in 1902 

and the basic technique remained unchanged until about 

1950. Since then, however, a great deal of effort has 

been put into refining the process mainly because of the 

demand of the solid state electronics industry for high 

purity single crystal substances such as ruby. The number 

of substances grown in single crystal form using the Verneuil 

technique has risen from two to well over one hundred in 

the last twenty-five years. Most of the improvements 

brought about have been in the design of the heat source 

and intensive research has provided several alternative 

methods of providing heat including resistively and 

inductively heated metal rings, r.f. and d.c. plasma 

torches ( for which temperatures as high as 150000C have 

been reported ) and arc-imaging techniques. 

2.2 The Verneuil apparatus.  

The basic system for crystal growth by the Verneuil 

process has not changed since Verneuilfs original experiment. 

Modifications have been made to improve powder flow, flame 

constitution and lowering mechanism, but in principle the 

apparatus remained unchanged. The requireinOnts are a 
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powder feed system, a burner• with suitable gas supply and 

a smooth-acting lowering device that can be closely 

controlled at rates up to five or six centimetres per hour. 

2.2.1 The powder feed system.  

Probably the most important part of the entire Verneuil 

apparatus is that part that controls the supply of feed 

material to the molten crystal tip. The success or 

failiure of each experiment is invariably governed by 

the performance of this part of the system. Ideally, the 

feed material should satisfy five criteria. It should be 

of high purity, low density and small grain size, and 

should be anhydrous and completely reacted chemically. If 

the material is impure the impurities may lead to cracks, 

inclusions or bubbling in the crystal. Large grain size 

can result in the feed material not melting before it 

reaches the crystal surface thereby causing gas entrapment, 

while high density and the presence of moisture can give 

an uneven powder flow rate. Finally, unless the feed 

material is completely reacted chemically, it will not 

melt homogeneously and some components may even volatalise. 

Chemical reaction can even take place in the molten 

surface of the crystal, leading to boiling or frothing. 

Even when the feed powder meets all the requirements listed 

above success is not guaranteed because impurities may 
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also come from the gas or• from the burner. 

In the system used in this project, the feed powder 

was supplied to the flame from a hopper as illustrated in 

fig.2.l. The hopper consisted essentially of a cylindrical 

outer jacket of thin steel brought to a cone-shaped exit 

at its lower end. Fixed to the top of the jacket by a 

suitable screw-on flange was a second steel cylinder. The 

top of this inner cylinder was sealed by a thin metal 

membrane, attached by a bar to a vibrating electric motor, 

while its lower end was closed by a removable wire mesh 

base. The hopper was filled with finely sieved Cr203 

powder by removing the mesh base of the inner container. 

The powder flow rate was controlled by varying the output 

of the vibratirg electric motor. A stream of oxygen 

supplied through an inlet in the wall of the outer jacket 

served both to fluidise the flow of powder from the 

hopper and to prevent the tube joining hopper to burner 

from clogging. 

2.2.2 The heat source. 

The most commonly used heat source for crystal growth 

by the Verneuil technique is the oxy-hydrogen flame. 

Although other gas mixtures such as oxy-acetylene, or 

oxygen-carbon monoxide have been tried, these combinations 

require mixing before burning and generally `make dirty 
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flames. The original oxy-hydrogen mixture has generally 

proved to be the most successful and since the gases 

should not be mixed prior to burning, the burner• design 

may be relatively straightforward. The only problem in 

the case of chromiun oxide is attaining the high 

temperature required for growth. A rather hotter flame 

is required than for the growth of sapphire ( which has 

the same crystallographic structure ) and this may not 

be attained by simply increasing oxygen flow. This would 

tend to lower the hot zone of the flame rather than increase 

its temperature. In general, the design should tend 

towards a rather wider cross-section tube for the oxygen 

supply, such that more gas may be supplied without 

increasing the gas velocity at the nozzle of the burner. 

The essential details of the burner used in this 

project are shown in fig.2.2. Three separate gas supplies 

were brought together at the nozzle and chromium oxide 

powder, fluidised by an oxygen flow, was passed down the 

centre tube. A second oxygen flow was passed to the 

outermost tube, while a stream of hydrogen flowing down 

the remaining tube rendered the mixture at the nozzle 

highly combustible. The nozzle of the burner was 

constructed of Nimonic, a high temperature nickel-chromium-

cobalt alloy containing small percentages of carbon, 
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silicon, iron, manganese, molybdenum, aluminium and 

titanium. 

In order to provide a relatively isothermal region 

for the crystal to grow in, a "Morlite 28" hot face 

insulating brick was hollowed out as shown in fig.2.3. 

The upper end of the brick was cut to receive the end of" 

the burner and a good fit was ensured by packing the joint 

with asbestos cord. About one inch below the bottom of 

the burner nozzle, a spherical cavity was cut, its centre 

corresponding to the position of the hot zone of the flame. 

The molten interface of the growing crystal would be 

positioned at this point. The purpose of the cavity was 

to prevent the dendritic growth that would inevitably form 

on the brick, from spreading into the growing crystal and 

spoiling a growth attempt. A narrow hole was bored from 

the cavity through to the bottom of the brick to take 

the alumina seed rod, on which the growing crystal would 

be positioned. Finally, a narrow observation slit was cut 

level with the centre of the cavity so that the molten 

interface of the growing crystal could be under constant 

observation. 

2.2.3 The lowerinsmechanism. 
••••• •• wE. —a• •+n-Af weir -•-•W 	 w. 	.0—we ,0 	a.P.W.WW•amoo -4m=0.• 

As the gradual growth of a crystal takes place the 

molten interface would tend to grow upwards,  out of the 
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Fig2.3 Section Through the Morlite Brick. 
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hot zone of the flame. To compensate for this tendency, 

the seed rod had to be lowered at a rate equal to that 

at .̀ whichthe crystal was growing, thereby maintaining the. 

molten tip of the growing crystal at a constant point 

within the hot zone. This facility was provided on our 

apparatus by the mechanism shown in fig.2.4 The alumina 

seed rod was attached to a metal rod which was connected 

in turn to a metal block in which was cut a square screw 

thread. By slowly revolving a metal bar threaded through 

the block, the height of the seed rod could be gradually 

varied. The threaded bar was driven through a series of 

reduction gears by a variable speed electric motor, such 

that a lowering rate of 0 to 7- cms per hour was obtained. 

The completely assembled Verneuil apparatus is shown 

diagrammatically in fig.2.5. 

2.3 The crystal zrowth_pyocequre. 

Two types of chromium oxide powder were used in the 

growth of the single crystals. The first three runs on 

the Verneuil apparatus were made using British Drug Houses 

(B.D.H.) 5N pure Cr 203  powder while subsequent attempts 

used powder produced by firing B.D.H. "Analar" grade 

ammonium dichromate powder in air. The exothermic reaction 

yielded Cr203 in fine powder form. The abcolute purity of 

the feed powder is not, as it happens, of such extreme 
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Fig. 2.4 The Crystal Lowering Mechanism. 
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importance in the growth of Cr203  crystals. As a result 

of the very high melting point of chromium oxide, a 

ti  self--purifying" action takes place. All the common 

impurities that might be expected to enter the crystal, 

such as iron, cobalt, nickel etc. from the burner nozzle, 

volatilise at temperatures well below 230000 and therefore 

cannot enter the growing crystal as impurities. A recent 

analysis (White 1969) carried out on similar crystals 

grown on the same apparatus and from similar feed material, 

has indicated an overall impurity level of less than 2ppm. 

Each growth run was started by loading the hopper 

with'2  03  feed powder that had been sieved through a 200N 

mesh sieve to remove any lumps or conglomerates of powder.  

The apparatus was then assembled, the burner was ignited. 

and the: flame-proof furnace brick. was put in. place. The: 

cavity within the brick was allowed to reach approximately 

the correct working temperature: and then the top of,  the_ 

seed rod was raised into the hot zone_ of the flame. The 

vibrator on the hopper was started at a fairly fast rata, 

such that a pile_of powder collected on top of the seed 

rod' and sintered into a hard mound. At this point powder 

flow rate was sharply decreased and the gas flow rates 

were adjusted to increase the temperature of the hot zone 

to the final working temperature, judged as being when 
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the tip of the sintered mound of powder melted. Finally, 

two further adjustments were made, both being extremely 

critical. First, the powder flow rate had to be set such 

that sufficient powder was added to the molten interface 

to prevent the meniscus melting back into the crystal 

beneath it, yet not so much as to cause the meniscus to 

solidify into a sintered mass. Secondly, the lowering 

mechanism had to be set to precisely compensate for the 

up.ward growth of the crystal boule. Best results were 

obtained by matching the powder flow to a growth rate of 

about 2 ems per hour. A constant watch was maintained 

during all growth runs so that minor irregularities in 

flow rate or flame consistency could rapidly be rectified. 

A total of eight growth runs were attempted, the:  

first three of which were unsuccessfUl in the sense that 

polycrystalline boules were produced. The fault in the 

system seemed to lie in the extremely slow growth rate 

of'the boules such that the powder hopper had exhausted: 

its charge_ before the initial polycrystalline structure 

had grown into single crystal form. The boules were of2 

large cross-section, approaching 2 ems in diameter, and 

it was concluded that the hot zone of the flame was too 

wide. Thus it was decided to dispense with the outer 

oxygen flow altogether and revert to a simple bicone 
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configuration in an attempt to reduce the width of the 

boules and correspondingly increase the growth rate. 

This modification proved most successful and of the 

following five runs three produced large single crystal 

boules all of which appeared free from cracks, with 

clearly visible natural facets beneath the outer dendritic 

coating. One of the boules is shown in fig.2.6. It was 

concluded that these three boules would yield sufficient 

samples for the needs of this project and the crystal 

growth programme was closed after a relatively short time. 

2.4 Orientation of the  single crystal boules;  

The required orientation of the samples was determined 

by a consideration of the aims of the project. The domain 

state of a sample, as indicated by either 0-H  or o(.11  would 

be of prime interest. Most measurements would be taken 

close to room temperature and since ail is a factor of 

six or seven times larger than a1 in this range, it was 

decided to use o< exclusively to monitor the magneto-

electric effect in all samples. Thus, it was necessary 

to produce crystals in a form suitable for monitoring o(0  

and also in a form suitable for applying uniform electric 

and magnetic fields parallel to the c-axis. It was 

concluded that thin plates were required, with the plane 

of'_ the plate perpendicular to the c-axis of—the crystal. 
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Fig.2.6 A single crystel boule of ctromium oxide. 



42. 

The unit cell of chromium oxide is shown in fig.2.7. 

Only the chromium ions are shown for clarity and they 
lie along the c-axis. The material belongs to the 

classical point group 3111 and fig.2.8 shows the symmetry 

elements of the unit cell. The c-axis is the inversion 

triad axis and this direction had to be isolated in a 

boule before any sample cutting could take place. 

Orientation was effected using Laue X-ray back-reflection 

techniques. A simple sheet film camera was used with 

Kodak IKodirexf X-ray film, the crystal to film-plane 

distance was standardised at 3 centimetres and white, 

radiation was employed to irradiate the boule. Each of 

the boules showed prominent cleavage faces when broken 

in two and fig.2.9(a) shows the photograph obtained with 

such a face set perpendicular to the direction of the 

beam. The presence of the mirror plane (marked m-m) was 

noted and reference to fig.2.8 shows that the required 

c-axis lies on the intersection of the three mirror planes 
of the unit cell. It was only necessary to take a series 

of photographs at intervals along the single mirror plane, 

to finally locate the required direction. Fig.2.9(b) 

shows the photograph obtained with the c-axis parallel 

to the X-ray beam. 

Once the position of the c-axis had been located, 
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.Fig.2.7 The Unit Cell of Cr203. 
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Fig.2.9 Laue back reflection photographs of ;r203. 

(a) The cleavage face (b) The c-axis. 
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the crystal had to be moved from its variable angle 

mounting to a more rigid support in preparation for 

cutting. It was most important that the orientation of 

the boule be preserved during this transfer and a simple 

procedure was adopted as follows. The variable angle 

support was fitted with a special base designed to slide 

accurately along a single steel rail. The base was used 

to obtain accurate positioning of the crystal support on 

the X-ray set. A second support was made consisting of a 

1" square section steel bar mounted perpendicular to a 

base also designed to slide accurately along the single 

rail. Both supports were slid onto the rail and positioned 

such that the free end of the boule was in contact with 

the square section steel bar. Cold setting-Araldite 

was poured onto the free end of the boule and after some 

hours the boule was found to be firmly stuck to the bar. 

It was a simple matter to remove the original crystal 

support and leave the boule attached to the bar in a 

known orientation. 

2.5 Cutting and  polishilmLta_a23  samples. 

The final shape of the single crystal samples was 

decided from a number of practical considerations, some 

already mentioned in section 2.4, others discussed in 

chapter 3. It was concluded that rectangular plates lmm 

thick were required, orientated with the c-axis perpendicular 
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to the plane of the plate. Thus, the steel bar supporting 

the boule was placed in the appropriate position on the 

magnetic chuck of an Impregnated Diamond Products Ltd. 

'Leven' type cutting machine. Slices 2mm thick were cut 

from the boule using a diamond impregnated bronze cutting 

wheel. The boule was packed around with plasticine 

during cutting to minimise the risk of fracture due to 

vibration, and liberal quantities of cutting oil were 

poured onto the specimen both to lubricate the wheel and 

to cool the boule. The cutting rate was maintained at 

about loop per minute throulzhout. After cutting, from the 

boule, the irregularly shaped slices were stuck to a flat 

steel plate with a thermosetting wax and were cut into 

rectangular plates having rough matt faces. 

The final stage of the sample preparation was to 

transform the rough rectangular plates into highly polished 

samples lmm thick and this was accomplished in three steps. 

First the sample thickness was reduced to 1.2mm by grinding 

the crystal on a mild steel lapping plate using THyprezt 

4511  diamond polishing paste and Illyprezt lubricating fluid. 

Great care was taken to ensure that the thickness remained 

uniform over the entire area of each plate. The result 

of this first step was to remove the deep score marks 

left by the saw and leave the sample with a fine matt 
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polish. The second step was to further reduce the sample 

thickness to 1.05mm and to give the plates a good scratch-

free polish. This was achieved using 'Hyprez' 311  diamond 

polishing paste with lubricant on a second lapping plate, 
taking the same care to keep thickness uniform. Finally, 
the plates were polished with 3Fx paste on polishing 

paper until the thickness was reduced to Lam (±0.01mm) 

and the surfaces displayed a high polish free from 

visible cracks and scratches. 

Here we have described the relatively lengthy process 

of hand polishing which was used on the first three 

samples prepared. Subsequent polishing operations were 

performed on an automatic jig which has been described in 

detail by Bennett and Wilson (1966). Using this machine, 

better surface finishes were obtained and polishing 

times were considerably reduced. 

2.6 The heat treatment apparatus. 

Before any initial magnetoelectric measurements 

could be made on the samples it was necessary to submit 

them to the heat treatment process outlined by Shtrikman 

and Treves (1963). All that was required of a suitable 

apparatus, was that parallel or antiparallel electric 

and magnetic fields could be applied to a sample and 

that its temperature could be raised above the Neel point 



of Cr203 (34°C). The subsequent cooling rate did not 

seem to be of any importance according to Martin and-

Anderson (1965), so the design of the apparatus could 

be very simple. Fig.2.10 shows a diagram of the apparatus 

constructed. The electromagnet was capable of supplying 

fields within the range -0.54-B40.5 Wb/m20  while electric 

fields in the range -106 E410
6 

V/m were obtainable. 

The heating element attached to the brass platform was 

capable of raising the temperature of a sample to 200°C 

and this temperature was monitored by a thermocouple 

placed directly under the sample in a small slot cut into 

the platform. The sample was air cooled after heating. 

Each sample was prepared for heat treatment by coating 

both sides of the plate with a thin layer of ICI F111/20 

silicone fluid and attaching thin aluminium foil electrodes. 

The sample was then placed on the platform between the 

pole pieces of the magnet and a small brass disc was put 

on top. This disc acted as a heat reservoir, helping to 

maintain the temperature gradient across the plate at a 

minimum, and protected the upper foil electrode from 

possible damage by the sprung electric field contact. 

Tests with a Hall effect probe confirmed that the field 

in the air gap of the magnet was uniform to within less 

than 5 over the area of the largest senple. 
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Fig.2.10 The Heat Treatment Apparatus. 
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CHAPTER 3. The Basic Measurement System and Initial Results. 

3.1 A comparison between  the magnetically and electrically, 

induced magnetoelectric susceptibilities.  

The expression characterising the magnetoelectric 

effect was given in equation 1.1 and is 

Qi= 	 3.1 

where Qi is polarisation induced by field F. More. 

specifically, equation 3.1 may be written in two ways, 

Pi= c<iiBi 	3.2 

where o(ij characterises the magnetically induced magneto- 

electric effect, or 

3.3 

wheref3ji characterises the electrically induced effect. 

Pi and L are induced electric polarisation and magnetisation ij 

respectively. It may be shown (O'Dell 1965), using the 

method of Nye (1956) for example, that 

OCi~= 	 3.4 

Equation 3.4 says that the tensor characterising the_ 

magnetically induced magnetoelectric effect is equal to 

the transpose of the tensor characterising the electrically 

induced effect. The importance of this result will be 

seen in the next section. 

3.2 Ths_practical implications ofc<ij— 

The first step in the development of a'practical 
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system with which the magnetoelectric susceptibility of 
Cr203  crystals could be measured, was to decide 'which of 

the two basic approaches, described by equations 3.2 and 

3.3, should be adopted. It has been shown that the au 

of equation 3.2 is equal to the transpose of f3ji of 

equation 3.3 and this simplified the situation. Clearly, 

in this case, the magnitude of the induced effect would 

be dependent only on the relative intensities of fields 

which could be applied to a sample. A simple calculation 

showed that the energy density of magnetic fields easily 

attainable in the laboratory was considerably greater 

than that obtained with electric fields attained with 

comparable ease. For example, for a magnetic flux density 

of 0.025 Wb/m20  

Fm= 113.H = B2/2110= 2.5x102  J/m3  

For an electric field of 105 V/m, 

Fe  = :1;E.D = 	o E2= 0.44 J/m3  

Comparing Fm  and Fe, it is seen that an increase in E of 

nearly three orders of magnitude would be required to 

produce a comparable energy density. One order of 

magnitude increase would be about the maximum possible, 

however, as above this value electrical breakdown would 

occur in any practical insulator. This pinpoints the 

advantage of the use of magnetic fields in that no 
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breakdown problems exist. 

Before making a final decision, however, the practical 

implications of the magnitude_ of induced polarisation in 

both cases was considered. From previously published 

work (Jstrov 1961, Martin and Anderson 1964) a value for 

190:111  in good single crystals of Cr ,03, of about 5x10-4  

was expected. Using equation 3.2 with a magnetic flux 

density of 0.025 a/M2, 

P = 5x10-42;0.02.5//). el= 3.3x10-8  C/m2  

If a crystal shaped in the form of a simple parallel plate 

capacitor was assumed and the plate area was estimated 

at 2.5x10-5 m2 (a 5mm square crystal), the charge 

available for producing a voltage signal across the 

plates of the capacitor was calculated as 

Z=3.3x10-8x2.5x10-5=8-.25x10-13 coulombs. 

Assuming a sample thickness of 10-5metres, the sample 

capacitance would be between two and three picofarads. 

The extra shunt capacitance added by associated measuring 

apparatus also had to be taken into account in order to 

calculate the final signal level and although this should 

be kept to a minimum, to give maximum sensitivity, it. 

would probably be difficult to keep this contribution 

much below 20pF. Assuming a total value of 20pF, 

= 8.25x10-13/20x10
-12= 4lmV 

• 
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Thus, a voltage of the order of 4OmV was expected to be 

induced between the faces of a small sample when a 

magnetic flux density of 0.025 Wb/m2  was applied. 

In comparison, the magnetisation expected in the 

same sample as a result of the application of an electric 

field of 105 V/m was calculated from equation 3.3 as 

5x10-4x105/110c = 0.133 A/m. 

This is equivalent to a magnetic field some two orders 

of magnitude less than the earth's field. Using search 

coil techniques for detection would require a very large 

time rate of change of M to give even a reasonable pick-up, 

necessitating a driving electric field of very high 

frequency. 

One of the main requirements of any system is that 

the signal to noise ratio should be high and it is quite 

clear that this criterion would not so easily be attained 

using the electric field induced effect. The much 

greater signal voltage obtained with magnetic driving 

fields, coupled with the simplicity of transforming 

electrical polarisation into a voltage signal, clearly 

demonstrated the superiority of the magnetic field induced 

system for the measurement of the magnetoelectric effect. 

The geometry of such a system is shown diagrammatically 

in fig.3.1. 
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Fig.3.I The Basic Geometry of an (M OH  Apparatus. 
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3.3 A comparison between wideband and narrow band_lystems. 

