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Abstract

This report summarizes work done on metamagnetic materials. These

are ordered magnetic materials which in low field have zero moment,

corresponding to antiferronzagnetlc spin alignment, but as the field is

increased they undergo a more or less ab rup t field induced phase transi-

tion to a state with a relatively large moment. In some cases there are

• several successive transitions to various different magnetized states.

The main body of the text consists of a Technical Report which is an

extensive review of most of the published work in this field. It includes

discussion of some 75 different materials described in almos t 300 papers

and it reproduces over 200 f i gures of experimental results ari d extensive

tab les of important  parameters . The report shows that metamagnetic materials

have a wide variety of characteristic properties which are of interest

both from a theoretical and from a practical point of view.

The report also includes a brief summary of the experimental and

theoretical work which has been performed in this labor atory with AROD

support . This work relates principally to a detailed study of the magnetic

behavior of dysprosium aluminum garnet which is one of the most interesting

of all the metamagnetic materials . For this material, some detailed

comparis ons be tween theory and experiment are possib le , and a conside rable

amoun t of insigh t into the nature of the metamagnetic phase transition has

been obtained.

Many further topics for research are indicated in this field and it is

hoped that it will be possible to continue this work in the near future.

I
I
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Introduction

This report summarizes the work performed by our group ove r the pas t

four years . Initially , we had a great deal of t rouble finding suitable

s ta f f  and a n umber of students left  af ter  being found unsat isfactory.

This delayed the s tar t  of the wo rk , but we h ave f inally ach ieved the goa ls

which we had set.

The principal one of these was the preparation of an extensive review

of all of the work which had previously been reported in the field of

metarnagnetism. It turned out that this was a major e f fo r t  and it involved

digesting almost 300 references which were foun d to be relevant (as well as

discarding a large number that prove d to be irre levant) . The f inal

product of this work has been assembled as a technical report which has been

incorporated as the final section of the present report.

It will be seen that the fie ld of tne t amagnetism has indeed been an

active one , and that a very wide variety of interesting properties have

been s tudied. The mos t str iking of all the properties is the very rapid

change of magnetization with field at the f i rs t  order field induced phase

transit ions, and the many changes in other properties which accompany the

change in magnetization . So far , there do not appear to have been any

practical applications of any of these effects , but it is certainly possible

that s•ich applications will be found. In any case, there can be no question

that metamagnetism is one branch of solid state physics in which a large

number of new phenomena remain to be discovered and explained. 
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One particular aspect to which we have paid attention in our own work

are the subtle effects which take place in the immediate vicinity of the

first order transition, and especially close to the point at which the first

order transition goes over into a second order transition. Such a point

is called a tricrit ical point and there has been a considerable amount of

theoretical interest in the related phenomena.

Our own work on tricritical point ef fects  and related problems has been

discussed in some det ail in sections III and IV of the at tached Te chn ical Repo r t

1, and it seems redundant to repeat this material here . Moreover , our work

has been published in 14 technical pape rs an d abst racts and rep rin t copies

are available for fu r the r  details . We shall list below the t i t les and

references of these papers.

Experimental and Theoretical Results

We can summarize our contributions briefly under 5 main headings.