Havirc,  decided upon the basic geometry of a measure-

ment system, the question arose of whether to adopt a 

wideband (pulse) or a narrow band (sinewave) driving 

field. The decision not only rested upon a simple 

consideration of signal to noise ratio in each case, but 

also upon the fact that, ultimately, the system would. 

be  used to measure domain reversal. Thus, the expected 

advantages and disadvantages of each system were evaluated. 

3.3.1 The narrow band system.  

In adopting a sinewave fixed frequency system the: 

magnitude of the driving field and its frequency were 

the two major unknowns. The first of these was decided 

from consideration of the minimum._ acceptable signal. 

Setting this level at 5mV the necessary flux density was 

found to be about 30x10-4 Wb/m2. Two criteria were 

taken into account in deciding the frequency of the 

field. First, this frequency had to be much higher than 

(/the dielectric relaxation time}, this being a.function 

of total capacitance and shunt resistance of the sample 

plus measuring system. Secondly, it had to be much 

greater than the frequency characterising the switching 

time of the sample under domain reversal. This switching 

time, judging from the results of Martin and Anderson 



(1966), would be of the order of 10
3 

seconds, while 

the CR or dielectric relaxation time constant of the 

sample and measuring system was likely to be much less. 

In section 3.2 the total capacitance of sample plus 

system was estimated at about 20pF. If the shunt 

resistance could be kept as high as 5E0., the time 

constant of the signal decay would be 100Psec. A 

minimum field frequency of around 501:Hz would be practical. 

Assuming that the required magnetic field would be 

produced by a solenoid, the field at the centre of which 

is given approximately by 

B=i4onto  

where n is the number of turns per metre and Io is the_ 

current, it was found that for a solenoid of 100 turns 

wound over• 10cms on a 3cms diameter core, 

Io= 30x10
-4
/41x10

7
x10

3 
= 2.4 Amps 

and total current through the solenoid would be given by 

1=1osinarrft 

where f is the field frequency. Neglecting end corrections, 

the inductance of the solenoid was given by 

L =1, 01x,2n21 

where r is the radius of the coil and 1 its length. 

Using the values suggested above L was estimated at 

about 9011110  whence it was calculated that about 50VA 
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would be required to establish the given field in the 

solenoid. 

Having produced the minimum required signal in the 

sample, the problem arose of discriminating the signal 

from the noise inherent in the system. The sample, as 

placed in the magnetic field, would have the form of a 

capacitor and as such would have conducting electrodes 

of some description on its parallel faces. This would 

introduce noise from two separate sources. First, an 

emf would be induced in the electrodes due to the 

sinusoidally varying driving field and secondly, a 

voltage would be induced due to the stray capacitive. 

coupling between electrodes and the solenoid winding. 

In each case the noise signal would be 90°  out of phase: 

with the induced signal and, in a perfectly balanced 

system, should be exactly the same for each electrode. 

Unfortunately, the waveform of the noise signal would 

be continuously varying and could not be satifactorily 

eliminated simply by common-mode rejection in the 

measuring apparatus. The alternative was to use phase 

discrimination techniques and this has been the approach 

of most workers using a narrow band system. Such 

techniques are not completely effective, however, and 

a residual noise signal would always remain; 
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Finally, the response of a sinewave system to the 

domain switching described in section 1.2 was considered. 

The effect of domain reversal on the signal is explained 

in fig.3.2. In (a) the crystal is one oe domain and 

the nett signal is in phase with the field, the contribution 

from a:-  domains being zero. In (b) the crystal contains 

equal volumes of each type of domain, giving a zero nett 

signal, while in (c) the crystal is one oC domain giving 

a maximum signal in antiphase with the driving field. 

The change of phase at zero signal is better understood 

in terms of a change in sign of induced signal rather 

than a simple change in phase. Combining the information 

given in fig.3.2 into a continuous reversal of domain 

state with respect to time, the signal might be expected 

to appear as shown in fig.3.3, that is as a form of 

amplitude modulated sinewave with the low frequency 

modulating waveform representing the domain switching 

process. There is one important difference at the zero 

signal point, however, for here the change of phase 

would occur and here a normal phase sensitive detection 

system would lose the signal. Unless a system could be 

devised to detect and amplify signals both in phase and 

in antiphase with the reference signal, it would only 

be possible to follow one half of the domain reversal 
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Fig. 3.2 The Effect of Domain Reversal on a Sinewave Signal. 
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process. 

3.3.2 The wideband system.  

Following a similar line of enquiry, the behaviour 

of a pulsed magnetic field system was investigated. As 

in section 3.3.1, the magnitude and pulse repetition 

frequency (prf) of the system were first estimated. By 

the same criteria as those used in section 3.3.1, the 

minimum flux density was set at 30x10 4  73/m20  but when 

calculating prf two quite different constraints were 

used. First the pulse length had to be short compared 

to the exponential decay of signal, characterised by 

the total capacitance and shunt resistance of sample and 

measuring system, and secondly the prf had to be large 

compared to the frequency characterising the switching 

time. Thus, in the first instance, the pulse length 

had to be much less than 100Psec while the prf, compared 

with an expected equivalent switching frequency of about 

500Hz, could be made about 5alz. Using the approach of 

the previous section, the current required in the solenoid 

was estimated to be about 2.4 Amps and assuming a pulse 

length of 2Psec, a voltage of the order of a kilovolt 

would need to be applied in order to establish this 

current in a time short compared to the pulse length. 

Unless the current was established this rapidly, field:  
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fluctuations would occur over the duration of the pulse 

and the apparatus could not be considered a pulse system. 

With these values, and using the 	duty cycle, an 

average power of about 24 watts would be needed to 

produce the required field. 

The noise problem in a wideband system was of a 

different nature from that discussed in the previous 

section. As in the narrow band system, there would be 

pick-up due to a changing magnetic field and due to stray 

capacitive coupling between sample electrodes and the 

solenoid winding, but in this case the noise would only 

appear while field and voltage across the solenoid were 

actually changing; that is only during the rise and 

fall times of the pulse. Between these two points 

there would exist a period where the signal amplitude 

would be representative of the magnetoelectric effect 

only and accurate noise-free measurements could be 

made. Using this time discrimination technique noise 

could be effectively reduced to zero. The situation is 

shown diagrammatically in fig.3.4. 

Finally the response of a pulsed field system to 

domain reversal would be rather• different from that of 

the sinewave system discussed in section 3.3.1. Again 

a change in the sign of cx would be indicated by a change 
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in sign of pulse amplitude, zero amplitude being indicative 

of equal volumes of each type of domain, but in this case 

changing 	with respect to time would yield a train of-

pulses of differing amplitude, as shown in fig.3.5. No 

difficulty would be experienced in detection of signal 

when the nett domain state changed sign and displaying 

pulse amplitude would give a measure of the entire domain 

switching process. 

3.3.3 The advantages of a wideband system.  

In conclusion, a comparison of the two systems 

discussed in sections 3.3.1 and 3.3.2 indicated the 

several advantages of using a wideband apparatus. Power 

requirements would be less, noise signals, which would be 

discrete rather than continuous, could yield a very high 

signal to noise ratio and the switching process should 

be relatively easy to detect and display. Thus it was 

proposed to use a pulsed magnetic field system to monitor 

0(
il 
 throughout this project. 

3.4 The pulsed magnetic field apparatus.  

The basic system used to monitor the magnetoelectric 

susceptibility of the Cr203  plates is shown in fig.3.6. 

This system was originally developed by OTell (1965) and 

was available complete and ready for use at the start 

of the project. Subsequently substantial changes and 
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Fig.3.5 Response of a Wideband System to Domain Reversal. 
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additions were made to the apparatus in order to achieve 

the measurement of switching characteristics of the 

crystals, but these modifications will be discussed in 

chapter 4. The principles of operation of the system 

and its overall performance are outlined in Appendix D. 

The polarisation induced by the pulsed magnetic 

field appeared as a pulsed voltage waveform on the 

oscilloscope screen. The absolute value for oiLli  was 

calculated from a consideration of the parameters of the 

circuit and the pulse height; the method of calculation. 

is outlined in Appendix E. 

3.5 The measurement of static domain properties 

The first half of the experimental work carried out 

in this project dealt with the variation ofcAll  as a 

function of applied annealing fields in a series of heat 

treatment processes of the type outlined by Shtrikman 

and Treves (1963). 

3.5.1 Initial characteristics of the material.. 

The first measurements taken on the pulsed magnetic 

field apparatus were of 0411 
vs temperature. The aim of 

this was to estimate the value 02cN 
and to compare the 

temperature dependence obtained for this quantity in 

the region of the Neel point with that reported by other 

workers. In this way a check could be made. on the 
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quality of the crystals. 

First sample 7.2 was annealed in parallel fields of 

106  V/m and 0.39 Wb/m2  and the signal was measured at 

20°C. Pulse amplitude was found to be 105mV using a 

pulsed magnetic field of 0.025 Vib/m2. Sample area was 

45.4x10 6m2 and Gt  of equation E.2 was 31.5pF whence, of 

was found to be -1.14x103 taking the gain of the cathode 

followers into account. This value of- cAll  was higher than 

expected, the previous highest value for Cr203  being 

reported by Martin and Anderson (1964) at 0411 =.8x10
4
. 

The main factor contributing to the high value reported 

here, was probably a higher degree of perfection in the 

crystals used. The measurements were repeated for 

sample 7.1 ando<II 
was calculated to be -1.10x10-3 at 20°C. 

These values are equivalent to a maximum o% in the region 

of 250°K of about 1.2x10
3 

This value was confirmed by 

Mercier (1968e)onsample 7.3 cut from the same boule as 

samples 7.1 and 7.2. 

The graph of (XII  vs temperature is shown in fig.3.71 

for sample 7.2 over the range 288°K‘T‘TN  and it is 

seen that the Neel point indicated by our results was 

slightly lower than that given by Astrov (1961). No 

significance was attached to this result, however, as 

the temperature indication in the experiment was only 



12)5154  

10T  

8- 

2_ 

0 	I 	 f 	I   
15 	17 	19 	21 	23 	25 	27 	29 	31 	33 °C 

Fig.3.7 	all  vs Temperature —Sample 7.2. 
-.1 
0 



71. 

accurate to approximately -±e0, while Astray gave no 

mention of the errors in his system. The graph of fig.3.7 

was also plotted for sample 7.2 annealed in parallel 

fields and for sample 7.1 annealed in both parallel and 

antiparallel fields. The results on each occasion were 

identical within the limits of experimental error. Thus 

it was concluded that the crystals grown for the project 

were of good quality, having a large value forcKil  of 
- 

about 1.1x10
3 
 at 200C. 

3.5.2  The temperature memory effect. 

It was decided that the first series of experiments 

should be concerned with the temperature 'memory' effect 

reported by Martin and Anderson (1964) in a polycrystalline 

sample. They discovered that the sample, previously 

annealed to give co of known sign, could be heated above 

TN  and cooled in the absence of biasing fields and would 

retain the sign of ocn  from the original heat treatment. 

Heating to about 6000 was found to destroy the effect. 

No investigation into the possible existence of this 

effect in single crystals had been made and it was felt 

to be of some importance to ascertain whether or not it 

could be observed, and to attempt to find an explanation 

in the event that it did. 

A standard experimental procedure was .laid down as 
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follows:- 

i) A sample was annealed from a known temperature TA  in 

the presence of fixed electric and magnetic fields. 

ii)oc,
I was measured at 20°C, this being made a standard 

temperature for subsequent measurements ofoky . 

iii) The sample was heated to a temperature TH, in 

excess of TN, and cooled in the absence of biasing fields. 

iv)c was remeasured at 20°C. 

v) Steps i) to iv) were repeated for increasing TH  and 

the value of o(1, at 20°C was plotted against TH. 

Five runs were made for values of TA  of 65-C (twice), 

110
o
C and 142°C  (twice). Curves plotted for 65°C and 

142°C are shown in figs.3.8 and 3.9. All results indicated 

that both sign and magnitude of of.,
I 
were retained for the 

range TN4TH:TA,but that only the sign was retained 

for TAG TH  0.80°C. The figure of 180°C is approximate 

varying slightly for each run. Above 130
o
C o(1, was found 

to become random in sign and magnitude. 

Clearly TA  was of some importance and two tests 

were devised to attempt to provide more information on 

the precise function of this quantity. First a crystal 

was annealed from 125°C to give a positive o$ and then 

attempts were made to reverser), by applying large fields 

below TN. The reasoning behind this was that if a sample 
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heated above TN  retained the sign of mu  from a previous 

heat treatment, then heating a sample that had been 

annealed positive and switched negative through the 

Neel point, might result in the switched negative faCil  

changing sign to a 'remembered' positive value. However, 

it proved impossible to switch the annealed sample below 

TN  and so this possibility could not be tested. The 

second test involved annealing a sample positive frcim 

125°C and then reheating to 100
o
CI  applying fields to 

give negatived and cooling through a small range of-

temperature, removing the fields before TN  was reached. 

The range of temperature over which the fields were 

applied was gradually increased but it was found that 

they had no effectI cKli  remaining saturated positive 

until the fields were left on through the Neel point. 

The results obtained definitely confirmed the 

existence of the temperature 'memory! effect in single 

crystals of Cr203  and showed a previously unreported 

dependence upon original annealing temperature. Although 

TA  was of obvious importance, however, it was found that 

unless fields were actually applied at the transition 

point no annealing occurred. 

The memory resembles a similar effect reported in 

hematite by Blackman and Gustard (1964), GUstard (1967) 
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and Gallen (1968). These authors found that when hematite 

was cooled through the Morin transition from a weak 

ferromagnetic to an antiferromagnetic state, the domain 

pattern vanished as would be expected. On subsequent 

heating, however, the domain pattern reestablished itself 

in its original form. The effect was attributed to small 

regions of ordering, stabilised by strained regions 

within the crystals, remaining weakly ferromagnetic 

below the Morin transition point. 

It is more difficult to propose a situation of this 

sort in 0r203. In the first place, cooling a crystal 

through its Morin transition changes the magnetic structure 

from one ordered state to another, whereas cycling a 

crystal of chromium oxide through its Neel point causes 

it to pass from a magnetically ordered to a disordered 

state. Furthermore the role of the annealing temperature 

is hard to understand. Nevertheless, the effect is 

almost certainly magnetic in origin and must therefore 

require some ordered structure. It is possible that 

small regions of each type of ordering are bound to 

microscopic strain centres in the crystal and application 

of electric and magnetic fields above TN would cause 

unfavourably orientated regions to revert to higher 

energy centres. In the subsequent cooling process these 



centres would remain locked in position, the energy of 

constraint being a function of applied fields and 

annealing temperature. Heating above TN, but below TA, 

would not substantially affect the bound centres and 

the original domain state would be 'remembered'. Heating 

above TA would tend to release the thermally bound 

reverse orientated centres and the precise domain state 

of the crystal would no longer be retained. A similar 

model was proposed by Martin and Anderson (1964). In 

the light of this explanation, however, it is difficult, 

to understand why applying annealing fields above TN  

had no effect on the final domain state of the sample. 

Unfortunately, in the absence of further evidence, no 

alternative explanation can be conceived. 

3.5.3 The dependence of a
II 

upon annealing fields. 

The variation ofa with electric and magnetic 

fields applied during heat treatment has been measured 

accurately for ceramic samples by O'Dell (1965). Some 

measurements have been made on a single crystal by 

Martin and Anderson (1964) but it was felt that a 

systematic series of experiments was required as a first 

step towards investigating the nature of antiferromagnetic 

domains in chromium oxide. 

The four parameters of the annealing process are 
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electric field, Magnetic field, annealing temperature 

and cooling rate. The effect of cooling rate has been 

investigated by Astrov (1961) who claimed that rapid 

cooling in the absence of biasing fields reduced the 

normally observed value of cAll. Martin, in a private 

communication with O'Dell however, reported that very 

rapid cooling in the presence of annealing fields had 

no effect. Thus it was decided to use a standardised 

annealing temperature and slow cool the samples in air, 

reducing the number of parameters to two. The variation 

of o with these two quantities formed the basis of the 

work reported in this section. Tests were carried out 

initially maintaining magnetic field constant and plotting 

0(0  as a function of electric field. The sample orientation 

was preserved in each annealing operation and the results 

obtained for sample 7.1 are shown in fig.3.10. Two 

points immediately stand out; first the curve does not 

pass through the origin and second the curve is not 

symmetrical about the o(1+ =0 axis. Thus the crystal 

domain state appears to be influenced by a magnetic 

field alone and the crystal itself displays a preference 

for one domain type, results perhaps not surprising in 

the light of previous reports (Astrov 1961, Rado and 

Folen 1962, Foner and Hanabusa 1963, Martiri and Anderson 
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1964, 1966). Although such effects have been reported 

fairly extensively, however, no satisfactory explanation 

has been recorded in the literature. 

In order to investigate the magnetic field annealing 

effect in sample 7.1 the variation of oku  with applied 

magnetic field was measured, maintaining TA  constant 

and electric field zero. The results, shown in fig.3.11, 

do not show any reproducible variation in magnitude of 

oc with field, but do show a definite sign dependence. 

The variation ofcN with electric field was then measured 

for sample 7.2, keeping TA  and magnetic field constant, 

and is shown in fig.3.12. Once again the non-symmetry 

of the curve and its non-zero value at E=0 are clearly 

visible, but comparison of fig.3.10 with fig.3.12 shows 

intercepts of opposite signs on the E-axis and maximum 

slopes on opposite sides of the E =0 line.  

Consideration of the data gathered suggested the 

existence of a term in the free energy of each domain 

dependent upon magnetic field, but independent of electric 

field. The term appeared to be of opposite sign for the 

two types of domain such that, in a fixed magnetic field, 

a preference for one type of domain over the other would 

appear. 

Two possibilities which would explain the interaction 
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of the magnetic field with the domain structure were 

considered. First, the crystals as grown by the Verneuil 

technique were inherently very highly strained, as a 

result of the large thermal gradients present during 

growth, and an interaction between magnetic field and 

stress seemed a possibility. Another result of the 

rapid cooling during growth might be to 'freeze in' a 

high vacancy concentration which could give rise to a 

small magnetisation in a domain if the vacancies settled 

preferentially on one sublattice. Since domains are 

related by the t-3-t transformation, the magnetisation 

would change sign between domains and give preferential 

ordering in a constant magnetic field. There was no 

evidence to suggest that a vacancy should settle on one 

chromium site rather than another, however, and it seemed 

more likely that a stress-magnetic field interaction 

which could give rise to time-antisymmetric terms in the 

free energy, would be responsible. Such an interaction 

would be the piezomagnetic effect characterised by 

Ft=  QiikaijI8k 	3.5 

where crij  is stress and Qiik  is a rank three axial 

c-tensor. 

An attempt was made to change the stress pattern 

in sample 7.1 by heating it to 1800°C in ait at a pressure 
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of 100ti in a Metals Research PCA 10 furnace. The 

temperature was held at 1800°C for 30 minutes and then 

the furnace was cooled at a rate of 400°C per hour for 

21 hours. It was then switched off and cooled to room 

temperature in a further 11 hours. A certain amount 

of thermal etching had occurred and the overall size of 

the sample had been slightly decreased. After a short 

polish the sample was returned to the apparatus and the 

graph of all vs E, B and TA  constant, was remeasured. 

The result is shown in fig.3.13. 

It was of interest to note that although the annealing 

had had a considerable effect on the graph (the curve 

before annealing is included for comparison), the value 

of c.c had not noticeably changed. It was also noted 

that as for sample 7.2 in fig.3.12, the two curves of 

fig.3.13 had opposite intercepts on the E-axis and 

maximum slopes on opposite sides of the E =0 line. 

In an attempt to explain this feature, the characteristic 

was remeasured with sample 7.1 inverted. Previously it 

has been said that care was taken to maintain the sample 

in a fixed orientation during each set of measurements. 

The results for both possible orientations of the annealed 

sample 7.1 ar© shown in fig.3.14, the two sets of points 

being fitted to curves of identical form. This clearly 
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indicated that sample orientation vas of importance. 

Summarising the results of the magnetic field 

dependent term, it was noted that:- 

1) The energy term changes sign under time inversion. 

ii) The energy term changes sign under space inversion. 

iii) The term is independent of electric field, confirmed 

by the invariance of mil  before and after annealing. 

iv) It is likely that stress affects its value. 

3.5.4 A new term in the free energy.  

The simplest term fulfilling all of the above 

requirements would be of the type given in equation 3.5. 

From symmetry arguments, however, Qiik  could not exist 

in the point group a. Postulating a stress gradient 

represented by a rank three polar i-tensor, however, 

equation 3.5 becomes 

Ft= Qijklcrij/6xkB1 	3.6 

In this case,jkl  is a rank four axial c-tensor and 

purely from symmetry arguments may exist in Cr203. 