a) Induced Staggered Field. This was a new and completely unexpected

effect  which was f i rs t  noted exp licitly in the neutron scat tering experi—

inents of Blume et al. at Brookhaven National Lab. Our contribution consisted

in finding a microscopic explanation of this effect . The explanation involved

a completely new multiple spin correlation effect which had never been

considered before. The special interest of this effect is the fact that it

is not predicted even qualitatively by mean field theory . This is quite

unusual , since mean field theory generally predicts physical phenomena at

least approximately. This work was presented at two conferences. Refs. 5 and

~~~~~~~~~ - -~~~~~~~~~~•- ~~~~~~~~~~
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8 and the principal result was incorporated into a Physical Review Letter

pub lication (Ref.  6).

b) Optical observation of domains in dysprosium aluminum garne t (nAG ).

In the firs t instance we initiated a very active collaboration with

Dr. J.F. Dillon at Bell Labs , Murray Hill , in which he and E. Yi Chen

performed the actual experiments while we helped in the analysis. Various

interest ing results emerge d from this work .

One was the firs t observation of antiferromagnetic and paramagnetic

domains in the mixed phase region of a me t amagnetic transition. Dr . Dillon

managed to make a movie of some of the observation which has caused some

interest. The movie (and also still photos) showed the nucleation and growth

of various types of domains and it is clear that this is a very f ru i t fu l

field for many further studies. Dr. Dillon is now extending this work with-

out our direct participation and he continues to get many interesting

results .

During the course of the early domain s tudy expe riments , an unusual

hys teresis was noted in the magneto— optical rotation as a function of field.

This was comp letely unexpected and it caused considerab le surprise at the

time . For example , i t  became the subject of an invited paper at the last

Intern ational Magnetism Conference (held in Moscow in 1973) and no

explanation was apparent at that time (Ref . 1) or at the following U.S.

meet ing (Ref.  2) .

It subsequently turned out that  the hys teresis was related to the

induced staggered field mentioned above in connection with the Brookhaven
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neutron experiments , and the same explanation resolved both puz7l es.

The hysteresis is potentially interesting for possible applications

since any new mechanism which provides a “memory feature” to an active

material (in this case a material with both magnetic and optical character-

istics) may turn out to be useful.

c) Light scattering by domains in DAG. In addition to direct visual

observations of domains , one may also study domains by the scattering of

monochromatic light. This is useful when the domains become very small,

as they do near a critical or tricritical point. We have recently completed

such a study on a “wing critical point” of DAG and we plan to present the

results at the next International Magnetism Conference (Ref. 12). The

method has allowed us to s tudy the phase boundary in a new way and it promises

to give results which are more accurate than those which can be obtained

by the usual magn et ic  or magneto-optic measurements .

d) Relaxation methods for studying first order phase boundaries. A

number of different experiments were tried to study the response of domains

in the mixed phase region of a metatnagnetic transition. In the end we found

two new effects which made it possible to locate the first order phase

boundary to considerably greater accuracy than had previously been possible.

We applied the methods to study one of the tricritical points of DAG and

found striking agreement with recent predictions of the theory. This work

was published in a Physical Review Letter (Ref. 10) and it will be the

subject of part of an invited talk by the principal investigator at the
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next International Con ference on Magnetism (Ref. 13).

e) Equations of State (Scaling) near Tricritical Points. One of the

predictions of modern theories of phase transitions is a general method for

finding universal equations of s tate  wi th which to describe experimental

results over a region of field , temperature and magnetization. Such

equa tion s of s tate  are useful sin ce they allow the reduction of a large

amount of information into a single universal curve .

Initially ,  our work in this area was also collaborative and we had some

f ru i t fu l  interactions with Prof .  N .E .  Stanley at M.I .T. (see Ref.  3). When

the resu lts of ou r new relaxation meth od became available for analysis, we

were ab le to test  the theoreti cal p redictions and we f oun d excellen t

agreement. This work was presented at the 1975 Conference on Magnetism and

Magnetic Materials and is described in Ref. 11.

Summary

The common thread which has characterized our work has been the

development of new experimental and theoretical techniques with which to

study field induce d phase transitions in me t amagnetic materials . We have

applied these methods to situations where critical tests of general

theoretical predictions could be made and we have found excellent agreement.

Such agreement is not trivial In this field , since there are considerable

difficulties In these kinds of experiments (see Ref. 13).

In parallel with this detailed work on special situations, we have also

carried out a broad survey of the field as a whole. This survey has been

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - .~~~~~~~~~~~~~ ... -
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summarized in the Technical Report which is attached and we hope shortly

to publish this in the open literature. The report shows that there are

many kinds of interesting phenomena in the general area of metamagnetisr’i

which deserve further study , and we very much hope that we shall be able

to continue to work in this field.

At this point in time there are no obvious practical applications which

would be useful in current operational systems. However, it would seem

clear that any field which has as many new and unusual phenomena as

Metaniagnetisin mus t one day lead to app lications which are both unique and

useful.

t 
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Abstract

This is a review of the physical properties of metamagnets. These

crystals are antiferromagnets which can undergo magnetic phase transitions

upon application of a magnetic field. The treatments of mean field

theory describing these materials are reviewed as are the treatments of

more modern theories . The experimental properties of many known meta—

magnets are described wi th emphasis on the variety of means by which the

me tamagnetic transitions can be observed. For some materials there have

been studies of tricritical point behavior. A description of the

experimental results of these studies and a comparison of the results

with theory is also included.
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I. INTRODUCTION

Magnetic f ie ld  induced phas e t ransi t ions have been the subject o r a

large number of expe rimental studies . A wide variety of d i f fe rent  kinds

of phase t ransitions in many d i f fe ren t  materials have been investigated.

In this report we survey the experimental work to date on field induced

phase transitions in highly anisotropic magnetic systems. These systems

are commonly referred to as metamagnets. Although the term ‘bnetama gnet ”

is of ten used in the l i terature, 1
’

2 it is appropriate at this point to

discuss how we will use this term and hence define the scope of this

report. Magnetic materials which exhibit field induced transitions can

generally be divided into two classes ; (1) those which are highly

anisotropic , and (2) those which are isotropic or only weakly anisotrcrpic .

The phase transitions ~n anisotropic materials (class 1) are generally

characterized by simple reversals in the local spin directions. This is

in contrast with more isotropic materials (class 2) in which there is typically

a rotation in the spin directions at the transitions. The body of this

report will be concerned on ly with materials in class 1. We will however

fi rst discuss examples of both classes so as to make clear where we will

draw the dividin g line between them.

Well known examples of class (1) are FeCl2
2 and DyPO4

3, and the phase

diagram of these two systems is shown schematically in fig. Ia. As the

crystals are cooled in zero field they undergo a second order phase

t ransition 4 at their respective Neel temperature (TN ) . Be low TN th ey are

ordered antiferromagnetically with a two sublattice structure in which the

large anisotropy constrains the spins to point either parallel or anti— 

• —~~~--~~~ -- - • - -- ~~~~- - — - - -~~~~~-~~~~~~~
. - ---~~~~~~
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parallel to th~ ~~~~ axis. Upon the appl icat ion of a f ield at high

t emperatures  ( h u t  below TN ) the re  is a second orde r phase t ransi t ion from

the antiferromagnetic to the paramagnetic phase. This behavior persists

f or a range of tempera tures  below TN ,  and hence there is a line of second

order t ransi t ions  (or cr i t ical  po in t s )  in low fields (see fig. 1). Upon

the app l icat ion of a f ie ld  at low temperatures however , the behavior is

s t r ik ingly d i f f e r e n t .  There is st i l l  a phase t ransi t ion from the anti—

• ferroma gnetic phase direct ly to the parama gnetic p hase , but now this

transition is first order.4 This behavior also persists over a range of

t.~mperatures (and also d own to T = 0) and thus there is a line of first

order transitions in high fields (shown dashed in fig. 1). The line

of critical points at high temperatures and the line of first order

t rans i t ions  at low temperatures meet at a point which is known as a t n—

critical point .5 The behavior near this point has been of great interest

re cently and w i l l  be discussed in more detail  in the  following sections .

It is important to note that in both the antiferromagnetic and para—

magnetic  phases the sp ins are constrained by the anisotropy to lie along

the easy axis.

Some other well known systems in class (1) are 6 ’7 CoCl 2
.2H

20 and

FeC 1f2H 2O. Schemat ic  phase diagrams fo r  these materials are shown in

f i g. lb. Both orde r antiferroniagnetically with a six sublattice structure

in which the spins lie parallel or antiparalle l to the easy axis. At high

temperatures there is a line of c r i t ical  points wh i le at low temperatures the

behavior is somewhat different. Upon the application of a field at low

temperatures there is a first order transition from the antiferromagnetic

to an intermediate phas e which is believed to be f.?rrimagnetic with four

:~
.. - - •- -•- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ —..~--—— -•.-• -••
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sub la t t i ces  para l le l  and two a n tip a r al le l  to the easy axis. At hi gher

f i e lds there i~; another  fi rs t order  t r an s i t i on  to the parainagneti c s ta te .

As shown in f i g. lb the two phase boundar ies  boardering the fern —

magnet ic  phase merge to a point  at which the ant i fer romagnet ic—paramagnetlc

boundary begins .  The re is thus a t r ip le point at which all three phases

are in coexistence. The temperature at which the phase t ransi t ion changes

from f i rs t to secon d order is not yet  known , although mean field theory

indicates  that  I t  could be ei ther  ab ove or below the t r ip le  point temperature .8

We wish to emphasize that in the an t i fe r romagnet ic, ferr iinagnetic and

paramagnetic phases the spins are constrained by the anisotropy to lie

along the easy axis .

Next we consider some systems which are typical of class (2) :

MnF2
9 and GdA1O3.

10 Schematic phase diagrams for these two weakly aniso—

t ropic materials are shown in fig. lc. Both order antiferromagnetically

in zero field and display a line of cri tical points in low f ields.

Upon the application of a field at low temperatures there is a f i rs t  order

t ransi t ion to the sp in—flop  phase in which the sp ins can t away from the

easy axis so as to par t ia l ly  s a t i s fy  both the (ant i ferromagnetic) spin-spin

interact ions and the energy of interaction with the f ie ld .  At hi gher f ields

there is a secon d order transition to the paramagnetic phase , as the an gle

the sp ins make wi th the easy axis goes continuous ly to zero. An importan t

point  to note ab out these spin flop systems is thai : the weak anisotrop i

allows the spins to rotate away from the easy axis .

From the above discussion we see that for the systems in class (1)

typ i f i ed  by FeCi 2 , DyPO 4 , CoClf 2H 2 O an d FeC12 .2H 2
() the phase transitions

involve on ly reversals of sp in d i rec t ions .  The stron g anisotropy prevents 
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the spins from rotating away from the easy axis at the phase transition.

For the sp i n — f l o p  systems (class ( 2 ) ) ,  however jus t the opposite is true.

The t r a n s i t i o n s  in these systems proceed via spin rota t ions  and not simple

reversals . We wil l  use this b asi c d i f fe ren ce to draw the line between

class (1) and c lass (2). All those systems In whi ch the dominan t change

in spin—direction at a t r a n s i t i o n  is a simple reversal will  be placed in

class ( 1), and are refer red  to as metamagnet ic  in the following. Those

materials for which the dominant change is a rotation will be placed in

class ( 2 ) ;  these systems are not d iscussed in this report .  Note that our

criterion allows for  a small ro tation of the spins away from the easy

axis at a t r a n s i t i o n  so lon g as i t  is accompanied by a reversal in direction .

As in any classification scheme of this sort there are bound to be ambiguities.

The materials which we feel are on the borderline between classes (1) and (2)

have been included in this report.

The materials discussed above are all uniaxial with all spins having the

same easy axis. This need not be the case——that is d i f f e r en t  spins may

have easy axes which point in d i f f e r e n t  crystal lographic directions. This

s i tua t ion  occurs in several systems inc lud ing  Dy
3Al 5012 ~nd ThA1O3.

The o r g a n i z a t i o n  of this repor t  is as follows . In Section II we give

a br ie f  review nf the  t h e o r e t i c a l  work on s imple me t amagnets. Section II

also contains a discussion of the effects of the demagn e t i z ing  f ie ld  on

the experimentally ohserved properties Including the magnetization and the

specific heat. In Section III we discuss the general properties of the

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
•- - •. —
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me t amagnetic systems which have been investigated. This includes the

behavior of various bulk properties such as the magnetization, the Neel

and tnicritical temperatures , and the critical fields. Also included are

ce rtain material properties unrelated to the magnetic properties which are

important considerations from the point of view of the expenimentalist

(e.g., chemical and me chanical characteristics). Section IV describes the

detai led work which has been con cerned with the behavior near both the

t ricritical point and the critical line . Section V contains a s~.mmnary and an

outlook for future work in this field. Appendix I briefly describes materials

whose fie ld induced behavior has not been studied in great detail. Appendix

II summarizes in tabular form the bulk properties of the materials discussed

in this review.