Considering the rhs of equation 3.6 it is noted that 

F is of opposite sign in each type of domain (q.,, is  Ft 1j 

time antisymmetric), that Ft  changes sign under space 

inversion (oCrij/ xic›-)C5ii/bxk) and time inversion 

(gijkl-4'"Qijkl)s and that reversing B1  also changes 

the sign of Ft. Thus the term given in equation 3.6 
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could explain the phenomenae that have been observed. 

Qualitatively the situation can be explained as 

follows: assuming that Q and ocn  are of the same sign then, 

in the presence of parallel electric and magnetic fields, 

the energy of an of domain may be written 
Fcc  = ..dEB —Q,cY/bxB 	3.7 

while 	Fec, = otEB 	berroxB 	 3.8 

whence subtracting 3.8 from 3.7, 

F- -F — -2 (0( FAB Q ics/bxB ) 	3.9 

Reversing the direction of E gives 

F _ -0((-E)B -Q2)orAxB 	3.10 

and 	Fet, = et(-E)E,  -t-QWbxB 	3.11 

whence subtracting 3.10 from 3.11, 

101 	-2(0(EB -q-ociaB) 	3.12 

Thus the energy difference between domains, which is 

assumed to be the cause of the formation of one type of 

ordering at the expense of the other, is greater for of 

domains in a (+E) field than for 010- domains in a (-E) 

field. At E=0, equation 3.9 shows that oc ordering 

will preferentially form. Thus an 0(li vs E curve of the 

form of that shown in fig.3.15(a) would be expected.-

Using the same argument the sample can be inverted, 

changing the sign of bicebx, and the curve shown in 

fig.3.15(b) would be obtained. This is just such a 
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result as has been observed. 

Returning to the original situation with the energy 

difference between domains given by equation 3.9, if the 

sign of B is reversed, equation 3.7 becomes 

For  = -c(E(-3) -Q.60,/x(-B) 	3.13 

and 	pc& 	ck-E(_.B)+Qcrtbx(-B) 	3.14 

whence subtracting 3.13 from 3.14, 

-2(dafr cl46./xB) 	3.15 

Comparing equations 3.9 and 3.15, the energy difference 

between domains is identical for positive and negative B 

and at B=0 the domains are energetically equal. This 

means that the curve of (All  vs B, with E and TA  constant, 

should be symmetrical about the origin. The results of 

such a series of measurements are shown in fig.3.16 for 

sample 7.1 and, although there was some non-linearity 

near B=0, the curve was indeed symmetrical about the 

origin. The experimental confirmation of the prediction 

is clearly a strong piece of evidence supporting the 

proposed effect. However, partial removal of <316x 

by annealing should give a curve for okes E where the 

difference in slopes is decreased and where the new 

slopes should lie between the two original extremes. 

Comparing the curves of fig.3.14 shows that this was not 

the case. On the other hand nothing is known of the 
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magnitude or direction of )0/bx, either or both of which 

could have been changed by annealing. Furthermore, 

from symmetry arguments, it can be shown (Birss 1963) 

that 37 of the 81 components of Qij ki  would be non-zero. 

In the light of these considerations the validity of 

the proposed model can neither be proved or disproved. 

Three further points of interest emerge. It was 

realised that bending a sample to change the value of 

3(7,/x should affect the slopes of the annealing curves. 

Unfortunately this proved to be a practical impossibility. 

A single crystal sample about 2cm long would have been 

required and this was considerably larger than the 

biggest crystal grown for this project. The material 

was also very brittle and it is doubtful whether bending 

would have been mechanically feasible. The second point 

emerges from a consideration of equation 3.6. Differen-

tiating with respect to magnetic field, 

Mi=3Q,ijkl(70xk 	3.16 

Equation 3.16 predicts the existence of a magnetisation 

proportional to stress gradient which is a possibility 

not so far considered. Although it has been said that 

such an effect would be difficult to measure in Cr203  

because of the difficulty of bending the crystal, it is 

reasonable to suggest that it may also exist in other 
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non-piezomagnetic crystals having mechanical properties 

more suitable for measurement. The third point to emerge 

is that just as in equation 3.6 for a magnetic field, a 

term could equally well be proposed of the form 

F'  2scr /)x- E pq r s 	 3.17 
and purely from symmetry arguments there is no reason 

why such a term should not exist. In this case, however, 

>locirs  is a rank four polar i-tensor and would not change 

sign between domains. Thus such an effect would not 

influence domain formation in Cr203. Differentiation of 

equation 3.17 with respect to electric field would yield 

a polarisation proportional to stress gradient. It is 

tempting to call these postulated effects 'piezo-magneto-

electric' effects, but such a term has been coined by 

Rado (1962) to describe a quite different effect. 

3.6 Summau. 

The initial work on Cv203  has included accurately 

measuring cKil as a function of temperature from 15°C to 

the Neel point. The value of cxil  at 20°C was found to 

be 1.1x10
-3 which equivalent to a maximum value of about 

1.2x10
-3
, the highest value reported to date. This has 

been attributed, in the main, to the high degree of 

perfection of the samples. 

The temperature 'memory' effect of Martin and 
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Anderson (1964) has been investigated and a correlation 

between original annealing temperature TA  and the 

temperature to which a sample can be heated, while still 

retaining the sign and magnitude of oku  from the annealing 

process, has been found. It has also been confirmed 

that although TA  is of undoubted importance, o(u  is not 

influenced unless fields are applied actually at the 

Neel temperature. A simple model has been proposed to 

explain the effect, although it does not seem to correlate 

with all experimental data. 

Finally, the dependence ofcA li upon electric and 

magnetic annealing fields has been measured and earlier 

reports of a magnetic field influence on domain formation 

have been confirmed. It has been found that relieving 

the stress in a sample changes its characteristics as 

does inverting it. In the light of these observations 

a term in the free energy has been postulated, dependent 

upon magnetic field and stress gradient. It was possible 

to predict from this that a curve of °Culls B, with E 

constant, should be symmetrical about the origin. 

Measurement confirmed the prediction. Consideration of 

the postulated energy expression of equation 3.6 shows 

that it, should manifest itself in terms of an induced _ 	. 

magnetisation proportional to stress gradie.nt. This 
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would prove extremely difficult to measure in Cr203, but 

may be detectable in certain other non-piezomagnetic 

single crystal materials. 
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CHAPTER 4. Domain Switching_ in Cr223.  

4.1 Introduction.  

Measurement of the dynamic response of domain walls 

to applied switching fields in Cr•203  single crystals, 

was the most important aspect of this project. From a 

practical point of view it was also the most difficult 

because normal electronic methods of detecting wall motion 

could not be used. These consist of using a small winding 

mounted on a specimen to detect the changes of magnetisation 

as domain walls pass through the sample. Chromium oxide 

is a zero-moment antifer•romagnet, however, so such methods 

were of no use. Instead, the basis of the measurement 

system had to be the observation of a domain dependent 

property of the material, the magnetoelectric susceptibility 

in this case, as a function of time during domain reversal. 

4.2 The performance required of a suitable apparatus. 

The initial requirements of an apparatus able to 

detect domain reversal in Cr203  were for a system capable 

of repeatedly monitoring the magnetoelectric susceptibility, 

o< at a rate high enough to yield detailed information 

on the variation of c<11 during a switching process. It 

also had to be capable of generating large magnetic and 

electric fields and establishing their uniformity in a 

time negligible compared to the switching time. It had 



already been decided to use a pulsed magnetic field 

system for all measurements so that the apparatus would 

be similar to that shown diagrametically in fig.3.l with 

additional facilities to enable switching fields to be 

established rapidly. 

Yartin and Anderson (1966) had confirmed that 

application of sufficiently large magnetic and electric 

fields to a single crystal of Cr203  brought about domain 

reversal, reporting a switching time of about 10
-3 

seconds, 

although the fields invoking this change were somewhat 

indeterminate. This figure enabled specifications of 

the proposed system to be listed in some detail. First, 

with a switching time of the order of imsec expected the 

prf of the driving magnetic field had to be variable up 

to at least 5KHz.otherwise insufficient information 

would be obtained durirg domain switching. Now the high 

power pulse generator driving the Helmholtz coils produced 

its maximum 40A pulse current at 50Hz and frequency could 

only be increased at the expense of- current, otherwise 

power requirements became excessive. Consequently, the 

current to the coils would have to be considerably reduced 

thereby decreasing the voltage signal induced in the 

sample to a low level. In this case the less-than-unity 

gain of the original balanced amplifier would not be 
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sufficient and this circuit would have to be replaced, 

ideally by a high gain, wideband, differential amplifier. 

secondly, with a switching time of about 10-3 seconds 

expected, the magnetic and electric fields instigating 

domain reversal would have to be established in 100Psec 

or less. Finally, a method for displaying the switching 

process in a way suitable for recording had to be devised. 

4.3 The sample support system.. 

It was decided at the beginning of the work on 

domain switching to change the sample support and electrode 

system. As described in Appendix D, the samples were 

originally supported in a /sandwich' type of configuration 

with the grid electrodes maintaining contact with the 

sample surfaces by pressure. The advantage of this 

system was that it was relatively sturdy and enabled a 

large number• of samples to be taken in and out of the 

apparatus. Its drawbacks were that the grid electrodes 

were difficult to manufacture and were liable to give 

imperfect contact with the crystal surfaces. In order 

to observe domain reversal in 0r203  it was necessary, 

amongst other things, to apply a uniform electric field 

to the crystal and to do this, electrodes making excellent 

contact with the crystal were needed. It was concluded 

that thin film electrodes evaporated onto the crystal 
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faces would be a more practical proposition. Details of 

the new electrode structure are given in Appendix F. The 

two grid-type screening electrodes were also removed and 

were replaced with thin film equivalents. A similar 

grid structure was used, but in this case the grid 

pattern was simply produced by a photo-etching technique 

described in Appendix G. 

4.4 The wideband differential amplifier.  

The two drawbacks of the cathode follower wideband 

amplifier described in Appendix D were that it had zero 

common mode rejection and a gain less than unity. It 

was proposed to design a transistorised, high gain, 

differential amplifier for the modified apparatus and 

necessary features of this new amplifier were:- 

i) Low input capacitance; the input capacitance of the 

amplifier would appear in parallel across the crystal 

and it was clearly important that the crystal should 

represent a large proportion of the total capacitance 

of sample plus apparatus, otherwise the sensitivity of 

the system would deteriorate. The original amplifier 

had an input capacitance of only 3pF and it was proposed 

to match this value with the new device. 

ii) High input impedance; the real part of the input 

impedance of the amplifier would appear in'parallel 
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across the total capacitance of sample plus apparatus. 

The RC time constant thus formed would determine the 

rate at which the induced voltage signal would decay. 

It was necessary for this time constant to be much 

greater than the length of the driving field pulses or 

noticeable signal decay would occur in this time. 

Estimating the total capacitance of sample and apparatus 

at 20pF and using 2Psec pulses, 

-12 	-6 aao,c) 	:61 I. :.2x10 n 

whence R in  100Kr2. 

A value of input impedance of at least 1MC)-was required. 

iii) Low output impedance; the output impedance of the 

amplifier had to be matched to the characteristic 

impedance of the cable linking amplifier to oscilloscope 

or there would not be total absorption of the pulses 

reflected from the high impedance input to the oscilloscope. 

In this event, there would be oscillations in the cable 

and a distorted waveform would appear on the oscilloscope 

screen. It was proposed to use 50flcoaxial cable to 

link amplifier to oscilloscope. 

iv) A high bandwidth; the amplifier would be required 

to follow the fast rising edge of the magnetic field 

pulses with no distortion. The rise time of the pulses 

was estimated to be at best 10Onsec so a bandwidth of.  
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10MHz was estimated to be more than adequate. 

v) High voltage gain and full differential operation; 

both of these features would enhance signal to noise 

ratio. The voltage gain would boost the relatively low 

signal levels while full differential operation would 

provide considerable attenuation of common mode noise. 

The final amplifier design is described in detail 

in Appendix H. The device functioned well and its 

performance is summarised below:- 

Voltage gain 	 120V/V 

Input impedance (each channel to earth) . 	9M11 

Input capacitance (each channel to earth). 	5pF 

Output impedance (each channel to earth) . 	501L 

Rise time • 	• 	• 	22nsec 

Common mode rejection . 	 35dB 

Noise voltage referred to input 	350PV 

4.5 Establishing the magnetic and electric switching fields.  

Establishing the switching fields to instigate domain 

reversal presented considerable practical difficulties. 

From initial measurements it was estimated that fields 

of the order of 6.5x10
5
V/m and 0.371b/m2 would have to be 

applied and would have to attain uniformity in a time of 

100/Asec or less. Establishing a steady magnetic field 

of this magnitude in 100Ysec was not possible although 



102. 

switching on the required electric field in the given 

time would not be difficult. Thus it was proposed to 

initiate wall motion by applying a steady magnetic field 

and then triggering on the electric field. This would 

be equivalent to establishing the E.B product with the 

rise time of the electric field and from equation 1.17 

it was known that the field product was the driving 

force behind wall motion. 

The requirements of a circuit to establish the 

electric field in a crystal were as follows:- 

i) The capacitance of sample plus associated apparatus 

would have to charge to voltages of the order of 650V as 

rapidly as possible, best achieved through a low resistance. 

ii) A high impedance would have to be maintained across 

the sample to avoid signal distortion and ultimately 

signal loss. 

iii) The short rise time of the electric field would 

generate a very large differential noise spike in the 

system and the differential amplifier, designed to be 

sensitive to a few millivolts, would have to be protected 

from this spike. 

Two points emerged from these requirements; first, 

the contrasting impedance requirements of i) and ii) 

and second, the need to protect the differential amplifier 
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from large signals while maintaining its facility to 

detect and amplify small signals. The problems were 

solved by constructing a circuit containing a number 

of diodes used both as gates and as voltage dependent 

impedances. The final design is discussed in Appendix-I. 

4.6 The _problem of dis-ola3ring the results. 

The preceding two sections have described the 

circuitry required to monitor the magnetoelectric 

susceptibility of a crystal while large switching fields 

were applied to it. The output of the apparatus was a 

train of pulses each pulse being started and ended by a 

noise spike, these being the result of the rise and fall 

of the driving magnetic field. If each pulse was displayed 

singly it was a simple matter of time discrimination to 

separate the magnetoelectrically induced signal from 

the noise. If the time base of the oscilloscope was 

slowed to a rate suitable for observing the expected 

switching process, however, the horizontal resolution on 

the oscilloscope screen was insufficient to display the 

pulse waveform. At a scanning rate of 100Psec/cm, for 

example, the complete pulse plus noise spikes would 

occupy only 0.02mm on the horizontal scale. Even if 

the intensity could be increased sufficiently to show 

the pulse it would not be possible to discriminate directly 
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between pulse and noise. Only complete elimination of 

the noise spikes and increased horizontal sensitivity 

would allow the switching process to be accurately observed 

in its entirety. The first of these requirements was 

impossible to achieve by normal attenuation techniques 

and so an intensity modulation ;sampling! technique was 

evolved, where only those parts of the pulse waveform.. 

carrying useful information were displayed. Fig.4.l(a) 

illustrates the pulse as it appeared on the oscilloscope.  

screen, while fig.4.1(b) shows the waveform that was 

passed to the intensity modulation input-. The result 

was to brighten two parts of the trace, as shown in 

fig.4.1(c), and when the overall intensity was reduced, 

only the artificially brightened parts of the trace 

remained visible. The time base on the oscilloscope 

was then slowed to a rate suitable for observing the, 

switching process and the original train of pulses 

appeared as a series of dots set in pairs, one above 

the other, each pair representing the magnitude of the 

pulse at that instant in time. The photograph of fig.4.2 

shows the trace as it appeared on the screen. Clearly, 

applying switching fields at a suitable instant on the 

trace would showcgu  changing in magnitude in a form• 

eminently suitable for recording. 
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Fig.4.1 Intensity Modulated Pulse Waveform . 
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4.7 The completed apparatus. 

The final task in building the apparatus to measure 

domain switching behaviour was to link the various pieces 
described in previous sections, such that the whole 

system would function satisfactorily. It was necessary 
to produce several pulses to trigger the oscilloscope 

time base, the magnetic field pulses, the electric field 

switch and the intensity modulation pulse generator. 

The electric field had to be switched on at a well-defined 

and reproducible instant in time while the intensity 

modulation generator had to produce a series of double 

pulses accurately timed and separated by a very short 

delay. Clearly, it required a fairly complicated series 

of pulses to activate the system and because of the time 

scales involved, the whole series of triggering operations 

had to be performed automatically. To complete the 

observation of one switching process the total requirements 
were:- 

i) Trigger the oscilloscope time base once, the first 

step in the process. 

ii) Trigger the high power pulse generator a few micro-

seconds after i) and at a prf high enough to give sufficient 

information during domain reversal. 

iii) Trigger the intensity modulation pulse generator at 
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the same prf as ii) but about 11-4sec earlier, such that 

the two intensity modulation pulses may be produced just 

before and just after the triggering of ii). 

iv) Trigger the electric field switch once at a well-
defined instant after i) 

Four pulse generators were required to programme_ 

the whole cycle of operation. The heart of the system 

was a Hewlett Packard 222A pulse generator, PG1, used 

as a master control to govern the rest of the system. 

The high power pulse generator was denoted PG2, while:  

for the intensity modulation pulse generator, PG3, a 

Hewlett Packard type 214A instrument was used. The 

electric field switch was triggered by a Hewlett Packard 

17513 delay generator denoted PG4. Fig.4.3 shows the 

pulse programme= required to drive the system and may be 

understood as follows:- 

1. PG1, which was free-running, triggered PG3, PG4 and 

the oscilloscope timebase. 

2. PG3 produced a short pulse to the intensity modulation 

input of the oscilloscope. 

3. PG1 produced a delayed pulse to trigger PG2. 

4. PG2 triggered and switched on the current to the 

Helmholtz coils. 

5. PG3 produced a second pulse to the intensity modulation.  
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input of the oscilloscope. 

6. PG2 switched off the current to the Helmholtz coils. 

The steps 1 to 6 were repeated at a time interval governed 

by the free-running prf of FG1 with the exception that 

the oscilloscope time base would not trigger again until 

the sweep across the screen was completed. 

7. Finally, the long delay generator PG4 triggered on 

the electric field at a suitable point on the oscilloscope 

screen to instigate domain reversal. 

Fig.4.4 shows diagrammatically the display as it appeared 

on the oscilloscope screen with the timing of the pulses 

indicated and numbered 1 to 7- as above. 

Thus, the system was assembled and a photograph of 

the completed apparatus is shown in fig.4.5. A switching 
process was recorded in the following manner. The 

magnetic field was switched on and the shutter on a 

Hewlett Packard 196B polaroid oscilloscope camera was 

opened. The series of pulses described above was 

instigated by allowing a pulse 1 through to the oscilloscope 

time base. To facilitate this, a one-shot switch was 

included between PG1, and the time base and PG4. In this 

way the magnetic field and intensity modulation pulses 

were allowed to free run, while control was maintained 

over the triggering of time base and electric field. 



 

3 
46 

1 	1 V Sc 

 

   

, . , 	. 
I
r  ; 
I 

-/V 1 
I, 
II 

.#1  i 

. ,#/"" =I "'"'• # 

	

I 	 I 

	

I 	 I 

	

= 1 	 I 
I 1 . , .., 

II , Ir•-- i=1-- - -.i 
i - 

	E field 

495 	497 	499 	501 
t Psec 

Fig.4.4 Oscilloscope Display Showing Timing of the Pulse Programme. 



Fig.4.5 The completed 
	

rr,f, 	f"]-)mclin switchiaL. 



113. 

Allowing a pulse through to the timebase and PG4 started 

a single sweep across the oscilloscope screen and armed 
the electric field ready for switching at a suitable 

point on the scan. Sample 7.4 was mounted in the manner 

described in Appendix F and a typical switching 

characteristic was recorded and is shown in fig.4.6. 

4.8 The switching results. 

4.8.1 Temperature dependence of threshold fields. 

The first switching measurements taken were of the 

threshold field product, the minimum applied field 

product that would bring about domain reversal, as a 

function of temperature. The temperature range over 

which the readings were taken was somewhat restricted, 

but since cc
ll  
 changes rapidly as T approaches TN  and the 

energy for switching derives from a and the applied 

fields, it was expected that this temperature region 

might produce results of some interest. The graph of 

fig.4.7 shows a plot of threshold field product (E13)0  

against T/TN  for sample 7.4. Before the measurements 

were taken, sample 7.4 was heated to a temperature in 

excess of TN  and cooled in the absence of biasing fields. 

This was to eliminate as far as possible any effects of 

previous sample history. 

The graph differs from the only previous measurement 
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of this characteristic (Martin and Anderson 1966) which 
indicated that (1 3)0 changed monotonically with exp(-a/T) 

right up to the Neel point. It was thought that the rapid 

increase in (R)0  as temperature approached TN, shown 

in fig.4.7, could well be associated with the equally 
rapid decrease of o( 11  over the same temperature range. 