~~~~~~
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I
II. THEORY

In this section we will briefly review the theoretical work to date on

metamagn e tic sys tems . We will spend some time discussing the simplest

mean f ield theory (MFT) both because of i ts  s impl ic i ty  and because more

sophisticated theories verify many of the MFT results. After discussing

the theore tical work , the effects of the demagnetizing field on the

observable properties are also considered.

A. MEAN FIELD THEORY

One of the simplest models of a metaniagnet is a system of S = 1/2

Ising sp ins in which there are interactions between firs t and secon d

nea rest nei ghbors . This model has been discussed using MFT by a n umbe r of

wo rke rs and very recently Kincaid and Cohen~~ have exhaustively reviewed

and extended these results. We refer the reader to their paper for

extensive references to earlier theoretical work .

The Hamiltonian for  the simp le model introduced ab ove is

= E S~~ Skz + J ‘ E 5jz  Skz 
— ii HiES

IZ 
. (2.1)

<nfl > <nnn>

The f i r s t sum is over nearest neighbor pairs ( <nu> ) ,  the second over

next nearest neighbor pairs (<nnn>) , S1 = ± 1/2 , u is the magnetic moment

and is the internal magnetic field . An important parameter in the

MFT t rea tment  of this model is R E z’J ’/z j j J ,  whe re Z and Z ’ are the

number of firs t and second neighbors respective ly. The type of behavior

- -- ~~~~~~~~~~ --  -
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exhibited by the mode l depends upon the value of R U . For R < — 3/5

corresponding to a ferromagnetic second neighbor interaction (note that we

have restricted the nearest neighbor interaction to be antiferromagnetic)

the model behaves qual i ta t ively like the materials Fed
2 and DyPO

4

discussed in the in t roduct ion .  At high temperatures the antiferroin agnet ic—

param agnet ic  t r ans i t ion  is second order , at low temperatures it is f i r s t

order and at the intermediate temperature where the changeover occurs is

the tricritical point.5 The MFT predictions for the behavior of this

model are shown in f ig. 2 where we show schematically the magnetization, M,

and the stagge red magne tiza tion , M , (the difference in the magnetizations

of the two subiattices) as a function of H. at various temperatures.

For tempera tures less than T
N but greater than the tricritical temperature ,

T
~
, M goes to zero continuously corresponding to a second order transition ,4

while M disp lays a change in slope at the transition (x (aM/3H
1)T 

is fini te

and discontinuous at the transition). For T < T
t 

the transi tion is firs t

order as both N and M exhibit discontinuities. For T = T , N goes to
S t S

zero con tinuously while M disp lays a discontinui ty in slope wi th an inf in i te

gradient when the tricritical point is approached from low fields. The

phase diagr ams in the Hi — T and N — T planes are also shown in fig. 2.

In the Hi — T plane the f i rst and se cond order lines have equal slopes

(but unequal second derivatives) at the tricnitical point . The M — T

diag ram is double value d for T < T
~ 

since two phases with dif ferent values

of M are in coexistence there . MFT p redicts that all th ree phase boundaries

in the M — T plane approach the t r ic r i t ica l  point linearly with the para—

magnet ic  line below T~ h aving the same slope as tha second order line.



- -

11—3

~e have d scuss t~d the MFT r e s u l t s  f o r  R < — 3/5 at some length since

as wi l l  be seen , these resul ts  are q u a l i t a t i v e ly applicable to a large

number  of real systems . However, the behavior for other values of R is

als o of i n t e res t .

The H . — I phase diagram p red i c t ed  by MFT 1 ’ 2 fo r  0 > R > — 3/5

is shown schemat ica l ly  in f i g. 3. At hi gh and low temperatures it is

similar to that  shown in f ig .  2. However , the f i r s t  order line does

not  end at the c r i t i c a l  line , bu t  ins tead extends into the ant i fer ro—

magnet ic  region of the phase d iagram before  ending. Thus , for a range of

tempera tures  there  is a f i r s t order t ransi t ion between two d i ff e ren t  anti—

ferromagnet ic  s t a t e s .  This behavior has been discussed by Kincaid and

Cohen. 12 The point  where the c r i t ica l  line meets the f i rs t order line is

a cr i t ical  endpoint  wh i le the point where the f i rs t order line ends has

been terme d a b i c r i t i ca l  endpoint. 2 The motivation for these names is

discussed in references 11 and 12. Although the type of phase diagram

shown in f ig. 3 has not yet been found in any real system , there is some

evidence 12 that it may be appl icable to FeBr
2 (see section III).

For R = — 3/5 the H~ — T phas e diagram is idea tical to that  given in

fig. 2 , while for R � 0 the phase transition is second order at all

temperatures down to T = 0. 11

Al though this  simp le two s u b l a t t i c e  model has been very successful  in

describing metamagnetic behavior , there are many materials for which it is

inapplicable . These are ma te r i a l s  wh i ch have snore than two sublatt ices

(such as CoC12 2H 2 O) and/or  spin quantum numbers h igher  than 1/2. The phase

t r an s i t i ons  in these and more comp l icated systems have in many cases been
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s u c c e s s f u lly  de s cr ib e d  by MFT t rQ;~t : s~n t  ‘ f  L odels  in w h i c h  t h i r d  and more

dis tan t nei gh b o r  i n t e r a c t i o n s  have been in c lu d e d , e tc .  This theoretical

wo rk w i l l  be discussed  along w i t h  thc expe c imen ta ~ resu l t s  fo r  the appro—

pr i a t e  maten i a s.

B. MODERN THEORIES OF CRITICAL AND TRI CRITICAL BEHAVIOR

In recent years there has been a great  deal of in teres t  in the behavior

of systems near c r i t i ca l  po in t s.  ~ The so—called ‘ modern ” theories of phase

t ran s i t ion s~ inc luding  series expansion 4 and renormalizat ion group 13

studies have shown t ha t  MFT is usua l ly  a reliab le guide to qual i ta t ive

features such as the general topology of the phase diagram and the order

of the transition . These studies have also shown that MFT is often

incorrect as to more quantitative aspects of the behavior , such as the

charac te r i s t i c  exponents 4 which desc r ibe  the way various q u a n t i t i e s  behave

upon approach to  a c r i t i c a l  po in t .  Accord ingly there has been a great

deal of work to determine which , if any , of the MFT predic tions  for  the tn i c rit i c a l

behavior of metamagnets are re l iable .  The renonmalization group theories of Riedel

and We gner 14 and la ter  Nelson and Fisher ,’5 th’e reanalysis of MFT by

Bausch ,17 the series expansion work by Harh us and Stan1ey 13
~
19 and Saul ,

Words and S tau f f e r ,20 and numerous other works21 have shown that MFT is

correct as to the general topology of the metamagnetic phase diagrams. In

add ition , this work has shown that many of the quantitative predictions of

MFT are also correct.

“
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Just as in the case of ordinary critical phen omena4 the quant i ta t ive

behavior of a me t axnagnet can be described by various exp onents. The

d e f i n i t i o n s  of a number of c r i t ica l  line and t r icr i t ical  exponents are

g iven in table 1 where we follow the notat ion of G r i f f ith s 22 and Kincaid

and Cohen. 11 Note  that the exponents in table 1 pertain only to the

siFT regime R < — 3/5 so that  a tricritical point is present. See ref. 11

for a discussion of the exponents in the MFT regin-.es 0 > R ~ — 3/5.