Thus a plot of the threshold field energy density, given 

by 	Pt' 2GY )o 	 4.1 

was made as a function of T/TN  and is shown in fig.4.8. 
The form of fig.4.8 indicated that the threshold field 

energy density, and thus the energy pinning domain 

walls in place, approached a constant value close to TN. 

The shape of the curve at lower temperature was consistent_ 

with the exponential dependence reported by Martin an& 

Anderson, but close to the Neel point clear deviation 
from the exponential-type behaviour was observed. 

4.8.2 Domain switchinfs time as a function of applied  fields. 

The method of recording the switching process was 

described in section 4.7 and from the information gathered 

on each polaroid photograph, a typical one was shown in 

fig.4.6, it was possible to plot out accurately the form 

of the switching curve by assuming a linear change of 
between pulses. Generally speaking, however, the 

photographs were of sufficient clarity and detail to 
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render this procedure unnecessary. The switching time 
is  was defined as the time required for aIIto  change 

between 10% and 902: of the overall variation. Fig.4.9 

shows graphs of 1/tq  against applied field product for 

the inherently strained sample 7.4 and the annealed 

sample 7.1. It was found necessary to adopt the method 

of drawing the characteristic for the fastest switching 

times of sample 7.1. Although no information was lost 

there was some perturbation of the trace immediately 

following the electric field turn-on, attributed to the 

amplifier recovering from the overloading effects of the 

electric field noise spike. This perturbation made it 

difficult to assess the initial rate of change of o(11  

unless the characteristic was plotted onto paper. 

The results of fig.4.9 show a striking resemblance 

to results obtained for ferro- and ferrimagnetic domain 

reversal (see for example Menyuk and Goodenough 1955, 

Gyorgy 1956 and Dillon 1956) in that above certain 

threshold applied fields the inverse switching time 

increased linearly with applied field product. Detailed 

discussion and analysis of the results are postponed until 

Chapter 5. The measurements reported in sections 4.8.1 

and 4.8.2 were communicated to the IF211, Transactions on 

Magnetics and will be published in the December 1969 issue. 
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A pr•epr•int of the paper• is included as Appendix J 

4.8.3 Further switching results.  

Three points emerged from the results of section 4.8.2. 

i) The two samples had different values of (EB)0. 

ii) The two samples had different values for• the slope 

of the switching curves. 

iii) The strained sample 7.4 showed a switching time 

which tended to a constant value with increasing applied 

field product (EB)a. 

The first point is simply explained in that the 

threshold field product represents the force required 

to move domain walls from an equilibrium position. In 

a strained sample this force might well have to overcome 

contributions from strain fields and would therefore be 

expected to be larger. Discussion of the second point 

is left until Chapter 5, but the final point presented 

something of a problem. Reference to ferr•imagnetic 

domain wall motion data (for example Galt 1954) suggested 

that, if anything, inverse switching time should increase 

more rapidly at higher• applied fields. 

The clue to the solution of the problem was provided 

by data obtained on the annealed sample 7.1. It had been 

found that after• switching sample 7.1 once further 

switching was Impossible until the crystal .hadbeen cycled 
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through the Neel point. This effect was attributed to 

the fact that driving domain walls from relatively low 

energy pinning points could force all reverse orientated 

domains out of the sample. If the energy required to 

nucleate a new domain was high enough, it would not be 

possible to apply fields of sufficient intensity to bring 

about switching. Cycling through the Neel point, however, 

would produce regions of both types of ordering and 

domain reversal could occur once again. In this connection 

it was found that cooling a sample through TN  in the 

presence of large electric and magnetic fields, almost 

certainly into a single domain state, made the sample 

impossible to switch even under the influence of the 

largest applied fields. Subsequent heating through the 

Neel point, however, restored a low switching threshold. 

In contrast, the strained sample 7.4 could be 

switched back and forth at will indicating the presence 

of higher energy domain wall pinning points. If 

sufficiently large driving fields were to be applied, 

however, it would seem likely that the walls pinned to 

lower energy points would be swept from the crystal and 

subsequent motion would start from higher energy centres. 

Thus the saturation region of the curve for• sample 7.4 

could be explained in terms of a changing threshold field 
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product, (EB)00  the switching operations not all starting 

from the same initial conditions. The hypothesis was 

tested by repeating the measurements lying above the 

value of (EB)a  at which the switching curve deviated 

from linearity, taking care to cycle sample 7.4 through 

the Neel point between measurements. The results confirmed 

that as long as the sample started from the same initial 

conditions each time the inverse switching time continued 

to increase linearly with L() a-(EB)j 

The switching characteristics of the type measured 

for samples 7.1 and 7.4 and shown in fig. 4.9, have been 

studied extensively for ferro- and ferrimagnets and the 

slopes of the curves have been found to be slowly varying 

monotonic functions of temperature. Thus it was not 

expected that the slight variation in temperature 

available in this project would give rise to any 

significant changes in the switching characteristic. 

To test the validity of this assumption, Os  against 

field product was measured on sample 7.4 at temperatures 

of 19.5, 24, 26 and 3000. The results are shown in 

fig.4.10 and were found to lie close to one straight 

line showing that the slope did not change significantly 

with changing temperature. 
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4.8.4 The domain density_ 141 Cr2O3  

One important point to be resolved before the results 

could be accurately in_ter•preted was the problem of the 

number density of domains within each sample. Clearly, 

the larger the number of domains the shorter the distance 

to be moved by each wall in a reversal process and 

therefore the lower the domain wall velocity for a 

given switching time. Several facts pointed to the 

likelihood that the number of domains was quite small. 

First it was found that slow cooling a crystal through 

the Neel point in the absence of biasing fields, 

invariably left the sample with a large net N. Assuming 

that the probability of a given type of ordering appearing 

was the same for each domain, this could only indicate 

the presence of a small number of domains. Early workers, 

such as Astrov (1961), had reported this observation 

without drawing any conclusions from it. Weight was 

added to the argument by OlDellls (1965) observation 

that a ceramic sample, consisting of a very large number 

of crystallites and therefore a large number of domains, 

showed zero signal after• being cycled through the Neel 

point. 

The second fact was that the order of magnitude of 

the switching times indicated that only a few domains 
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were present. If, for example, small circular domains 

were assumed for convenience and their diameter was 

taken as lopk, wall motion of 5PLwould occur in the 

switching time. This would represent a wall velocity 
, 

of the order of 2.5x10 m./sec or one centimetre every 
40 seconds: Past wall motion experiments, although 

admittedly on other types of materials, have shown 

wall velocities several orders of magnitude in excess 

of this figure, rendering the assumed value for domain 

size improbably small. 

The third point is that Cr203 has no spontaneous 

magnetic moment and is therefore not subject to the 

energy constraints that give rise to domain structures 

in ferromagnets. In fact, as a result of the very large 

exchange and anisotropy fields, the presence of domain 

walls would increase the overall energy of a crystal. 

The lowest energy state that a crystal could assume 

would be as one single domain. 

Finally, if slow cooling through the N6e1 point 

was predicted to produce a few large domains then very 

rapid cooling might well produce a larger number and 

consequently a smaller nett value forcKa. This was found 

to be the case by heating a sample to a temperature 

above TN and dropping it into liquid nitrogen. Subsequent 
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measurement revealed c(II to be very close to zero. 

The points mentioned above all suggested that under 

normal circumstances, the number of domains in the Cr203 

samples was very small and therefore that the walls 

would move over distances of the order of the sample 

dimensions in a domain reversal process. The evidence 

was purely circumstantial, however, and it was felt 

that more concrete proof was required before the number 

of domains could be assumed to be mall. 

4.8.5 Experimental evidence on domain density in Cr2234  

The first experiment designed to investigate the 

domain density in Cr203  involved cutting a sample in 

half. The reasoning behind this was that if the switching 

process was brought about by the small amplitude motion 

of a large number of domains, the switching time would 

be unaltered by halving the sample. On the other hand, 

if the sample switched by the motion of one or two walls 

moving distances of the order of the crystal dimensions, 

a noticeable change should occur in the switching time. 

To this end sample 7.4 was cut in half and the domain 

reversal time was measured as a function of applied 

field product for both halves, designated 7.4a and 7.4b. 

Fig.4.11 shows the results obtained with curves drawn 

for samples 7.4a, 7.4b and 7.4. The graphs show a 
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significant decrease in switching times for• given field 

products, over the original sample 7.4. This clearly 

indicated that very few domain walls, perhaps only one, 

took part in the reversal process. It is interesting 

to note that the slopes of the curves for samples 7.4a 

and 7.4b were quite different, which vas an unexpected 

result. These slopes, which give a measure of domain 

wall mobility, might have been expected to be similar in 

magnitude. This point is discussed in Chapter 5. The 

values for (EB)o also differed for the three curves but 

this could be explained in terms of the wall pinning 

energy of faults and dislocations in the crystals. For 

example, it is easy to conceive that one half of the 

original sample 7.4 could have contained a higher 

dislocation density than the other, perhaps as a result 

of the original cutting and polishing process. This 

could provide higher energy wall pinning centres. 

Alternatively, there might have been a particularly 

bad fault, such as a hairline crack, in one half of 

the crystal. The important feature of the results is 

that the average of the curves for• samples 7.4a and 7.4b 

has the same value for• (EB)o  and a slope 2.06 times the 

slope for sample 7.4. This result strongly suggested 

that domain reversal could take place by the motion of 
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only one wall. 

The second experiment devised to investigate the 

domain density in Cr2C3  involved moving a wall from a 

known position. Sample 7.1 was heat treated in such a 

way as to position sn interdomain region at a known point 

in the crystal. Fig.4.12 shows how this was achieved. 

The sample was annealed in fields sufficiently large to 

give saturation of each half into a single domain region. 

The two halves of the slit electrode were then joined 

and the crystal vies returned to the apparatus. The_ 

value of °(was  found to be very close to zero, confirming 

the existence of two domains of nearly equal size. 

Switching fields of known magnitude were then applied 

and a switching time of 33msec was recorded. When these 

fields were originally applied to sample 7.1, a time 

of 45msec was recorded for a complete reversal process. 

A complete process is defined as o chancing from a 

maximum value of one sign to the maximum value of the 

opposite sign. Thus, the time to drive a gall over a 

distance of about half the length of the crystal vies 

approximately 70% of the time required to switch the same 

crystal from an initial state close to saturation. This 

evidence indicated that domain switching could involve 

wall motion over distances greater than half the length 
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slit electrode 

Cr2O3 plate 

Fig. 4.12 Heat treatment giving a domain wall 

in a known position. 
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of the crystal. 

A third experiment was conceived to attempt to show 

the existence of a single wall and this consisted of 

trying to switch a crystal in a uniform electric field 

and a non-uniform magnetic field. It was hoped that in 

this way, the wall could be accelerated through the 

crystal and that this would be mirrored by a deviation 

in the linearity of the switching characteristics, as 

photographed from the oscilloscope screen. Unfortunately, 

due to the geometry of the apparatus, it was not possible 

to obtain magnetic field gradients of sufficient magnitude 

to expect any noticeable change in the switching process 

and no changes were recorded. 

4.8.6 Optical measurements.  

It was decided to perform some optical measurements 

in a final attempt to locate a domain wall in 0r203. 

Birss and Shrubsall (1967) have shown that there should 

be no difference between the optical properties of domains 

related by the t-->-t transformation. This follows because 

Yaxwellls equations are time symmetric and therefore the 

electromagnetic waves cannot distinguish between regions 

coupled in this way. Nevertheless, it is possible that 

localised strains exist in the region of a domain wall 

and these strains could give rise to a rotation in the 
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plane of polarisation of a beam of polarised light. 

;;'hen viewed between crossed polarisers the strained 

regions would show as bright areas. 

Thin single crystal platelets of Cr203  were produced 

by the method described by Yao (1965). They generally 

grew with the c..axis perpendicular to the plane of the 

crystal and normally had a hexagonal or triangular shape. 

Their thickness was typically a few tens of microns and 

they were transparent to visible light. The crystals 

were mounted on a glass slide and viewed between crossed 

polarisers through a 'Union' microscope. Although bright 

narrow stripes were visible in several crystals, they 

were always associated with visible cracks in the 

platelets and were found to persist above the N4e1 point. 

The crystals were too small to anneal a wall into a known 

position, but an attempt was made to introduce walls by 

placing a platelet on a grounded aluminium foil sheet in 

a 0.4 V"o/m2  magnetic field and stroking the upper face 

with a fine wire held at a potential of 50V. No change 

was observed when the crystals were returned to the 

microscope. 

Transmission microscopy measurements were also made 

on the crystals used in this project, utilising infra-red 

techniques. Facilities did not exist to produce polarised 
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infra-red and only transmission of unpolarised radiation 

was possible. Although some features were visible on 

the screen of the image converter of the apparatus, 

nothing could be seen that could be attributed to 

magnetic effects. 

Although optical measurements had not shown the 

presence of antiferromagnetic domain walls in Cr203, it 

would appear, on the basis of the evidence presented in 

sections 4.8.4 and 4.8.5, that domain reversal could 

take place by the large amplitude motion of only one 

domain wall. The experimental evidence of the letter 

section in particular points to this possibility. In 

interpreting the switching results reported in this 

chapter, therefore, it will be assumed that a single 

domain wall moving across the sample is the mechanism 

by which switching occurs. 

4.9 Summary.  

In this chapter the development of a system to 

measure antiferromagnetic domain reversal i.n Cr203  has 

been described. First measurements of switching threshold 

field product as a function of temperature showed a 

previously unreported dependence close to T. Switching 

time has been recorded accurately as a function of applied 

switching fields for several samples. The results obtained 
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showed a strikinE resemblance to those reported for 

Cerro- and fer•r•imaGnets. Several experiments have 

indicated that the domain reversal process in the 

single crystals of Cr -.03  probably takes place by the 

large amplitude motion of a single domain wall. 
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CHAPTER 5. Discussion of Switching Results. 

5.1 Threshold field as a function of temperature. 

Measurement of the threshold field product as a 

function of temperature close to the Neel point revealed 

a sharp increase in (EB)0  as T approached TN, shown in 

fig.4.7, while the energy associated with this threshold 

was found to remain essentially constant in this range 

as shown in fig.4.8. These results contrasted sharply 

with those of Martin and Anderson (1966) who claimed 

that (EB)o varied as exp(a/T), decreasing monotonically 

with temperature. 

As a rule, the threshold field is taken to represent 

the effect of magnetic irregularities in a crystal on 

the domain walls and the magnitude of the threshold 

field varies with temperature in a way similar to the 

sublattice magnetisation. The measurements reported in 

section 4.8.1 indicate that this is not the case in 

0r203, for T close to TN, but that the threshold field 

is independent of temperature within this range. Thus 

it would appear that the domain wall pinning energy is 

non-magnetic in origin near the N4el point. It is known 

that as a single crystal of Gr293  cools through TNN  there 

is a macroscopic anomalous expansion along the c-axis, 

an effect first reported by Greenwald (1956). In an 
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attempt to account for the constant value of threshold 

energy close to the Neel point, it is suggested that 

the single domain regions undergo an expansion differing 

from that in the domain walls. In this case a strain 

field would be set up in the region of the walls. 

Consider a small reverse orientated seed domain in 

an essentially single domain environment. Suppose that 

the domain has a negative magnetoelectric susceptibility 

and that its radius r is small such that the strain 

field, set up as a result of the differing expansion of 

domain and domain wall, extends to affect its entire 

volume. The free energy of the seed domain in the 

presence of parallel magnetic and electric fields is 

then given by 
3 4 3 

1112 F s 31(11 (2°(11 TIIT/)  
where Fs  is the energy density of the strain field. 

For domain growth to take place the free energy of the 

system must be reduced, that is dF/dr must be negative. 

Differentiating equation 5.1, 

dF/d r = §11[3r2Fs  3r2( 20( if EB 	 5.2 

which is only negative for Fs< 20(11  F3. Thus the threshold 

field product is given by 

(E13) 0 = Fs/2x11 
	 5.3 

Fs would be a relatively temperature independent quantity 

5.1 
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so that the threshold field product energy, 20(1(EB)00  

should remain essentially constant. Such behaviour was 

observed for temperatures close to T as shown in fig.4.8. 

'.'when r is not small, the effect of the strain field 

may be confined to a shell of thickness w around the 

domain and the free energy of equation 5.1 becomes 
4 F=F + 4yr2  wFs _ 3Yr3  (2mIIEB) 	 5.4 

whence differentiating equation 5.4, 

dF/dr 	 r2(  2c1(IrA 	 5.5 

This is only negative for 2wFs/r<:2(AHEB and the threshold 

field product is given by 

(EB) 	vili‘ s/ ran 	 5.6 

and 

2aII(EB)0 =21,51s/r 	 5.7  

Fig.5.1(a) shows the variation of energy F with 

radius r for the first situation described by equation 

5.1. It is noted that there is a well-defined and 

constant threshold field independent of r. Fig.5.1(b) 

shows a similar curve for the situation described by 

equat$on 5.4 and it is noted that the threshold field 

varies with radius, there being possible thresholds for 

a number of values of 66. The observed constancy and 

reproducibility of 2c<u(EB)0  over many switching operations 

would seem to invalidate the latter situation. It is 
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(a)  

Fig.5.1. Showing the variation of free energy of a 

seed domain with domain radius for two models. 
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suggested, therefore, that the threshold field product 

near the N4el point is determined by the situation 

where the domain rsdius r of the seed domain is small 

and is given by equation 5.3. 

Unfortunately this simple model cannot explain the 

form of the threshold field curve over a wide temperature 

range, as the effects of the magnetic irregularities 

within the crystal have been neglected. This would 

seem to be a reasonable approximation for T close to TN  

but as temperature falls, the sublattice magnetisation 

increases and the effect of the irregularities can no 

longer be neglected. 

From equation 5.3 it would be expected that Fs  should 

be equal to 2c,(0(71)0  near TN. Now 

20( 1(EB)0  (T->TN)= 0.5J/m3 	5.8Th 

as shown in fig.4.8 and 

Fs= ,1- £2Y 	 5.9 

where E. is the strain in the medium and Y is Young's 

modulus. No information regarding either E. or Y can 

be found for Cr203, but some reasonable assumptions 

can be made. Newsome et al (1960) quote a value for 

the Young's modulus of alpha alumina of 50x10101Vm2  

at room temperature. This material is known to have the 

same structure as 0r203  and similar elastic properties, 
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so this value will be used for Y. The anomalous expansion 

of Cr 203  along the c-axis at TN  is known to be very small 

and the coefficient of linear expansion along the c-axis 

is known to be about 5x10-6/°C at room temperature. It 

is reasonable to guess that £ would be of the same order 

as the coefficient of linear expansion, for if it were 

much larger it could be measured relatively easily while 

if it were much smaller it would be beyond the limits 

of detection. A convenient value of 2x10-6 will be 

assumed for 8 when 

Fs = 2x10-12x50x1010= 0.5J/M3 	 5.10 

Thus it is seen that Fs  could be of the right order 

of magnitude for this model. Obviously the calculation 

is very approximate, but it does serve to show that if 

the original assumption regarding the different anomalous 

expansion of domains and domain walls is acceptable, 

then the model is at least feasible. 

5.2 The viscous datuingparfmeterp. 

The small amplitude periodic motion of a 180°  domain 

wall is described, as is that of a simple harmonic 

oscillator, by an equation of the form 

mv/1.7. + (3 	= 2 JA01,1 s11 	 5.11 

where 24MsH is the force on unit area of the wall and 

z is the small displacement from the equilibrium position 
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in a direction perpendicular to the plane of the wall. 

Physicelly equation 5.11 says that the small amplitude 

motion is determined by wall inertia mwE, where mw  is 

the effective mass of the wail, by the viscous damping 

forceN resisting motion and by the stiffness force z. 

Both mw  and Pare characteristics of the material and 

are therefore independent of inhomogenities within a 

crystal, while the stiffness force arises from interactions 

of the wall with imperfections in the material and t is 

therefore a structure sensitive characteristic of the wall. 

If fields are applied large enough to move the wall 

long distances, the effect of imperfections is irreversible 

and the interaction of the wall with the imperfections 

can no longer be described by a stiffness force. For 

the case of a wall whose velocity is either constant or 

slowly varying, equation 5.11 may be written 

-H0) 	 5.12 

where E is neglected and the effect of imperfections is 

described by assuming that the driving field is less 

than the applied field by an amount Ho  which is of the 

order of magnitude of the coercive force. 

Until fairly recently the change of domain wall 

energy across a crystal, due to the .presence of 

imperfections, has been regarded as a continuous 
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function of position. It has been shown by Rodbell and 

Bean (1956) and later by Baldwin (1968), however, that 

such an assumption is inconsistent with experimental 

results. If the assumption were true, the plot of 

average wall velocity against driving field should 

extrapolate back to the origin from high field values. 