As an examp le of the exponents consider the behavior of 
~~ 

alon g

various paths in the Hi 
— T plane.  For constant T wi th Tt < T < TN we

have from table (2.1)

M “~ (H — Hi )
~ (2 .2)

where ~ is a c r i t i ca l  exponen t and H c is the crit ical internal  field at

that  temperature . Note that the universality hypothesis23 as well as the [
work discussed above 13 21 predict that all of the cri t ical  exponents are

independent of position on the cr i t ical  line . Thus , only one set of

exponents are needed to describe the behavior alon~ the entire critical

line. Another theoretical  prediction kno in as “snioothness ”24 ’22 is that

the exponents should be the same for  all paths of approach to a critical

point which are not pa rallel to the phase boundary . For examp le , if the

cr i t ical  line is approached at constan t field then we expect

‘
~~ 

(T — T) B (2.3)

where this is the same exponen t ~ as in Eq. (2. 2 ) .  I f , howeve r , the

critical line is approached along a path which is tangential to the phase

- ~~~~~~~~~~~~~
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u~idary t i i ~’n the i~xp onent  w i l l  in genera l  be d i ff e r e n t . 2 4 ’22

Al though  :he exponents are independent of position on the critical

line , they are p r e d i c t e d  to change dis ’ o r t i n u o u s l y  at the t r i c r i t i ca l

p o i n t . 22 For example , fo r  T = T
~ 

we have from table  1.

~ 
(H~ - H . ) t 

(2 .4 )

where  the t r i c r i t i c a l  exponent is not in general equal to the critical

expon.~nt B in Eq. ( 2 . 2 ) .  The concept  of smoothness is expected to also

apply at the tricritical point ,22 and thus if we measure M
5 

along a path

of constant field we expect to observe the same exponent , B
~~
, as in

Eq. (2.4) (we assume here that the phase boundary at the tricritical point

is ~ot paralle l to either the H. or T axis). If the tricritical point is

approached along the firs t order phase boundary then the exponent will be

different. 22

Table 1 also lists the values of the exp onents prei1icted by MFT

and the modern theories. We see that there are a number of cases in which

t~1YT is thought to be incor rec t.  Most notab le amon g these are (1) x~ 
E (

~
M/aH

~
)T

di-ierges as the critical line is approached from either side ; (2) x~ diverges

as ~ricritical point is approached from the paramagnetic side ; (3) the

~FT values for all of the critical line exoonents are incorrect ; (4) although

i t  s not shown in tab le  1, the modern theories25 ’26 predic t  that in the

M - I phase d i a g r a m  the paramagnetic line and the c r i t i ca l  line have

unequa l  slopes.

Retiormalization group work~~ ’
27 has also show-i that at the tricritica].

~ o i ct  some of the powe r laws sucl~ as that given in Eq. (2.3) are modified

by ‘ogari thmic correction factors . To date there ~s no direct experimental

— —~~‘----------—.- ---. —.~———~~~~~~~~ - ---~~~~~~~~ ___________________
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evidence for their existence . It has been shown 213 howeve r tha t if the log

correction factors are not properly allowed for in the analysis of experimental

data, they can give rise to an apparent exponent with a value lower than

the true value . Thus , the presence of log correction factors may serve to

complicate the interpretation of data near tricritical points .

Besides calculations of , the various exponents , recent theoretical work

has also emphasized a geometrical approach to phase transitions and phase

diagrams . When G r iff i t h s 5 in t roduced the term “ t ricr i t ica l  point ” he

also made clear the importance of the symme t ry breaking field which in

this case is a s taggered field , H . H is a f ie ld  which al ternates in

sign on the two sublatt ices and is thermodynamically conjugate to M .

Griffiths pointed out that the full H. — H — T phase diagram for a simple

rnetamagne t with a tricritical point appears as shown in fig. 4.

The shaded surfaces denote coexistence surfaces at which

two phases coexist——that is , they are surfaces of first order transitions.

There are three such surfaces and they separate the three possible combina—

tions of the two antiferromagnetic and the paramagnetic phases. Bordering

these firs t order surfaces are three lines of cri tical poin ts wh ich come

together at the tricritical point. The full H
i 

— H — T phase diagram shows

very clearly the topolog ical di f ference be tween the cri tical poin ts and the

tricri tical point , and leads one to expect quite naturally that behavior

(i.e., the exponents) in the two cases will not be the same.5 While it is

in general not possible to apply a real staggered field in the laboratory ,

it will be seen that in certain systems it may not be possible to avoid
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app lying such a field.

It is also inte resting to conside r the H~ — H — T phas e di agram

when a bicritical end point is present , and this is shown in fig. 5 ~~~~~~

N ow the two lines of critical points which extend out of the H
5 

= 0 p lane

do not meet at the edge of the coexistence surface in the H = 0 plane.

The topology of the phase diagram in the vicinity of the bicritical end

point is seen to be very different than near the tricritical point in

fig. 4 . It is thus not surprising that the exponents at the bieritical

endpoint are expected to be different from those at a tricritical point.11 -’
12

Aside f rom predicting values of the various exponents , the mode rn

theories also predict the form of the equation of state. More specifically

~he theory 22 ’29 ’
30 predicts that near the tricritical point the free

energy is a generali zed homogeneous function of three scaling fields .

The scaling fields are not simply Hi, H5 and I, but are certain combinations

of these variables , and are determined by the geometry of the phase

diag ram . The theory prescribes that the scaling fields be chosen as

follows . (1) One of them should be not parallel to the H — 0 plane

at the tricritical point; (2) one should be in the H5 
0 plane , but not parallel

to the phas e boundary at the tricritical point; (3) one should be parallel

to the phase boundary in the H 0 p lane at the tricritical point .  A

convenien t choice of scaling fields is H9 , t and g where

T — Tt
T 

(2.5)
t

H - H
g t — p 

~~~ 
(2 .6)
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with p the slope of the phase boundary at the t r i c r i t i cal  point . A

second choice for  g which can be used 31 is

H
i — 

H (t)
= H ( t ) — (2.7)

whe re H ( t)  Is the value of Hi at the phase boundary. From the homogeneity

of the f ree energy , the following scaling forms fc’r N and N can be derive d

M / t t I
t 

= Function ( g I I t I ~~~)

M /~g~ = Function (t/~ g!~~)

(M— ) B (2.8)

M
t 

“ It~ 
U 

= Func tion ( g / I t ~ 
U U

)

(N - N
~
) 

/ ~~1

l/
~~ = Function ( t / I I U U )

M
t

where 5~~’ ~~ 
arid ‘~ are tricritical exponents (see table 2.1). For

simplicity we have not included the dependence on H (since it is equal

to zero in the laboratory) and we set it equal to zero in the following.

Scaling theory does not predict either the values for the exponents or the

form of the “Function”. Equation (2.8) does indicate that if either M or

M is plotted in the appropriate way (i.e., (N — M
~) / ) t J ” vs g/~~~ Bu~u) then a

f ami ly of curves M(t ,g) or M ( t ,g) will  collapse onto a single curve . The

“quality” of the data collapsing will depend upon the values of the

exponents  and hence data from the entire neighborhood of the tricritical

point can be used to determine the exponents.

— — ~~~~~~~~~~~~~~ —  
-----~~~~~~~~~~~ 
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In a d d i t ion  to the form of the equat ion  of s tate , scaling theory also

p redicts relations between differen t exponents. These are known as

“scaling relations ” and are dis cussed in de tail in refs. 22 , 29 and 30.

C. OTHER THEORETICAL WORK

In addition to the work concerned with the behavior at the phase

transitions the re has also been considerable theoretical work on various

properties of the metamagnetic phases themselves. This work includes the

theory of spin—clus ter excitations in CoCl
2~ 2H

2
0 and similar materials by

Tinkham and coworkers 32 ’33 and others , the theories of domain structure and

nucleation by ftL tsek 3’
~’

35 and theories of the hys teresis at the firs t order

trans itions b y Tinkhaxn 36 and M~tokawa.
37 These theories will be discussed

along with the relevant materials in section III.

D. DEMAGNETIZING EFFECTS

In our discussions to thIs point we have been concerned only with the

internal magnetic field , Hi
. However, in all finite samples the experi-

men tally measured external field , H , is not equal to Hi
. For aLl ellipsoidal

sample with the field applied along one of the principal axes, the two are

related by

H
1
= H — N N  (2.9)

where N is the demagnetizing fac tor and is a fun ct ion only of the sample

shape.38 Thus samp le shape is very important since it is clearly desirable

to have Hi be homogeneous throughout the sample.
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The prese-ice of the demagnetizing f ie ld  has seve ral impor tant  consequences .

From Eq. (2.9)

= ~5(H ) — N ~ (M) (2 .10)

and thus at a first order transition where 5(H
i

) = 0

~(M) = 
4 

6 (H ) (2 .11)

i.e., M is linear in H
0 with slope 1/N. Thus a first order transition is

spr~ ad out ove r a range of applied field.~~
3 The reason for this can be

s impl y unders t ood by considering the behavior of H
1 using Eq. (2.9). If

at the firs t order transition M were to increase discontinuous ly , then from

Eq. (2.9) H . would correspondingly decrease to a value below that needed

to induce the t ransition . Thus the transition cannot go all at once , but

mus t take plac€ gradually . This is accomplished by having the sample

break up into coexisting domains of the two phases,39 much as in a ferromagnet

below i ts cr i t ical  temperature. The resul t ing H
0— T phase diagram is shown In

fig. (6); it is similar to the FL
1 

— T phase diagram except that the firs t

order line sp l its open to encl ose the so called mixed phase reg ion in wh i ch

the domains are present. From Eq. (2.9) the susceptibili ty (aM/~ H~~~.