A diagram illustrating wall energy as a smoothly varying 

function of position across a crystal is shown in fig.5.2(a) 

with an equilibrium wall position marked P. To drive 

the wall from P in a given direction, it is only necessary 

to apply a driving field to overcome the maximum potential 

barrier 60/6x. For• fields in excess of this value, the 

wall will move at a velocity independent of the presence 

of the imperfections. The same velocity would be achieved 

in a perfect medium having zero coercive force. Baldwin 

(1968) has calculated that the curve of average wall 

velocity against driving field should appear as in 

fig.5.2(b). Experimentally, a straight line relation 

of the type also shown in fig.5.2(b) is obtained. 

As an alternative, Baldwin (1968) has proposed that 

the defects in a solid may be represented as highly 

localised potential steps having energies greater than 

the wall energy. A point on the moving plane wall would 

hit a defect and would distort, the rest of the wall 
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(a) 
	1 

(b) 

Fig.5.2 (a) Wall energy as a smoothly varying function 

of position. 

(b) Wall velocity vs applieo field, experiment 

and theory. 
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moving on. Initially there would be no force on the 

defect as the wall would be plane, but as the deformation 

builds up, the wall would exert a force of 'surface 

tension' on the defect and energy would be stored at 

the deformation as a result of increased wall area and 

magnetostatic effects. The rigidity of the wall would 

allow the uniform pressure due to the applied field to 

be concentrated as a force on the defect. When the 

force reached the greatest value that the defect can 

exert, the wall would break free and relax towards its 

original state of planarity dissipating the energy of 

distortion in a viscous damping process. The fact that 

there is s velocity independent energy loss to the medium 

may be reconciled with the non-zero extrapolation of the 

velocity against driving field curve on the field axis, 

while the average velocity of the wall would be independent 

of the imperfections once the driving field was high 

enough to enable the wall to break free. Baldwin (1967) 

has gone into the precise nature of the defect-wall 

interaction but this is not of importance here. 

This model provides an elegant explanation of a 

ntmther of experimentally observed features of wall motion 

including a widely noted (see for example Mittel and 

Galt 1956), but not altogether understood effect, in 
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which wall motion was reported to begin with a very 

rapid rise and subseouent fall of wall velocity. 

5.3 The  damping constant  ( in Cr2Q3.  

It has been said in the previous section that the 

damping constant f3 is a characteristic of a material and 

is not a structure sensitive quantity. Thus it would be 

expected that the slopes of curves of domain wall velocity 

against applied fields, representing equation 5.12 in 

chromium oxide, would not vary from sample to sample. 

Graphs of inverse switching time against applied field 

product given in fig.4.9 show variations in slope between 

samples, however, and the reason for this is quite simple. 

Chromium oxide is a uniaxial material and is isotropic 

in the basal plane. The domain walls in a plate type 

sample, orientated with the c-axis perpendicular to the 

plane of the plate, would probably move in the a-b plane 

and therefore should show no preferred direction of 

propagation. It follows that there is no reason for 

the domain walls to move in a simple straight line and 

therefore it cannot be assumed that switching time is 

directly related to velocity via the dimensions of the 

sample, even if the presence of only one wall is assumed. 

Clearly, with the path of propagation unknown, the 

slopes of the switching curves can vary. Since a value 
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for (3 must be known before any theory can be put to test, 

however, it will be assumed that the smallest value of 13 
recorded, that for sample 7.1, is associated with the 

motion of a single wall directly across the crystal. 

From purely energy considerations, a domain wall would 

prefer to remain plane and only the presence of pinning 

centres would give rise to a non-planar wall. Since 

sample 7.1 was well annealed and likely to contain 

fewer and lower energy pinning centres, the closest 

approach to a true value for ( would probably be obtained 

from this sample. 

Experimentally, the results for sample 7.1 in fig.4.9 

may be described by 

(3v= 2NRPR)a- (a3)01 	5.13 

where v is the domain wall velocity. 

Recalling that induced magnetisation in the presence of 

an electric field is given by 

I; =0( E 	 5.14 

equation 5.13 may be rewritten 

(5v= 2))' M(Ha- H0) 	 5.15 

for a given electric field. This is identical to the 

expression of equation 5.12 for ferro- or ferrimagnets. 

The field independence of p at constant temperature was 
confirmed by, for example, doubling the electric field, 
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and therefore M, when the velocity was found to double 

leaving (3 unchanged. 

5.4 Reversal of magnetisation in a ferromagnet. 

It is proposed to pursue the similarity between 

equation 5.15 for Cr 223  and equation 5.12 for ferromagnets, 

in an attempt to explain theoretically the domain reversal 

process in chromium oxide. First, however:  relationships 

of importance are derived for a ferromagnet. 

Landau and Lifshitz (1935) first proposed a 

phenomenological theory for the reversal of magnetisation 

in a moving domain wall. To first order, the equation 

of motion of the magnetisation in the presence of an 

applied field H may be written 

	

)t=*A2j. 	 5.16 

where M is assumed to have spatial as well as time 

	

dependence and 	is 	the gyromagnetic ratio. Equation 

5.16 predicts that the magnetisation vector M will 

precess indefinitely about the applied field H. In 

practice, the stored magnetostatic energy vill be 

dissipated to the lattice and H will spiral into alignment 

with H. Two damping terms have been postulated to explain 

the loss mechanism involved. The first, by Landau and 

Lifshitz (1935) contains a term of the form 

	

15°(°LA(MAI-1 	 5.17 
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Gilbert and Kelly (1955) found that the limits imposed 

by the Landau Lifshitz term were inconsistent with some 

of their results and by an argument outlined in Appendix: 

K:  they proposed a new and more general term of the form 

0((M4) 	 5.18 

Under certain conditions it may be shown that the two 

terms ere equal (see Appendix L). The main difference 

between the two equations is that in the limit of infinite 

damping:  the Landau Lifshitz term predicts infinite 

dissipation while the Gilbert term predicts zero 

dissipation. Neither expression can be said to be 

definitely correct although the Gilbert term is more 

accepted as explaining the situation in practice. Thus 

the full equation of motion of magnetisation is written 

   

PAd1 

 

   

5.19 

    

5.5 The theoretical dampin constant in Cr203. 

In order to explain the motion of antiferromagnetic 

domain walls in Gr2031  it is first necessary to simplify 

what is a fairly complex situation. There is a magneto-

electric medium in the presence of magnetic and electric 

fields which cause it to be both electrically polarised 

and magnetised. Further, there is a domain wall of 

unknown position end structure moving under the influence 
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of the two applied fields. Two forces cause the wall to 

move. Application of an electric field causes the medium 

to become magnetised, each type of domain becoming 

magnetised in opposite directions. Subsequent application 

of a magnetic field gives rise to an energy differential 

between domains causing a force on the domain wall which 

in turn leads to wall motion. At the same time as the 

magnetic field causes wall motion, it also causes each 

type of domain to become electrically polarised in opposite 

senses. Since this polarisation is in the presence of 

an electric field this also gives rise to an energy 

differential between domains and thus to a force on 

the wall. 

The combined effects are taken into account in the 

experimentally derived expression of equation 5.15, but 

the phenomenological theory leading to the damping term 

of equation 5.19 pertains only to magnetic losses. The 

damping parameter for Cr203 should consist of two parts, 

one magnetic in origin and the other electric in origin. 

The material is a very low loss dielectric, however, and 

in the limit of a perfect dielectric, polarisation reversal 

may take place with zero losses. Reversal of magnetisation 

on the other hand, cannot take place. without losses even 

in an ideal medium and for these two reasons, it will be 
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assumed that losses stemming from polarisation reversal 

are negligibly small compared with magnetic losses. 

Thus, with the proviso that electrically induced driving 

force must be taken into account, it would be expected 

that the domain reversal process would be described by a 

similar equation of motion to that used for ferro- and 

ferrimagnetic domain reversal. 

On this assumption, a most important difference 

must be realised between domains in 0r203 and normal 

magnetic domains. The induced magnetisation in chromium 

oxide is very much analler than that found naturally in 

ferromagnets. Originating from the application of the 

electric field, Id would be given by equation 3.3 which, 

for the standard electric field used in all switching 

experiments, would give a value of 1.8 amps/metre. This 

compares with a fixed M for ferromagnets which may be 

of the order of 105amps/metre. This fact poses the 

problem of how to regard the magnetic structure of 0r203  

for calculation purposes. As far as the order of magnitude 

of M is concerned, the nearest approach would be to assume 

a weak ferro magnet type of structure. Weak ferromagnetism, 

however, is generally attributed to a canted spin structure 

giving rise to a small moment perpendicular to the spin 

axis. Thus, for such a system to yield a magnetic moment 
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parallel to the c-axis, the spins would be required to 

lie in the basal plane. It is known that the spins in 

Cr203 are aligned along the c-axis parallel to the induced 

magnetisation and such a fundamental difference would 

throw into question the validity of any results obtained 

in this manner. 

A second approach would be to regard the structure 

as ferrimagnetic with an unusually mall nett magnetisation. 

In an antiferromagnet, all sites for magnetic ions are 

assumed similar so that gyromagnetic ratios, exchange 

end anisotropy fields are identical for every site. A 

ferrimagnet, however, is composed of sublattices which 

have different crystallographic sites available for the 

magnetic ions. Thus, differences in the crystalline 

electric fields on the different sites would affect the 

angular momentum of the magnetic ions and the gyromagnetic 

ratios and anisotropy fields could not be expected to be 

the same. 

A system of i sublattices may be described as 

having a total magnetisation L and a total angular 

momentum S, where 

; s ; 	2riS 	5.20 

When solutions of the coupled equations of motion for 

the sublattice magnetisetions are examined, terms 
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involving sums and products of Si,Miand 	are encountered. 

It is assumed that these terms may be combined in an 

effective gyromagnetic ratio such that 

= f."VTS1 
	 5.21 

In Cr203, it is proposed to regard the small 

unbalance in sublattice magnetisations as a lattice of 

coupled pairs of spins having a magnetic moment 

me=  
and a gyromagnetic ratio 

6e (M1—M2)/(S1—  
A 180°  wall is postulated, separating domains weakly 

magnetised in opposite directions. Following the method 

of Smit and Vain (1959), it is possible to derive a 

relationship between wall velocity and parameters of 

the material for such a situation (see Appendix N) and 

velocity is given by 

v = 	 Ca `4 5.24 a  
where 8,0  is the domain wall width and H is the applied 

magnetic field. Multiplying bothboth sides of equation 5.24 

by (2)`0paC/Ye,Sbj), 

v( 2pballide,L ) = 2pamu 	 5.25 

Comparing equations 5.15 and 5.25 it is seen that the 

lhs of equation 5.25 is of the form 13v and is an expression 

for that part of the force/unit area required to overcome 

O., r 22 

5.23 
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viscous resistance to wall motion. Thus, theoretically 

p = 2)-k0oevw,s W 	 5.26 

From equation 5.15, 

= 2,vbne  ( a - Ho) /v 	 5.27 

and from the experimental results obtained for sample 7.1, 

v =1.0 m/sec, Ha = 1.5x105  A/m, Ho= 0.9x105  A/m and Ma = 1.8 

A/m . The value for v is based on the assumption that 

domain reversal took place by the motion of a single 

wall directly across the specimen. The validity of this 

assumption was discussed in section 5.3. Using the values 

quoted above, 

p = 0.275 K ril sec 	 5.28 

This value, at room temperature, compares favourably 

with (3 calculated for other materials, typical of which,  

are nickel ferrite for which 15 = . 2 3 Kg/1112sec (Galt 1954), 

manganese ferrite for which p =0.13 	m-9  sec (Dillon and 

Earl 1959) and yttrium iron garnet for which 13=-0.115 

Kg/m2sec (Wallas 1967). Using equations 5.26 and 5.28, 

a value for the Gilbert damping constant co( may now be 

calculated from 

o4. 	6e8,4/21,A01,ri e 	 5.29 

The two unknowns on the rhs of equation 5.29 are IC e  and 

S w. There is no way of accurately determining these 

quantities but it is possible to make reasonable guesses. 
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First fie, which is the nett magnetic moment of a pair of 

spins divided by their nett angular momentum, is not 

likely to be very much different from the gyromagnetic 

ratio for the isolated spin. This assumption cannot be 

justified rigorously but since neither sublattice is 

perturbed to any large extent, it would seem a reasonable 

approximation. The domain wall width, which is the second 

unknown, will be determined by a balance between exchange 

and anisotropy energies in the material. It is possible 

to conceive of a wall only a single lattice parameter in 

width, although the strong antiferromagnetic exchange 

interaction would seem to render this possibility very 

unlikely. There is an appreciable anisotropy energy in 

the material as well so walls of excessive width are 

equally unlikely. Judging from typical wall widths in 

other materials (see for example Kittel and Galt 190), 

a value of 10'7m will tentatively be assumed for SW, 
bearing in mind that this value may easily be an order 

of magnitude *in error. 

Substituting these values into equation 5.29, 

oc= 2.36x10
3 5.30 

This calculated value fora is very much larger than 

would be expected, typical values for ferrimagnets being 
0 

of the order of 10_A check on the calculated value 
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may be provided from the antiferromagnetic resonance 

data of Foner (1963). Now ocis given by 

0(= WAH/wro 	 5.31 

where AH is the linewidth and too  is the zero field 

resonance frequency. Using Fonerts results of Ali =--E3x104 

Alm and LU =6x101-1rad/sec, 

2.9x10-2 	 5.32  

Thus, although cx calculated from wall motion data is 

apparently very large, 0( from resonance data is of the 

expected order of magnitude. 

It was noted from equation 5.29 that °c is inversely 

proportional to magnetisation Me, which is an electric 

field dependent quantity. Assuming that 6e  and L are 

to first order independent of electric field, it follows 

that of must be electric field dependent in order to 

reconcile with the observed field independence of 13. 
It also follows that whereas Me  varies directly with 

applied electric field, °C is inversely proportional to 

it. Thus it is proposed that the true constant of the 

material is nog: a, but the product of aand Me, namely 

oc=cxme 	 5.33 

and that the equation of motion for magnetisation may be 

rewritten as 

e  [11 enfle] 	 5.34 
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The new constant d' will have dimensions of amps/metre and 

will take into account the most general case where 

magnetisation is not a constant of the material. 

5.6 The value of ohn a number  of maP.netic materials. 

Use of the new damping constant should permit fair 

comparison between ferro- or ferrimagnets, where M is 

large, and materials having very small values of M such 

as weak ferromagnets where, without this correction, 

artificially high values are obtained for the Gilbert 

constant. As a first check on this proposal, the 

calculated resonance value for ac which is the damping 

constant for a sublattice whose magnetisation is 4.8x104A/m 

(Artman et al 1965), may be compared with 0( estimated 

from wall motion data where M is 1.8 .A/m. From 

resonance data, 

oe res=o(M=2.9.Y.10-2x4,8):104 =1.4x103A/m 	5.35 

while from wall motion data, 

c<van= otMe  = 2.36x103x1. 8 =0-. 2/Ix1031Vm 	5.36 

Comparing equations 5.35 and 5.36 shows close correlation 

between resonance and wall motion experiments. 

As far as comparison with other materials is concerned, 

0( may be calculated for a number of typical examples of 

ferrimagnets and weak ferromsgnets and these sre summarised 

In the table given overleaf. 



157. 

11.aterial 
lagnetic 
structure ()(i_ m) Reference 

ar2O3 Antiferromagnet 4.24x103  

NiFe,-,604  Ferrimagnet 0.72x103 Galt (1954) 

Ir-nre2C4 Ferrimagnet 2.48x103 Dillon and Earl 

/LIG Ferrimagnet 1.82x103  Wanes (1967) 

YFe03  Weak ferramagnet 4.40x103  Umebayashi and 
Ishel;awa (1965) 

TmFe03  — 

EuFe03 Weak 0.63x103 Rossol (1969) 
LuFe0.3  — 

ferromagnets approx. Gianola and 
ErFe03 Thiele (1969) 

HoFe03  ._, 

Thus it is found that similar values are obtained 

for a new characteristic damping parameter c< for 

ferrimagnets, weak ferromagnets and an antiferromagnet 

where use of the Gilbert damping constant showed no 

correlation. It is suggested that this new constant 

should be adopted as the true characteristic damping 

parameter of a material covering the cases .where 

magnetisation Y. is either very small or is variable as 

in Cr203. 

It is significant that the spread of values fora' 

over a range of substances representative of three 

different classes of magnetic materials, should be less 

1959) 
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than one order of magnitude. On the assumption that c< 

is a characteristic of a material and that the correlation 

obtained for the various materials is more than coincidence, 

it becomes possible to use the range of a' valuesto place 

limits on the domain wall width in chromium oxide. 

Using the extremes of a! =0.72x103  for nickel ferrite and 
1 

40(=4.4x10' for YFe03, the domain wall width in Cr203  

becomes 17O4< Sw <1040X. This spread is large, but it 

does serve to show that the original assumed value of 

10001° seemed to be of the correct order. Unfortunately, 

it is a difficult matter assessing wall width in magnetic 

crystals and part of the fairly large variation in al  

could well be associated with wrongly assumed 5u, values

for other materials. For example, Umebayashi and 

Ishekawa (1965) have used a wall thickness in. YFe03  

derived from a comparison between exchange and anisotropy 

fields in their material and those in a similar material 

in which wall width was known. 

5.7 Domain wall structure in Cro03. 

The existence of antiferromagnetic domains in Cr203  

is now widely accepted and the presence of domain walls 

is not in dispute. What is still unknown, however, is 

the microscopic structure of these antiferromagnetic 

domain walls. Conventional techniques for observing the 
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position of domain walls in magnetic materials may not 

be used in chromium oxide and although the magnetoelectric 

effect can be used to show wall motion, it is unable to 

show wall position or to indicate wall dimensions. Thus, 

in attempting to deduce probable wall structure, it is 

only possible to use the few measurements that have been 

made and compare them with reported observations on 

other materials. In this latter vein Rossol (1968) has 

reported observations of domains in thulium orthoferrite, 

a weak ferromagnet having two nearly antiparallel 

sublattices directed along the 	and -a directions in 

its unit cell and a small nett moment directed along 

the c-axis, a second easy direction in the material. 

Below 800K, the sublattices are aligned along the +c 

and -c directions and Rossol has observed domain formation 

as the material is heated from this antiferromagnetic phase 

into its weak ferromagnetic phase. Based on the knowledge 

that the spins will be constrained to rotate in the a-c 

plane, he reports that on gradual heatircf, domain walls 

form up parallel to the b-exic, indicating the presence 

of :Teel walls. Clearly, the lowering of wall energy 

from the point of view of exchange and anisotropy energies 

outweighs the higher magnetostatic energy of the laCel 

wall. The balance must be quite critical, however, for 
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subsequent cooling shows a clear tendency for Bloch walls 

to form. 

Although TmFe03  has two sublattices and exhibits 

small nett magnetisation along the c-axis, it shows 

several important differences from Cr203  under the 

influence of switching fields. First chromium oxide is 

uniaxial and the spins can only rotate from the easy 

c-direction into a uniformly hard direction irrespective 

of whether they rotate in the s.-c or b-c planes, or any 

plane in between. Consequently there is not likely to 

be any preference for either Bloch or reel walls from 

exchange and anisotropy considerations. Secondly, the 

presence of the electric field induced magnetisation 

would tend to give a slight preference for Bloch walls, 

these having a lower magnetostatic energy than N4e1 

walls where spin rotation takes place normal to the 

plane of the wall. 

Considering the domain wall motion data obtained 

in this project, it has been possible to correlate figures 

obtained for a characteristic damping parameter with values 

calculated for several other materials. On the basis of 

this correlation, it is reasonable to infer that the 

walls in Cr203  are of a similar nature to those in these 

other materials. 
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It is suggested that in the presence of switching 

fields, Bloch type walls are present in chromium oxide 

separating the two possible domain structures. In the 

absence of switching fields, it would seem likely that 

either Blcch or 'Ael wails could exist. In the former 

case, spin rotation would be similar to that in a ferrite, 

each sublettice magnetisation rotating in the same sense 

in the plane of the wall. Wall width is estimated at 

between 170? and 1040 from a consideration of the 

correlation of the damping parameter with various other 

materials. The atomic scale spin distribution within 

the wall would be extremely complicated because of the; 

complex arrangement of the Cr2C6 lattice and no attempt 

is made to illustrate the wall in a diagram. 

In support of this proposition, the results of 

Al'shin and Astrov (1967) are of interest. They claimed 

to have observed a magnetoelectric effect perpendicular 

to an applied • field in a sample of Cr2O3 and have 

attributed the existence of this effect to the presence 

of domain walls. Certainly it is possible to show 

(O'Dell 1969) that an antiparallel arrangement of spins 

lying in the basal plane, as would be found in a Bloch 

or reel wall, could give rise to an orthogonal effect. 

Furthermore, Allshin and zstr•ov report a relationship 
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between the magnitude of their effect and the estimated 

number of walls in the sample. 

Finally, Gyorgy and Hsgedorn (1.968) have considered 

the possible domain wall structures in canted antiferro-

magnets, especially YFe03, and helve found that the 

equations of motion for Bloch and N4el walls are very 

similar, and that experimental results are well fitted 

by either. 
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CHAPTEa 6. Summary and Conclusions. 

6.1 The measurement system. 

The production of an apparatus to measure entiferro-

magnetic domain switching in 0r203  has been described in 

chapter 4. The basic system Was originally developed by 

O'Dell (1965) and was used intact to take some initial 

measurements. Subsequently, substantial additions and 

modifications were made in order to observe domain 

switching but despite the resulting increase in complexity, 

signal to noise ratio remained high. An intensity 

modulation sampling technique was evolved to display 

the domain switching process and in this way complete 

attenuation of periodic noise in the system vas achieved. 

Such a refinement was essential in view of the very 

large and rapidly varying electric and magnetic fields 

that had to be generated to observe domain reversal. 

The switching process was finally displayed on an 

oscilloscope screen in the form of ana l, vs time plot 

and was recorded photographically. 

annealin effects. 

The existence of the temperature 'memory' effect, 

initially reported by Liartin and Anderson (1964), has 

been confirmed and a previously unreported dependence 

upon the temperature used in the first heat treatment 
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of a sample has been found. A model has been proposed 

in section 3.5.2 based on the work of 31ac1 man and 

Gustard (1964), Gustard (1067) and Gallen (1968) and 

involves smell antiferromagnetic regions existing above 

the 14e1 point stabilised by strain centres within a 

crystal. The model is similar to the explanation 

originally offered by ;martin and Anderson (1964). It 

has not been possible to explain all experimental 

observations in the light of this proposition, but in 

the absence of more detailed experimental data, it is 

difficult to propose a better alternative. 

The variation ofoc ll   with electric and magnetic 

fields applied during heat treatment has been carefully 

measured for two samples. The main feature of these 

measurements has been the appearance of the magnetic 

field influence on domain formation. A stress gradient-

magnetic field interaction has been proposed in section 

3.5.4 to explain the effect and this theory showed 

excellent qualitative agreement with all experimental 

results. One feature of the postulate was that it was 

possible to predict that a curve of (A ll  against magnetic 

annealing field, maintaining electric annealing field 

constant, should be symmetrical about the origin. 

Lceasurement confirmed that this was the case. 
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Little attention has been paid to the form of the 

annealing curves, those features due to the proposed 

stress gradient-magnetic field interaction excepted. 

O'Dell (1965) has measured the variation of o4
:If with 

electric and magnetic annealing fields and has provided 

a theoretical explanation for the form of the curves. 

His theory was based on en assumed value for oCil  at TN  

together with the assumed presence of a sufficiently 

large number of single domain regions to apply Boltzmann 

statistics to the problem. Although this latter 

assumption is quite reasonable in a ceramic, there is no 

evidence to support its validity in a single crystal. 

In fact it is quite likely that only a small number of 

domain centres are present in such a medium at TN. 

Furthermore, it is a very difficult task to assign a 

value to c<ll   at T..A  . The experimental curves obtained 

in this project were sufficiently general in shape that 

any theory based upon these two quantities, neither of 

which are known to any degree of certainty, could 

probably be made to fit the results, although the validity 

of the fit would be open to conjecture. Thus, no attempt 

is made to explain the form of the curves in theory. 

6.3 The domain switchino; threshold field 
vo• ab. 
product. 

• ..1M 	 V. 4. 	 ••• 

The first 'switching measurements were of the variation 
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of domain switching threshold field product with temperature 

close to the Neel point. This region of temperature was 

chosen not simply as a matter of experimental convenience 

but also because oklk changes very rapidly for T close to T
1 .  

Thus the threshold field product mio.ht be expected to 

vary interestingly in this region. The only previous 

measurement of this function showed (E3)0  decreasing 

monotonically as exp(a/T). The results obtained In 

this project were consistent with this result until 

temperatures approached the Teel point. Then it was 

found that (E3)0  increased very rapidly with increasing 

temperature. By plotting the threshold energy, 20(11(1,A)01  

over the same temperature range it was noted that this 

increase seemed to be associated with the decrease off:Au  

in the same region. The graph, shown in fig.4.8, indicated 

the threshold energy tending to a constant value close 

to the Neel point surrgestirg that the domain wall pinning 

mechanism within this temperature range was non-magnetic 

in origin. 

A model was proposed in section 5.1 to explain this 

result, involving the anomalous expansion of Cr 203  along 

the c-axis as a crystal cools through the Neel point 

(Greenwald 1956). By postulating that domain walls undergo 

a different structural chance from the single domain 
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regions, it was possible to obtain approximate quantitative 

agreement between experimentally derived threshold energy 

densities and those that would result from the mechanism 

proposed. 

6.4 Domain reversal time. 

The reversal time for antiferromagnetic domain 

switching in Cr2O3  has been directly measured for the 

first time. As a result of the high sensitivity of the 

measurement system it was possible to monitor the magneto-

electric susceptibility accurately during domain switching. 

?lotting the inverse switching time as a function of 

applied field product, as shown in fig.4.9, showed a 

linear relationship bearing a striking resemblance to 

results found for ferro- and ferrimagnets. The similarity 

between results for Cr203  and those for these letter types 

of material was discussed in section 5.5 and by assuming 

that switching takes place by the motion of a single 

wall across a• sample, an assumption that can be justified 

experimentally to a large extent, the Gilbert domain wall 

damping constant was calculated for chromium oxide. 

6.5 The domain wall t1201125 constantc‹. 

The value for the domain wall damping constant 

calculated from the experimental results vas compared 

with the same quantity calculated from antiferromagnetic 



168. 

resonance data and was found to be some five orders of 

magnitude greater. A similar discrepancy existed between 

the experimentally derived value and those found for 

ferro- and ferrimagnets. row the damping parameter is 

not a structure sensitive ouantity, being a constant 

for a given material. It gives a measure of the rate 

at which a spin magnetic moment, set processing by the_ 

application of a magnetic field, relaxes towards a new 

equilibriwr position dissipatilt its stored magnetostatie 

energy to the crystal lattice. There is no basic reason 

why this relaxation process should be fundamentally 

different for antiferromagnets and therefore it might 

be expected that damping constants calculated for various 

types of magnetic material should be of the same order 

of magnitude. 

The damping constant opc, as defined by Gilbert and 

Kelly (1955), is a dimensionless quantity and theoretical 

calculation of its value involves the magnetisation of 

the particular material. Clearly, this quantity can 

vary enormously from the very high values for ferromagnets, 

through the small values for weak ferromagnets to the 

very small value for 0r203  in the presence of switching 

fields. It has been proposed in section 5.5 that c< is 

not in it6. most general form and that the true damping 
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constant for any material should be expressed as the 

product of the Gilbert constant a and the mazi;netisation 

of the material. 

6.6 The  new  damping constant c,(1 

In an attempt to verify the validity of the 

proposition suggested above, the new constant a1  has been 

calculated for Cr2 	(both from wall motion and resonance 

data) and compared with the same constant evaluated for 

a number of ferrimagnets and weak ferromagnets. As shown 

in the table of section 5.6, the value for all these 

materials lies close to 2x103  A/m showing close correlation 

where this was previously lacking. 

On the assumption that the correlation ofal for the 

various materials quoted was significant, it became 

possible to assume the value for a/  and from this calculate 

the likely domain wall width in 011203. This approach 

yielded a range of values for Sw  of 170/14(8,0<:1040g 

which seemed sensible in the light of reported wall 

widths in other materials. 

Finally, in view of the work performed, a speculative 

picture of the structure of an antiferromagnetic domain 

wall in Or203  has been presented in section 5.7. No 

point of the proposed wall structure can be verified 

with certainty, but the suggestions would appear to be 
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consistent with experimental data. 

6.7 Sugzestions for future work. 

A general survey of the achievments of this project 

reveals a need for future work that may be conveniently 

divided into two categories; 

i) work required to clarify end enlarge upon measurements 

already performed. 

ii) work reauired as an extension to that reported in 

this project. 

i) In the first category, further measurements are required 

to determine more precisely the nature of the temperature 

'memory' effect. It has been suggested by Blackman (1969) 

that if the explanation given in section 3.5.2, of small 

regions of ordering existing above TH  probably by strain 

stabilisation, is correct then an aging process should-

be observed in which the degree of 'memory' retention 

would be some function of time. Referring to fig.3.8, 

it is seen that for the region of TH  between TA  and 

about 180°C, there is a loss of magnitude ofocil  measured 

at 20°C although the sign is still retained. The 

suggestion is that selecting a fixed value for TH  within 

the range mentioned above and holding a previously heat 

treated sample at this temperature for a given length of 

time, should result in a loss of magnitude of N that 
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was time dependent. The simplest form of this time 

dependent function would be to imagine a loss process 

governed by a simple activation energy. Then, the rate 

of loss of Irememberedt magnitude of a u  at constant TH, 

would be given by en exponential expression containing 

terms relating the value of this magnitude at 20°C to 

the ntber of stable seed centres et Tril  as well as 

energy terms. Ultimately, a logarithmic dependence of 

retained magnitude on time would result. 

Experiments involving measurement of the time 

dependence of retained magnitude of 0.(11  at constant TH, 

could provide evidence to support the proposed explanation 

of the temperature 'memory/ effect and might give a measure 

of the activation energy of the process. 

ii) The explanation given for the observed magnetic 

field influence on domain formation in section 3.5.A 

suggests a further avenue for exploration and this is 

included in the second category as further measurement 

in Cr903 would probably not be of much use. The table 

overleaf :  however, lists the 21 magnetic point groups 

in which piezomagnetism is forbidden and in which the 

proposed stress gradient-magnetic field interaction 

could exist. A survey of magnetic materials in these 

classes might put forward a substance whose properties 
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mould be more conducive to allowing stress gradients to 

be applied. In this case the proposed existence of the 

effect could be sought. 

System 
Eagnetic 
point group System 

ragnetic 
point group 

Triclinic 7 Trigonal S' 

3m ronoclinic 2/m 

E/m err. 

Orthorhombic Orthorhombic =an Hexagonal 6/m 

.9./m 

6/mmm —__ 
6/mmm 

J./mmm 

mnrni 

Tetragonal 4/m 

lim 

4/mmm 

4/mmm. 
4/mmm 

Cubic m3 

m3m 
man 

Table showing the 21 magnetic point groups that cannot 

show the piezomagnetic effect yet may show the stress 

gradient-magnetic field interaction. (After Birss 19611.) 

Finally, it would be instructive to perform switching 

measurements on small single crystal platelets of Cr003. 

The technique for producing the platelets has been 

reported by Ira° (1965) and the crystals produced would 
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be of much higher quality structurally than those used 

in this project. Thus, the switching threshold field 

product would be expected to be considerably lower than 

values found in this work, giving a greatly reduced 

switching time for a given applied field product. This 

might render the performance of the material closer to 

that required for a practical data storage system, 

although it must be said that the magnitude of exit  in 

Cr203  is too small to realise a high density magneto-

electric memory store. 
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Appendix A. Magnetoelectric materials. 

Tme(°K)c< 

523 	10-5  

Material 

1) Ti203 

Magnetic 
point group 

ZM 

Form of me 
tensor. 

A 

2) Gay, 	Fe 0_ ,-x 	x m2m 205-305 5x10-3 

3) 1:1504.6H20*  422 411. 

4) 	Ni3B7°131  mm2 B. 64 4x10-3  

5) LiMnPO4  mmm C 34.8 3x10-4 

6) 	LiCoPO4  mmm D 23 En. 

7) LiNiPO4  23 OOP 

8) 	LiFePO4  mrnm 50 10-3  

9) TbA103  mrnm C 4 3.5x10-2  

10) nia* 
	

3m 	IMO 	 MS 

* second order effects (Ascher 1968). 

:Tote:- ot values are not all given at the same temperature. 

References.  

1) Altshin and Astrov (1963) 6) Mercier et al (1967b) 

2) wood (1969.) 	7) Mercier et al (19670' 

3) Hou and Bloembergen (1965) 8) Mercier et al (1968a) 

4) Ascher et al (1966) 	9) Mercier et al (1968b) 

5) Mercier et al (1967a) 
	

10) O'Dell.(1967) 

ion-zero components of the magnetoelectric tensors. 

A 	o(11=0(
22' 

04
33 
	B : cx23 cx32 

	

C : c<11, e(22, 0(33 
	D :0<1220(21 
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Appendix 13. Theory of the marneboelectric effect in Cr20.5.1  

The first microscopic theory of the temperature 

dependence of col  was published by Redo (1961) who 

calculatedcKH  in terms of magnetic susceptibility.; 

and sublattice magnetisation L and obtained Vo  from 

the reel-Van Vlack molecular field theory of a two 

sublattice antiferromagnet. Reasonably good agreement 

was obtained with experimental results but with two 

important shortcomings. First the theory failed to explain 

, the sign reversal of DC0  in the region of 100°n and 

secondly, no explanation was obtained for the non- 

vanishing value ofc7C as temperature approached absolute 

zero. 

Date et al (1961) suggested alternatively that the 

magnetoelectric effect was due to an interaction between 

spins of the same sublattice such that an electric field 

would reduce the molecular field for one sublattice and 

increase it for the other. This effect would be equivalent 

to a magnetic field and the conseauent induced magnetisation 

was claimed to give a better estimate ofcKH . In fact, the 

two-ion model of Date et al displayed exactly the same 

shortcomings as the phenomenological theory of Rado (1961). 

Redo and Folen (1962) conceded that this intra-

sublattice exchange interaction could give the same 
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temperature dependence as their own mechanism but they 

maintained that this latter model could not be dismissed. 

In a subsequent paper, Rado (1962) concluded that theoretical 

predictions could not be compared with experimental results 

in an entirely valid manner as the two sublattice model 

was not strictly applicable to Cr203. For example, his 

derivation of the temperature dependence of -X-11  showed 

this quantity going to zero as T approached 00K whereas 

Foner's (1963) results had shown that 	tended to a 

finite temperature independent value near 0°K. Rado 

suggested that this might be due to Van Vleck temperature 

independent paramagnetism and Izuyama and Pratt (1963) 

agreed. 

Alexander and Shtrikman (1966) first attempted to 

explain accurately the low temperature behaviour of 00(11  

by citing the work of Royce and Bloembergen (1963) who 

showed that an external electric field changed the g-factor 

of Cr3+  ions in an A1203  lattice. Alexander and Shtrikman 

reasoned that this change should be reflected in the 

magnetic moment of each sublattice and would give a finite 

and essentially temperature independent effect at low 

temperature. Calculation showed that magnetoelectric 

measurements would be very much more sensitive to shifts 

in g-factor than would electron spin resonance measurements 
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and in any analysis of the magnetoelectric effect, electric 

field induced g-shifts could not be neglected as they are 

for :ASR experiments. Further, Alexander and Shtrikman 

showed that the induced shift would be of the right order 

of magnitude to explain the low temperature behaviour ofoy 

In an extension of this work, Hornreich and Shtrikman 

(1967) demonstrated that good quantitative agreement could 

be obtained between theory and experiment for the 

temperature dependence of (All  by using a two sublattice 

model and easing the restrictions imposed by the molecular 

field theory. The relation between sublattice magnetisation 

and temperature was derived from the experimental results 

of Foner (1963) instead of from the molecular field theory, 

which cannot satisfactorily explain the form ofX11(T). 

The expression fora( was then derived using statistical 

averages computed from the ;fit. It was found that 

excellent all round agreement was obtained by attributing 

oC exclusively to an electric field induced g-shift, 

responsible for the non-zero value at 0°K, together with 

an electric field induced shift in the intra-sublattice_  

exchange interaction (Date et al 1961), which dominated 

0(
11 
in the region 100

oK<T< TN. 
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Appendix C. A magnetoelectric  memory store. 

A great deal of time and money has been spent in 

recent years in the search for fast access non-destructive 

read-out (Nmo) memory stores. Single and coupled thin 

films and plated wire elements ar•e among those systems 

currently favoured by research workers in the field, but 

these have one major drawback. Stored information is 

written in by a magnetic field and is read out by a 

magnetic field. The difference between read and write 

fields is often only a factor of four or five and the 

danger exists that read pulses may either change the 

state of a particular bit by themselves writing, or at 

least may cause domain wall creeping such that adjacent 

bits may spread into each other. Various ways have 

been postulated to surmount these problems and the most 

commonly used method is to employ a read-revr•ite cycle 

in which a particular• bit is interrogated, recognised 

and subsequently rewritten into the same original state 

by a second pulse. Clearly, such a system .is time 

consuming. Ideally, a read cycle is required that has 

no effect on the state of the particular bit being 

interrogated. 

It is possible to conceive of such a system using 

Cr203. A single crystal region of Cr203 may be annealed 
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or switched into either a positive or negative 

susceptibility state by the simultaneous application 

of electric and magnetic fields. The state of the sample 

may subsequently be read by applying a magnetic (or 

electric) field alone and therefore the read process 

cannot change the domain state of the crystal and would 

display 1.7DRO operation. 

Such a memory store has been proposed by Martin (1965) 

based on a switching method of writing information into 

small single crystal regions of a chromium oxide sheet. 

There are a number of practical difficulties involved 

in such a system, however, including the problem of 

preparing either large thin single crystals or sheets 

consisting of a large number of small crystals, and 

the problem of the large electric and magnetic fields 

required to switch the domain state below the Neel point. 

The design might be improved by using a polycryst-

alline film as the storage element and using a heat 

treatment process to write information. Although 

intuitively such a process would seem to be lengthy, 

Mee and Fan (1967) and Lewicki (1969) have shown that 

Neel point writing would be feasible. By utilising a 

scanning pulse laser, small regions of a film can be 

heated through 10 to 2000 and cooled again in very 
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short times of the order of microseconds. Combining 

such a refinement into a memory store using 0r203, with 

its convenient 176e1 point about 10°0 above room temperature, 

would allow information to be written considerably faster 

than with a switching process and et lower writing fields. 

(This assumes that the formation of domains as a result 

of the heat treatment process is not frequency dependent, 

en assumption that has not been proved for fast cooling 

rates). 
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Appendix D. The basic magnetoelectric apparatus.  

D.1 The Helmholtz coils.  

The pulsed magnetic field was produced by a 

Helmholtz coil pair. Each coil consisted of 14 layers 

of copper tape wound over one another having a mean 

diameter of 2cms. The layers were insulated from one 

another by Kraft paper impregnated with Araldite which 

also served to give the coils a firm structure. A 

diagram of the cantilever type of structure used to 

mount the coils is shown in fig.D.l. Current pulses 

were led into the coils along the outside surfaces of 

the cantilever strips, the inside surfaces being grounded 

to ensure that the HT line was kept well away from the 

crystal and its electrodes. The arrangement functioned 

very well and the Helmholtz coil pair provided a most 

convenient source of pulsed magnetic field. 

D.2 The high power pulse generator.  

The current pulses to the Helmholtz coil_pair were 

supplied from a hydrogen thyratron pulse generator. 

Pulses 2psec in duration and up to 40 amps in magnitude 

were obtained by discharging a 200m length of tJR67 5051 

coaxial cable through the thyratron and into the coils. 

The unit was originally designed to run at full power 

on a prf of 5Opps although frequency could be increased 



helmholtz coil 
X 40 Amp pulses 

amplifier 
input Cr203  sample 

•••• 	• 

grounded electrodes 

r/7/7/7,7/77/7#77#7  
'40 Amp pulses 

Fig.D.I Crystal Mounting and Helmholtz Coil Structure. 
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at the expense of current. 

D.3 The crystal mountinz  and  electrode structure. 

The Cr203 samples were mounted in a 'sandwich' type 

of structure illustrated in fig.D.1. Four electrodes 

were used, two to conduct induced signals from the crystal 

to a wideband amplifier and two grounded electrodes 

outside these to reduce the stray capacitance between 

field coils and crystal electrodes, thereby reducing 

noise pick-up. The electrodes were of a grid type of 

structure, made from 45?' enamelled wires lying parallel 

to each other. The wires were shorted at one end and 

open circuited at the other. By using this structure, 

only negligibly small circulating eddy currents could 

be set up and magnetic field penetration of the electrodes 

was found to be very rapid. Contact was maintained with 

the faces of the crystal by clamping the 'sandwich' 

together. 

D.A The wideband  amplifier.  

The amplifier used to detect the inducted polarisation 

in the sample consisted of a pair of cathode followers 

mounted on a sub-chassis behind the electrode structure. 

No additional gain was deemed necessary, the cathode 

followers themselves having a gain of 0.965. The input 

capacitance between each input and earth was only 3pF and 
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the output impedance was made 7550. to drive the cables 

connecting the amplifier to the oscilloscope. 

D.5 Temperature control.  

The temperature of the crystal was continuously 

variable between 0 and 60°C by means of Peltier coolers 
in thermal contact with the sample enclosure, giving 

control below room temperature, and by a 3W wire-wound 

resistor contained in the enclosure, dissipating heat to 

give temperatures above ambient. 

D.6 The master pulse generator and oscilloscope.  

A conventional Hewlett Packard type 222A pulse: 

generator was used to trigger the whole system and the' 

output from the wideband amplifier was displayed on a 

Hewlett Packard model 175A oscilloscope with a 1752B 

high gain vertical amplifier. One cycle of operation 

of the whole system, shown in fig.3.6, may be described 

as follows:- 

i) The master.pulse generator triggered the oscilloscope 

timebase starting a single sweep across the screen. 

ii) A short time later the master pulse generator 

triggered the high power pulse generator which in turn 

provided a current,• pulse to the Helmholtz coils. 

iii) The magnetic field pulse produced a voltage pulse 

at the input to the amplifier. 
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iv) The output of the amplifier was passed to the 

oscilloscope and displayed at the centre of the screen. 

(The position of the waveform could be adjusted by varying 

the delay time between i) and ii) to a suitable value). 

v) Steps i) to iv) were repeated at an optional prf 

determined by the free running frequency of the master 

pulse generator. 

The rise time of the magnetic field pulses was about 

200nsec and the maximum pulse amplitude was found to be 

0.025 Wb/m2 at a current of 40 amps. 
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Appendix E. Calculation.o±:o(u. 

Values for 0( 11  viere calculated from a consideration 

of the equivalent circuit of the sample plus measuring 

system shown in fig.E.1. In the diagram, CD  represents 

the capacitance of the sample and RD  is the resistance 

between the capacitor plates. C1 is the capacitance-

between each sample electrode and the outer screening 

electrodes, Co  is the self capacitance between the two 

sample electrodes, Cin  is the input capacitance of the 

amplifier and Rin  is the real part of its input impedance. 

Fig.E.l. Equivalent circuit of the measurement system. 

The total capacitance to be charged by, the magneto-

electrically induced polarisation is 

Ct  = C1/2 +C2 	in/2 -f-Crj, 	E.1 

From measurements made on a 7;ayne Kerr capacitance bridge 

at 1590Hz, it was found that 

CZ= C1+ Cin  =22.2pF 

rlin 

R in 
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and 	C 2-- C2  E0  /d = 17pF 

where A and d are the area and thickness of a sample 

respectively, whence 
, Ct= (Cl/ 2 C2  — EA/d +CD) 

C t= ( 28.1 —soAx3.012/d jp) pF  

Now the char3e supplied to give the pulse signal of 

amplitude e volts is e.Ct, whence polarisation in the 

sample is 

P = e.Ct/A 

But from equation 3.2, 

P = IIB/Poc 

0( 	ceCt/A.B 11 o 	 E.2 
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Appendix F. The modified sample electrode  structure.- 

Each sample was potted in a block of ,Stycastf 1263 

resin measuring 3"x1"xlmm. Each block vies machined such 

that the sample faces were flush with the surface of the 

resin. Small metal contacts were also potted into the 

end of each block and the final state of a sample is 

illustrated in fig.F.1(a). Thin films of fYinalphal 

were then evaporated through a mask onto the large faces 

of each block as shown in fig.F.1(b). Film thickness was 

estimated at 1C0e in each case by measuring one film 

and evaporating the rest under similar conditions. This 

thickness was of some importance in estimating the speed 

of penetration of the pulsed magnetic field through the 

film. O'Dell (1965) has shown that the time constant 

characterising magnetic field penetration of a metal 

film is expressed as pioaet, where o'is the conductivity 

of the metal, .the width of the film and t its thickness. 

Taking e=lcm, t=1000 then for the alloy used, 

pbo-et = 4 x10-7x2.4x106x10-2x10-7  = 3nsec. 

This time constant was considerably less than the rise 

time of the magnetic field pulses and the film would 

not perturb the uniformity of the field within a sample. 
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(a) 

Cr203 sample 
	Stycast resin 

) metal contacts 

CI= 

(b) 

thin film electrodes 

Fig.F.I Resin Sample Support. 



1 ,90. 

Appendix G. The modified  grid-type screening electrodes. 

The initial design for the grid-type screening 

electrodes, which were to replace those shown in fig.D.l, 

was first drawn out twelve times larger than the final 

required size. The pattern was then reduced photograph-

ically onto a glass plate. Gold-on-nichrome films were 

evaporated onto 3"xlt' glass substrates, the nichrome 

giving good adhesion to the glass while the high conduct-

ivity of the gold would prevent any eddy currents from 

giving rise to voltage signals in the screening. Each 

film was then covered with a suitable photo-resist compound 

and the photographic plate carrying the electrode pattern 

was placed on top. The whole assembly was exposed to 

ultra-violet light and then the metal film was developed, 

a process which removed the photo-resist from the unexposed 

regions. Finally, each film was placed in suitable 

etchants and the bared gold and nichrome removed leaving 

the original grid pattern behind. The rise time for 

magnetic field penetration of the electrodes was given 

by 'moo-et and for the lmm gold Grid strips 1000A thick, 

pocret = 4 x10-7x4.1x107x10-3x10-7  = 5.2nsec. 

which was very much less than the rise time of the magnetic 

field pulses. 
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Appendix H . The wideband differential amplifier. 

It was decided to use a matched pair of field effect 

transistors (FETs) arranged in a conventional bootstrapped 

source follower configuration as a first stage to the 

amplifier. Using PETS, inherently high impedance devices, 

it was possible to attain input impedances of several 

megohms. The particular device chosen was a Union Carbide 

2N3956 dual N-channel PET, consisting of two transistors 

constructed identically on the same silicon chip giving 

excellent matching characteristics and thermal stability. 

A Motorola MC1510G video differential amplifier was 

selected for the second stage of the amplifier and this 

device gave the circuit common-mode rejection, voltage 

gain and low output impedance. The full amplifier design 

is shown in fig.H.1. 

The gates of each PET were. grounded via two 

resistors and the sources were bootstrapped to the centre 

of this gate bias chain. The input impedance between 

each input and earth was measured at 9kaland the output 

impedance was found to be 500r1, considered to be 

sufficiently low compared with the input impedance of 

the integrated circuit to connect the outputs from the 

1ETs directly to the inputs of this device. The final 

output impedance of each channel was increased from a 



192. 

given 35.51 to the required 50flby adding a 15aresistor 

in series with each output. Power was supplied to the 

integrated circuit via two 3ZX 10 reference diodes. 

e 	 
input I 
E 	 

2N3956 

BZXIO 

BZXIO 

input 2 

Fig.H.I The Wideband Differential Amplifier. 
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Appendix I. The electric field switch.  

The circuit, as shown in fig.I.1, was evolved around 

a pair of high voltage, fest turn-on silicon controlled 

rectifiers (scrs). Each device was capable of holding 

off 400V and each was connected to a dc voltage supply 

via a suitable time constant to eliminate any spurious 

noise from the supply. The voltage was applied to the 

crystal faces through two 1Mrlresistors such that this 

path presented a high impedance to the signal from the 

sample. The differential amplifier was decoupled from 

the crystal faces by the capacitors C, while RR  were the 

hold-on current resistors, required to maintain the scrs 

in the tont state once triggering had taken place. The 

scrs were turned on together by a short pulse from a 

Hewlett Packard 1751B pulse generator passed to the 

gate of each device via a pulse transformer. 

The two pairs of diodes Di  and D2  were used to 

decrease the rise-time of the electric field in the 

crystal and to protect the differential amplifier during 

this rise-time. Each diode Di  was included in the circuit 

such that the turn-on of an scr caused a forward bias to 

appear across the diode which switched to its low 

impedance Ion' state. Thus the crystal face charged 

rapidly to the supply voltage through a low impedance. 



+4000--V\/ 	 

,F1 
trigger pulse 

BRY2b 

Fig.I.1 The Electric Field Switch and Gating Circuit. 
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When the crystal was fully charged the diode switched 

off again presenting a high impedance to the signal 

from the sample. This signal, being only a few millivolts 

in magnitude, was not enough to lower the imnedance of 

the diode noticeably even if the sign of the signal was 

such as to forward bias the device. Figs.I.2(a) and (b) 

show the rise of the electric field in the sample before 

and after the addition of D1 respectively. 

Having established the electric field in a short 

time, the problem arose of eliminating the very large 

differential noise spike that appeared in the system 

due to the fast rise of the electric field. Since this 

rise-time was comparable to the pulse length of the 

signal from the sample it was not possible to filter 

the spike out before it reached the amplifier inputs. 

This amplifier was designed to saturate at input levels 

of a few tens of millivolts and would clearly not survive 

a signal of several hundred volts. Two diodes D2  were 

added to the .cir•cuit and the polarity of these devices 
• 

was arranged so that the noise signal would forward bias 

them. Then the maximum voltage appearing at the amplifier 

inputs would be the forward voltage drop of the diodes, 

provided that the turn-on time was short compared with 

the rise-time of the noise spike. Fairchild BAY 74 
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( a) 

( b ) 

F i g . I . 2 The electric field rise time ( a) b efore a nd 

(b) a fter t .8 addition of di odes DI e 

SC8 1es: horizonte l 50 ~ec/cm , ver t ic a l l 20V/cm appr ox . 
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high conductance, ultra fast diodes were used for both 

Di  and D2, these devices having a turn-on time of only 

4nsec-. The forward voltage drop of the diodes was about 

600mV and although this was more than enough to saturate 

the amplifier, it was found that this circuit recovered 

from the overloading effects quite rapidly and suffered 

nothing more than a momentary loss of signal imediately 

following the turn-on of the electric field. 
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Appendix J. ?reprint of:- 

TCHI 	 AS 	7S 	TIE1301iAGIIET.SWINEFIURELE 	ANF3 ,   

by C.A. Brown and T.H.OiDell. 

To be publ islaed in the IEEE Transactions on Magnetics, 

Vol. LAG-5, December 1969. 
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DOMAIN  SWITCHING ME SURE1',',ENTS  IN AN ANT IFILR.R.01,:AGNET. 

by C .A.BRO7trii and T. H. 0 'DELI'. 

ABSTRACT. 

The magnetoelectric effect has been used to observe 

the domain state of antiferromagnetic Chromium Oxide 

single crystals, durinc: domain reversal. Switching times 

have been accurately measured as a function of applied 

fields, for two samples, one highly strained, one 

relatively strain free. The te=erature dependence of the 

domain switching threshold fields has been measured, for-

temperatures close to the Neel point, and a simple model 

is presented to explain the results obtained. 
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INT:10=ION.  

Kntifer•romagnetic domains in Chromium Oxide may be 

observed by means of the magnetoelectric effect:. This 

follows because there ar•e only two possible kinds of 

domain allowed in Cr203, connected by the t—+-t 

transformation, and these will have magnetoelectric 

susceptibilities of opposite sign (1). ':;'e shall refer 

to domains which become electrically polarised in the 

same direction as the applied magnetic field as positive 

domains, while the other kind, which become electrically 

polarised in the opposite direction to the applied 

magnetic field, we shall call negative domains. 

The existence of antiferr•oriagnetic domains in Cr203  

was first suggested by .kstrov (1) who observed a random 

variation in the magnitude and sign of the magnetoelectric 

susceptibility of single crystal samples of Cr203, which 

had been heat treated in various ways. The problem was 

taken up by Shtrikman and Treves (2) who found that 

single domain samples of Crp03  could be prepared by 

cooling the sample through the Neel point with electric 

and magnetic fields applied parallel to the c-axis. If: 

these applied fields were parallel, the sample became a 

single positive domain. If the applied fields were 

antiparallel the sample became a single negative domain. 
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Martin and Anderson (3) then showed that it was 

possible to switch a sample of 0r203  from the positive to 

the negative domain state, by applying intense electric 

and magnetic fields below the Neel point. Using an 

indirect method of measurement, they showed that this 

switching process took place in about. 10-3  seconds, when. 

a field product of about four times the minimum required 

to switch the crystal, was applied. Martin and Anderson 

also claimed that this threshold field product decreased 

as exp(a/T), thus having its minimim value at. the Neel 

point. 

In this paper, we describe a technique for directly 

observing antiferromagnetic domain switching in Cr203, by 

monitoring the magnetoelectric susceptibility during the 

switching process. Using this method, we have measured 

accurately, the switching speed as a function of the 

applied field product. Since a pulse technique was used, 

having high sensitivity, we have also been able to determine 

more precisely, the temperature dependence of the threshold 

field product in the region of the Neel point and have 

found that this comes to a well defined minimum value a 

few degrees below TN  and then increases rapidly as TN  

is approached. 
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Experimental Method. 
an•*• ••• 

The essential details of the apparatus which was 

used for observing antiferromagnetic domain switching 

in Cr203  are shown in fig.l. A single crystal platelet 

of Cr203, cut so that its c-axis was perpendicular to 

its large faces, was placed between two electrodes and 

a pulsed magnetic field was applied, parallel to the 

c-axis, so that the magnetoelectric susceptibility of 

the platelet could be measured by observing the pulsed 

voltage which was produced between the two electrodes (4). 

In order to observe antiferromagnetic domain switching, 

constant electric and magnetic fields had to be applied to 

the platelet and the switching process detected by 

observing the change in the amplitude and sign of the 

magnetoelectric signal pulse. This was done by applying 

a constant magnetic field, Bo, by means of the electromagnet 

shown in fig.l, and also applying a constant electric 

field, E0, by connecting the electrodes to the high 

voltage dc supply. The application of these constant 

fields had to be made in a time which was negligible on 

the time scale of the switching process itself and in the 

final system this was done by leaving the electromagnet 

on all the time and switching the electric field on in 

less than 1Psec, by means of a simple S.C.R. switching 
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circuit. The high impedance, represented by R in fig.1, 

which must be maintained across the 0r203  platelet, 

was short circuited during the actual rise time of the 

electric field by means of diodes. The amplifier which 

was used to detect the magnetoelectric signal pulse was 

decoupled from the de supply by means of the capacitors, 

C, shown in fig.l, and was also protected against overload 

during: the rise time of the electric field Eo. 

Having established Eo  and Bo  in the sample, the 

antiferromagnetic domain switching process could be 

observed by displaying the magnetoelectric signal pulses 

on a suitably slow time scale. A typical result is 

shown in fig.2. Because the pulsed magnetic field had 

a duration of only 2)sec, and the pulsed rep3tition 

frequency was betweem 1500 and 50 pps, a brightness 

modulation signal was generated in the system which 

consisted of a 0.2ysec pulse 111sec before the magnetic 

field pulse, to give a zero reference level, and a second 

0.2psec pulse which was centred on the magnetic field 

pulse itself. This latter pulse gave a spot on the display 

which was a measure of the magnetoelectric susceptibility 

at that particular instant in time. 

Fig.2 also shows the applied electric field waveform. 

This had to be recorded by a second exposure and was not 
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modulated in brightness. The relative time registration 

between the two signals is accurate to within less than 

however, because the electric field was triggered by 

the delayed pulse generator in the oscilloscope itself 

which could be set so that the electric field was turned 

on at some convenient time after the start of the timebase 

sweep. 

RESULTS.  

Switching Time: 

The antiferromagnetic domain switching time was 

measured for two samples, as a function of applied field 

Product (E.B)a. Sample I was highly strained , as is 

inherent in crystals grown by the Verneuil technique, 

while sample 11 was relatively strain-free, having been 

annealed at 180000. 

The driving energy for domain motion, Fd, is due to 

the difference in energy density between the two types 

of domain in the presence of magnetic and electric fields, 

and is given by 

Fd = 2N(E.B)2 	 ( 1) 

where 0(
11 
is the magnetoelectric susceptibility, parallel 

to the c-axis. The switching time, ts, was taken to be 

the time needed for ail  to change between l0 and 90 of 

the overall variation, and fig.3 shows the results 
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which were obtained. 

Threshold Field Pr•oducu: 

The variation of threshold field product with 

temperature was measured, for T in the region of TN. 

Astrov (1) reoorted that cooling a crystal through TN, 

in the absence of biasing fields, allowed ocu to fluctuate 

both in sign and magnitude, indicating that regions of' 

each type of ordering were present. This behaviour was 

confirmed in our work, and it was found that,  samples 

submitted to such a process, could be switched back and 

forth continuously, between almost saturated states. 

Very large switching fields, however, sometimes produced 

a fully saturated state and further switching could only 

be achieved after the sa:ngle had been heated above the 

N4e1 point and then cooled in the absence of biasing 

fields. Fig.4 shows the results obtained for sample 1 

of threshold field product as a function of T/TN  and .  

Fig.5 shows a plot of energy Fd  as a function of T/TN, 

for the same sample, over the same temperature range. 

DISCUSSION. 

Domain switchiu:  

Four main features of antiferromagnetic domain 

switching in Cr203  may be seen from the results shown 

in fig.3. 



206. 

1) There was a certain minimum threshold field product 

(E.B)0, below which switching would not take place. 

A field product just below this threshold could be 

applied for long periods of time without inducing 

any change in domain state. 

2) The switching time was inversely proportional to .  

(E.B)0] 

3) The threshold field product was reduced by annealing. 

4) The switching time, for a given field product, was 

reduced by annealing. 

These features show a striking similarity to those 

obtained for ferrites, (Menyuk and Goodenough [5], Gyorgy 

H, Dillon ['7j ), in which the quantities of importance 
are the applied field Ha, the threshold field Ho  and 

the magnetisation M. If we substitute (E.B)a, (E.B)0  

and induced polarisation (proportional tocx 11), our 

results indicate that the behaviour of antiferromagnetic 

domains, under the influence of switching fields, is 

analogous to that of ferrimagnetic domains. 

The threshold field. 

Careful measurement of the threshold field product 

as a function of temperature, revealed a sharp increase 

in (E.B)0  as T approached T1 , as shown in fig.4, while 

the energy associated with this threshold, 20ci1(E.B)01  was 
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found to remain constant in this range, as shown in fig.5. 

These results contrast sharply with those of Martin 

and Anderson [3] who claimed that (E.B)0  varied as exp(a/T), 

decreasing monotonically with temperature. 

In general, the threshold field is taken to represent 

the effect of internal crystalline fields on the domain 

walls and the magnitude of the threshold field varies 

with temperature in a way similar to the sublattice 

magnetisation. Our measurements indicate that this is 

not the case in Cr203, for T near 	but that the 

threshold field is independent of temperature within 

this range and therefore does not seem to depend on the 

spin ordering in the material. It is known that as a 

single crystal of Cr•203  cools through the Neel point 

there is an anomolous expansion along the c-axis 

(Greenwald [E]). It is suggested that the single domain 

regions undergo an expansion differing from that at the 

domain walls. Then a strain field would be set up in 

the region of the domain wall. 

Consider a small reverse orientated seed domain in 

an essentially single domain environment. Suppose that 

the domain has a negative magnetoelectric susceptibility 

and that its domain radius r is small, such that the 

strain field set up extends to affect the entire volume 
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of the domain. The free energy, in the presence of 

parallel magnetic and electric fields is then given by 
4- = Fo 4  /kir3  Fs  - 41fr3  ( 20cE. B) 	 (2) 

where Fs is the energy density of the strain field. 

For domain growth to take place, the overall free energy 

of the system must be reduced, that is dF/dr must be 

negative. Differentiating (2) we obtain 

dF/dr =47311[3r2Fs- 3r2( 20(1/ E. 	 (3) 

which is only negative for Ps <2cce.B. Thus, the 

threshold field product is given by 

(E.B)0  =Fs/2ocu 	 (4) 

Fs  is a relatively temperature independent quantity, so 

that the threshold field energy, 20(ii(E.B)0, should 

remain essentially constant. Such behaviour was observed 

for temperatures close to TN, as shown in fig.5. 

When r is not small, the effect of the strain field 

may be confined to a shell, of thickness w, around the 

domain and the free energy of equation (2) becomes 

F = F • ÷ 411T2wFs -44rir3( 20C IIE.B) 
	

(5) 

whence, differentiating (5), 

dF/d r --= 411[2rwPs  - r2  ( 2cy.l.Bd 	 (6) 

This is only negative for 2wFs/r<20(11E.B, and the threshold 

field product will be 

(E.B) 0 	 (7) 
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whence 2N(E.B)0= 247Fs/r 	 (8) 

The observed constancy and reproducibility of 20(11(E.B)0  

over many switching operations, would seem to invalidate 

equation (8), as the threshold field product energy in 

this expression is strongly dependent upon r. It is 

suggested, therefore, that the threshold field product 

near the creel point, is determined by the situation 

where domain radius r is small and- is given by equation (4). 

Unfortunately, this simple model cannot explain the 

form of (E.B)o over a wide temperature range, as we have 

neglected the effects on (E.B)0  of the internal crystalline 

fields. This would seem to be a reasonable approximation 

for T close to TN, but as the temperature falls, the 

sublattice magnetisation increases and the effect of 

the crystalline fields can no longer be neglected. From 

equation (4) it would be expected that Fs should be equal to 

2c<U(E.B)o near T1. 

Now 20(II(E.B)I 	=0.5J/m3  
TH>TN 

(9) 

as shown in fig.5 and 

Fs 	
2 Y 	 (10) 

where £ is the strain in the medium and Y is Young's 

modulus. Unfortunately, no information regarding either 

E.or Y can be found for Cr203. We may make some assumptions 
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however. Newsome et al H, quote a value for the Young's 

modulus of alpha alumina, of 50x1010  Wm2  at room 

temperature. This material is known to have the same 

structure and similar elastic properties to Cr203, so 

this value will be used for Y. The anomalous expansion 

of Cr203  alom.,  the c-axis at T1  is known to be very small, 

and the coefficient of linear expansion along the c-axis 

is known to be about 5x10-6/oC at room temperature. It 

is reasonable to guess that E. would be of the same order 

as the coefficient of linear expansion, for if it were 

much larger, it could be measured relatively easily, 

while if it were much smaller, it would be beyond the 

limits of detection. 
-6 

A value of*Vxi0 will be assumed for E. when 

F
s
= 10

-12
x50x10

10 = 0.5J/m3 	(11) 

Thus, it is seen that Fs  would probably be of the right 

order of magnitude for this model. Obviously, the 

calculation is very approximate, but it does serve to 

show that if the original assumption, regarding the effect 

of the anomalous expansion on domains and domain walls 

is acceptable, then the model is at least feasible. 
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FIGURE C/JTIONS. 

Pig.1 The basic apparatus used for observing antiferro-

magnetic domain switching in Cr203. 

Fig.2 Showira the change in magnetoelectric susceptibility 

of a Cr203  sample, when fields Bo= 0.34 7;b/m2  and 

Eo= 650 V/mm are applied at a temperature of 24°C. 

The centre row of dots gives the zero reference 

for the magnetoelectric susceptibility, while the 

the lower trace, with no brightness modulation, 

shows the electric field across the sample. 

Scales 10msec/cm, susceptibility: lcm vertical 

deflection corresponds to o(u=0.6x10-3, electric 

field: lcm vertical deflection corresponds to 

1000V across a lmm thick sample. 

Fig.3 Inverse switching time as a function of applied 

field product, for two samples of Cr203. 

Fig.4 Threshold switching field product as a function 

of T/TN  for a sample of Cr203. 

Fig.5 Energy Fd  as a function of T/TN for a sample of 

Cr203. 
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Fig.2. 
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Appendix K. The origin of the Gilbert damping term in 

the equation  of motion of magnetisation.  

The Landau Lifshitz equation may be written 

= 6[MAI _ x pi A(M,1 	 K. 1 
at 	 — 

whence 

  

11A(MAH — K.2 

  

Substituting equation K.2 into K.1 

1:1 = 	_ Tirl+M MA(LIA H1 K.3 

which simplifies to 

IL. X(1 S__") MA  1.1_ X brink 	 K. 4 
n17/ 

• 
••• E=i111Api a` Iii _ 

L  x11 
where )1=t1 + 

X2I\ri 

and 	o(1 	)\ [1  + 
2CLI. 

Now from K.1 

A =nit i. (1,1,1 
WI? 	

K.7" 

and for wall motion to occur i must be greater than zero. 

In the limit for y > 0, 

whence 

(1,i,\111,>. 

ME 

0 K.8 

K.9 
[H 

nvi 
H X 

K.5 

K. 6 
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i.e. 	4 1 for wall motion. 

Substituting into equation K.6, 

oC 4 2 	 K.10 

Gilbert and Kelly (1955) showed experimentally 

that oc!could be greater than 	and clearly the Landau 

Lifshitz equation was inconsistent with this result. 

To solve the problem, Gilbert and Kelly proposed a new 

equation of motion of the form of equation K.5, but 

given by 

fd =PAH MAA 	 K.11 
M 

where W was the gyromagnetic ratio and oc was a new 

unbounded independent damping constant. 
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Appendix L. The difference between the Landau Lifshitz 

and Gilbert damping terms. 

The equation of motion of magnetisation in a moving 

domain wall may be written 

ADA 
lv 

using the Gilbert damping term. Forming the vector 

product of each side with Ms  

NIA 1;1 = 6EiVI /,( 	 2011ACIFIAll 	 L.2 

The last term of equation L.2 may be written 
2 • e, B 	m m 	 L.3 

using a standard vector identity. 

Now /at(M..11/1) is zero if 	is a vector of constant 

magnitude; thus equation L.3 may simply be written 

as 004(17xI) and equation L.2 becomes 

Substituting 

Lffinf.:= zs[M A(1,vinii+-0(1,1(fri) 

equation L.1 into L.4, 

L.4 

M AI:2= irEM 

whence 

A( YAH 	+ 0(1.: [6( MAIO 	( L.5 

(1 +0(1) (MAM) = W[M A,(MAH+ L'IW(MA.H.) L.6 

Forming the vector product of each side with VI, 

(1+o?) AwAfri = [mAc LIAHD oc [mA mA L.7 

whence 

L.1 
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(1-1-ce')4/12 (-3%). 	[-CLAITA+ calfiNACM/s4 	L.8 

which reduces to 

1(1— 
6 (MAH)  trck 	YiAlq 	L.9 

h1(1+0(1) 

Clearly, equation L.9 leads to the original Landau 

Lifshitz term of eauation 5.17 if ck is small compared 

with unity. That is, the two equations give the same_ 

result for small damping. The important difference 

is that if the damping constant tends to infinity, 

equation L.9 shows that the Gilbert term predicts zero 

dissipation, while from equation 5.17 the Landau Lifshitz 

term predicts infinite dissipation. 
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Appendix Y. Derivation of domain wall velocity (followinz 

the method of Smit_and Wijn1959). 

A single spin vector inside a moving wall is 

represented in the diagram. 

The wall is assumed to separate 

domains magnetised in opposite 

directions. The applied field 

parallel to the nett magnetisation 

on one side of the wall, exerts 

a torque on the spin vectors inside 

the wall. This does not cause 

wall displacement since the spin 

the external field in a direction 

at right angles to the plane of the wall. In order to 

move the wall, it is necessary to rotate the spin vectors 

in a plane parallel to the plane of the wall. From 

equation 5.16-, 

Libe/dtn=tST,Iisinibn 	 M.1 

where n is a unit vector directed along A. 

From equation Y.1, 

60/at =WHain0 
	

r.2 

The movement of Y can give rise to a torque, represented 

by a vector in the plane of the wall, which may turn tlio, 

magnetisation in that plane and so cause the wall to move. 
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For small values of this torque, 

L:brz5//t = 1: 0,6 z . v = ce 	 11.3 

where v is the velocity of the wall and C is a constant 

of proportionality which may be a function of position 

in the wail. In writing equation M.3, it has been 

assumed that apart from e, the wall moves undeformed. 

The torque CS consists of the sum of that due to 

exchange energy, crystal energy and demagnetisation. 

In the z-direction, a magnetisation Lie is present inside 

the wall. Outside the wall 1,:z= Bz = 0, thus inside the 

wall Bz= 0 and a demagnetising field arises of the order 

of 11„--- -Ee. This gives rise to a torque ::_AHzdirected at 

right angles to the magnetisation vector at the position 

of the wall. 

Now it can be shown that for the exact 1800 wall 

configuration in a uniaxial crystal, 

sin0=Swa0t) z 	 E.4 

where Sw  is the domain wall width. From equation M.2, 

a short time t after applying the field 

6=WH-bsin56 	 E.5 

The component of total torque in the plane of the wall 

may be written 

T95 = Ir(HA+1;.+Hoos0)1,10 	Y.6 

where the first term originates from a field HA representing 
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the exchange and anisotropy fields, the second term 

results from the de.aaagnetising field and the final term 

is the contribution of the applied field. According to 

equations 	and i.5, 0/6z and e depend in the same 

way upon z so that rotation in equation M. with uniform 

v is in principle permissible. Using equations M.3, 1:_.5 

and M.6, the velocity of the wall for short times t is 

given by 

v = i211( 	1:1 + Eic 0 4) tAto 

and the mass per unit area of the wall is given by 

=FOrCeArjt =110:V12643 (H; :1- 	Hcosy) 

:Tow the movement of a domain wall is subject to 

damping such that some time after the application of the 

field, a stationary state will be reached where the wall 

moves with constant velocity. A.ssizning that the rotation 

of magnetisation is given by equation 5.19, that is 
• 

M.9 

then, in the stationary state, the damping torque must 

be neutralised by the torque exerted by the external 

field H as indicated in equation 1..6. Prom equation M.9, 

cis 	 M.10 o 	- 

and 	0(0/m 	---=c<0-1.7Zpe/z v1) = ET c LOL:Op 	L . 11 

v .)e,/6 = ‘6Hcos93.0/0 3 	 I.:612 

From equation M.5y 
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e=ritosin9S in the stationary state, 

.*.e/bz.= XEtocos0.?.16//dz, 	 M.13 

and substituting, equations M. 4  and M.13 into M.12, 

v = IrSwH/o(0 	 11.14 



227. 

References.  

Alexander S. and Shtrikman S. (1966) "On the Origin of 

the Axial Eaznetoelectric Effect of Cr203." 

Solid State Communications, 4, 115. 

Altshin B.I. and Astrov D.1% (1963) "Y_asneto-Elecbric 

Effect in Titanium Oxide, T1203." 

Soviet Physics JETP, 17, 809. 

Artman J.0., Murphy J.C. and Foner S. (1965) "nagnetic 

Anisotropy in Antiferromagnetic Corundum-Type 

Sesquioxides." 

Physical Review, 138, A912. 

Ascher E., Rteder H., Schmid H. and Sf5ssel H. (1966) 

"Some Properties of Ferromagneto-Electric Nickel- 

Iodine Boracite Ni337013I." 

Journal of Applied Physics, 37, 1404. 

Ascher E. (1963) "Higher Order nagnetoelectric Effects." 

Philosophical nagazine, 17, 149. 

Astrov D.N. (1960) "The Magnetoelectric Effect in 

Antiferromagnetics." 

Soviet Physics JETP, 11, 708. 

Astrov D. N. (1961) "Yiagnetoelectric Effect in Chromium 

Oxide." 

Soviet Physics JETP, 13, 729. 

Astrov D. N. and Altshin B.I. (1967) "Effect of Domain 



228. 

Structure on the Magnetic Properties of Chromium Oxide." 

Soviet Physics JETP, 24, 18. 

Baldwin J.A. (1967) "A Model for the Interaction of 

Magnetic Domain Walls with Crystalline Imperfections." 

Journal of Applied Physics, 38, 501. 

Baldwin J.A. (1968) "Nature of the Material Perturbations 

Responsible for Hysteresis in Magnetic Domain-Wall 

Motion." 

Journal of Applied Physics, 39, 5982. 

Bennett G.A. and Wilson R.B. (1966) "Precision Polishing 

Technique for Optics and Microwave Acoustics." 

Journal of Scientific Instruments, 43, 669. 

Birss R.R. (1963) "Macroscopic Symmetry in Space-Time." 

Reports of Progress in Physics, 26, 307. 

Birss R.R. (1964) "Symmetry and Magnetism." 

North Holland Publishing Company. 

Birss R.R. and Shrubsall R.G. (1967) "The Propagation 

of Electromagnetic Waves in ir.agnetoelectric Crystals." 

Philosophical Magazine, 15, 687. 

Blackman M. (1969) .- private communication. 

Blackman Y. and Gus tard B. (1964) "On the Magnetic: 

Transformation in Hematite." 

Proceedings of the International Conference on 

Magnetism, Nottingham. 



229. 

Cox D.E., Takei lr.J. and Shirane G. (1963) "A Magnetic 

and Neutron Diffraction Study of the Cr203-Fe203  

System." 

Journal of Physics and Chemistry of Solids, 24, 405. 

Date M., Kanamori J. end Techiki 	(1961) "Origin of- 

Mamietoelectric Effect in Cr203." 

Journal of the Physical Society of Japan, 16, 2539. 

Dillon J.F. (1956) "Domains and Domain "falls." 

Magnetism, 3, 415, Academic Press. 

Dillon J.F. and Earl H.E. (1959) "Domain Wall Motion and 

Ferrimagnetic Resonance in a Manganese Ferrite." 

Journal of Applied Physics, 30, 202. 

Dzyaloshinskii I.E. (1259) "On the 1:agneto-Electrical 

Effect in Antiferromagnets." 

Soviet Physics JETP, 10, 628. (English Translation 1960) 

Foner S. (1963) "High-Field Antiferromagnetic Resonance 

in Cr203." 

Physical Review, 130, 183. 

Foner S. and Hanabusa M. (1963) "Magnetoeleptric Effects 

in Cr203  and 	 ) (Cr203)0.8.(A1200- 0.2." 

Journal of Applied Physics, 34, 1246. 

Gallen T.E. (1968) "The Ferromagnetic Domain Structure 

of Haematite." 

Proceedings of the Royal Society, 303, 525. 



230. 

Galt J.K. (1954) "Motion of individual Domain Walls in 

a Nickel-Iron Ferrite." 

Bell System Technical Journal, 33, 1023. 

Gianola U.F. and Thiele A.A. (1969) "Material Requirements 

for Circular Magnetic Domain Devices." 

Proceedings of the 1969 Intermag Conference, Amsterdam. 

To be published in the IEEE Transactions on Magnetics. 

Gilbert T.L. and Kelly J.L. (1955) "Anomalous Rotational 

Damping in Ferromagnetic Sheets." 

Proceedings of the Conference on Magnetism and 

Magnetic Materials, Pittsburgh. 

Greenwald S. (1956) "Changes in Lattice Constant of 

03Cr 	::ear the Curie Temperature." 

:?attire, 177, 286. 

Gusterd B. (1967) "The Ferromagnetic Domain Structure 

in Haematite." 

Proceedings of the Royal Society, 297, 269. 

Gyorgy E.M. (1956) "Magnetisation Reversal in Nonmetallic.  

Ferromagnets." 

Magnetism, 3, 525, Academic Press. 

Gyorgy E.M. end Hagedorn F.B. (1968) "Analysis of Domain- 

Wall Motion in Canted Antiferromagnets." 

Journal of Applied Physics, 	88. 

Hornreich R. ard Shtrilcman S. (1967) "Statistical 



231. 

Lechanics and Origin of the ragnetoelectric Effect 

in Cr203." 

Physical Review, 161, 506. 

Hou S.L. end 31oembergen N. (1965) "Paramagnetoelectric 

Effects in NiSO4.6H20." 

Physical Review, 138, 1218. 

Izuyama T. end Pratt G.W. (1963) "Theory of the Llagneto- 

electric Effect in Cr203." 

Journal of Applied Physics, 34, 1226. 

Kittel C. and Galt J.K. (1956) "Ferromagnetic Domain 

Theory." 

Solid State Physics, 3, 437. 

Landau L.D. and Lifshitz E.Y. (1935) "On the Theory of 

the Dispersion of Magnetic Permeability in 

Ferromagnetic Bodies." 

Physikalische Zeitschrift der Sowjetunion, 8, 153. 

Landau L.D. and Lifshitz E.M. (1057) "Electrodynamics 

of Continuous 1,:edia." 

English Translation, Pergemon Press, 1960. 

Lewicki G. (1969) "Curie-Point Switching in ilnBi Films.!! 

Proceedings of the 1969 Intermag Conference, Amsterdam. 

To be published in the IEEE Transactions on Magnetics. 

Martin T.J. End Anderson J.C. (1964) "Magneto-Electric 

Annealing Effects of Cr203." 



232. 

Phvsics Letters, 11, 109. 
" -

IEEE Transactions on Magnetics, Vol. KAG-2, 446. 

1\:cG uire T. R., Scott E. J. 8. r~d Grenni s F. H. (1955) 

Phy sics 1 Rev ie\y, 1..§, 1562. 

l"'~Ge C. D. a nd Fa n G. J. (196?) tI A Prope sed Beam-Lddl'8 s sable 

Een~ory a n 

IEEE Transactions en EG.gnetics, Vol. EAG-3, 72. 

l.:enyul<. F. end Goodenough J. B. (1£:55) HUagnetlc Llateri21s 

for Disital-Computer Components. I. A Theory of 

:?lux Reversal in P01ycIlysta11ine J7erl'lon~Ggnetics.1I 

Journal of Applied Phys1.cs, 26, 8-. 

lierc ie r M., 8. nd Ga re~Tte J. (1967 B) tI Un lYo uvea u Corps 

Solid state Communications, ~, 139. 

I\iercier It.: Gare:lte J. 81'ld Bel'taut E. F. (1~'67b) "Une 

HOL1velle Famille c1e Corps I.:~gY!etoelectriql1.es: 
, 

... .',..' ~ 0 ( T. r - 1 ~ t"\ '\':'1') It .L.Ll.lr 4 },Il - \.~ n, ',.I 0 ,.:.~ •. 

Gomptes Rendus,. 1:.Cl:1demlC des Sciences, PF.!ris, 264, 979. 

I\~ercier' 1.~., 2auel'l P. e.n.d Foutlleu ... x B. (1~!68G) /lI.~esures 

C om~)te 8 Rend us, l~cc,der~ic cle s Sc ience s!' Pe.ri s, ~, 1345. 



233. 

Mercier N. and Cursoux D. (1$68b) "Magnetoelectricite 

de TbA103." 

Solid State Communications, 6, 20'7. 

Mercier M. (1968c) 	private comv.unication. 

Newsome J.W., Heiser K.W., Russell A.S. and Stumpf H.C. (1960) 

"Alumina Properties." 

Aluminium Company of America, Technical paper No.10. 

Nye J.F. (1956) "Physical Properties of Crystals." 

Oxford University Press. 

O'Dell T.H. (1965) "The Magneto-Electric Effect in 

Polycrystalline Chromium Oxide." 

Ph.D. thesis, University of Bristol. 

O'Dell T.H. (1967) "An Induced Magneto-Electric Effect 

in Yttrium. Iron Garnet." 

Philosophical Magazine, 16, 487. 

O'Dell T.H. (1969) "The Electrodynamics of Magnetoelectric 

Media." 

To be published by ::erth Holland Publishing Company, 1970. 

Rado G.T. (1961) "I,:echanism of the Magnetoelectric Effect 

in an Antiferromagnet." 

Physical Review Letters, 6, 609. 

Rado G.T. (1962) "Statistical Theory of Magnetoelectric 

Effects in Antiferromagnetics." 

Physical Review, 128, 2546. 



234. 

Redo G.T. and Folen 7.J. (1962) ..agnetoelectric Effects 

in Antiferromagnetics." 

Journal of Applied Physics, 33S, 1126. 

Rodbell D.S. and Bean C.P. (1956) "Some Properties of 

the Coercive Force in Soft Magnetic Materials." 

Physical Review, 103, 886. 

Rossol F.C. (1968) "Temperature Dependence of Magnetic 

Domain Structure and '"Tall Energy in SinEle-Crystal 

Thulium Orthoferrite." 

Journal of Applied Physics, 39, 5263. 

flossol F.C. (1969) "Domain_-71all Mobility in Rare-Earth 

Orthoferrites by Direct Stroboscopic Observation 

of Moving Domain Walls." 

Journal of Applied Physics, 40, 1082. 

Royce E.B. and Bloembergen N. (1963) "Linear Electric 

Shifts in the Paramagnetic Resonance of A1203:Cr 

and Mg0:Cr." 

Physical Review, 131, 1912. 

Shtrikman S. and Treves D. (1963) "Observation of the 

Magnetoelectric Effect in Crc03  Powders." 

Physical Review, 130, 986. 

Snit J. and Tajn H.P.J. (1959) "Ferrites." 

J. Wiley and Sons. 

Tellegen B.D.H. 148) "The Gyrator, a :ew :etwork Element." 



235. 

Philips Research Reports, 3, 81. 

Ur-,ebayashi H. and Ishekawa Y. (1965) "Motion of a Single 

Domain Tall in a Parasitic Ferromasnet Y2e03." 

Journal of the Phjsicei Society of Japan, 20, 2193. 

Wanes 	(1967) "Domain_ ;all Motion in Yttrium Iron 

Ga.onets." 

Journal of Applied Physics, 38, 1019. 

White E.A.D. (1969) - private communication. 

',rood V.M. (1969) "The Magnetoelectric Effect in Gallium 

Iron Oxide." 

Ph.D. thesis, University of London. 

Yao Y.Y. (1965) "Adsorption of Polar Molecules on Metal 

Oxide Single Crystals." 

Journal of Physical Chemistry, 69, 3930. 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192
	Page 193
	Page 194
	Page 195
	Page 196
	Page 197
	Page 198
	Page 199
	Page 200
	Page 201
	Page 202
	Page 203
	Page 204
	Page 205
	Page 206
	Page 207
	Page 208
	Page 209
	Page 210
	Page 211
	Page 212
	Page 213
	Page 214
	Page 215
	Page 216
	Page 217
	Page 218
	Page 219
	Page 220
	Page 221
	Page 222
	Page 223
	Page 224
	Page 225
	Page 226
	Page 227
	Page 228
	Page 229
	Page 230
	Page 231
	Page 232
	Page 233
	Page 234