is related to the susceptibility x~ 
(
~
M/aHj)T by

! =!  + N  (2.12)
xo x i

Hence , the largest possible value for (which corresponds to -
~ 

) is

1/N which is just the value at a firs t order transition Eq. (2.11).
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From Eqs. (2.9) and (2.12) we ~ that transforming the magnetic

proper t i es  from func t i ons  of H to f u n c t i o n s  of H
1 

is ‘-~~lat ive 1v s t rai ght-

forward. The same is not true for the ~pocific heat at cons tan t  app l i ed

f ield , CH
. It can he shown~~ using classical thermodynamics that C

H ~~

related to the specific heat at constant internal field , CH , by
i

- ~~~~~~~,
C
H 

_ C
H ~~~~~~i 0 H . 

(2.13)

1~~~~~ 3M
N

1

Thus, to convert from C
H 

to C
H requi res a rather detailed knowledge of

o i

M(H 1, T). From table 2.1 we see that C
H diverges at the critical point
I

with an exponent ~~. It is interesting to determine If this singularity

is also present in C
R
. Acco rding to the theoretical work of Fisner~

1

sh ould not diverge , bu t rathe r have a cusp correspond ing to a “renormalized ”

specif ic hea t exponen t given by ‘~~~~ —n/ (l — a). Thus , it is poss ible

to determine ci~ and hence ct along the critical line using only meas urements

of Note that this renormalization of the exponent should also occur at

the tricritical point.

,
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III. MATERIALS

A. CRYSTALS WITH TWO SUBLATTICE S

1. FeC17

One of the most frequently studied metamagnets Is Fed 2. The properties

of this ma ter ial p layed an importan t role in the development of the theory

of metamagnetism.~~
2 5 6  A review of its early h istory is given by Jacobs

and Lawrence.57

Figure 7 illustrates the structure and spin r~rrangement of FeC12. The

primitive nuclear cell is rhoinbohedral with space group D
~d
. It is a layered

crystal of the CdCl
2 type in which the layers normal to the c—axis are

composed of Cl , Fe , Cl , Cl , Fe , Cl ... ions .58 60 The crystal structure may

be generated from the rocksalt structure by removing alternate sheets of

metal  ions along the [ill] axis.58

The energy level structure of FeCl
2 is well understood. The free ion

5 .D state is split by the predominantly cubic crystal field yielding an orbttal

triplet ground state . This triple t then experiences smaller perturbations

from the spin—orbit coupling , a residual trigonal component of the crystal

f ield , and the exchange interactions. All of these are appreciably

weaker than the cubic crystal field so the ground state may be treated as an

ef fec t ive  S = 1, wi th a large uniax ial anisotropy. 58

With this characterization of the energy level structure , the suscepti—

oility~
9’6~ magnetization~

8’
57 and Mossbauer data59 can be explained.62 A

neutron diffraction investigation by Birgeneau et al.58 of the magnetic

excitations can also be understood with this model. Their results show that

I
- - ----~~~~~~~~~~~~~~~ -~~~~~~ - -
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the sp in wavos simu l ate those of a two dinension a 1 ferromagnet wi th  a large

arlisotropy. l ils i s  due to the fact that the exchange interactions are

stron gly f e r r ~v ’i agnct ic  w i t h i n  a p lane  and weak ly antiferromagnetic between

planes. These properties of the exchange interactions give rise to the meta—

magnetic na tu r e  of FeC 12 .

The metanagrietic transition of FeC12 was f i rs t  observed by Starr  et

who used polvcrystalline material and dc magnetic fields . Jacobs and Lawerence ,57

using single crystals and pulsed magnetic fields , provided the f i rs t observa-

tion of the dependence of the order of the transition on temperature. With

pulsed f ie ld  measureme nts they were ab le to observ e the hysteresis associated wi th

a firs t order phase transition. They also observed that the transition changed

from first to second order around Tt = 20.4 K, corresponding to 0.87 TN , w here

= 23.55 K. These results , shown in figs. 8 and 9, stimulated much of the

later research .

A quan tit~ttive investigation of the hys teresis phenomena was perfo rme d

by OFten, Dil lor , and Guggenheim 63 who utilized the Faraday rotation of polarized

inciden t light as it passed through the crystal. This rotation is strictly

proportional tc the magnetization in a single magnetic phase. In the mixed

phase , this propor tionali ty is valid If the light passing through

the specimen encounters the two phases in an average proportion and if the

rotation contras t is not too large. These conditions are experimentally

accessible and fig. 10 shows Faraday rotation versus applied magnetic field

field curves which are of the same shape as the magnetization isotherms of

Jacobs and Lawerence.57 This method of monitoring the magnetization was used 

-‘- -- - 
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to measure the area of the hysteresis  cu rves as a function of temperature.

Figure 11 shows an example of Faraday rotation in both increasing and de-

creasing applied fields , while f i g. 12 shows how the area of the hysteresis

depends on temperature and sweep rate. The logarithmic dependence of the

hyste resis are a on l/T suggests that a thermally activated p rocess is

involved. This may lie in the nucleation of the f ield induced phase or in

the motion of antiferromagnetic—paramagnetic domain walls.

By using a polarizing microscope , Dillon et al.6~~’
65 were actually able

~o observe the growth of domains (see fig. 13) as the specimen passed into

the mixed phase from either the antiferrotnagnetic or paramagnetic regions.

At low temperatures (4.2 K) paramagnetic ribbons nucleated on antiferro—

magnetic domain walls as the specimen passed into the mixed phase from the

low field side. As the field increased , the ribbons convoluted and meandered

throughout the field of view. At higher temperatures , the paramagne tic

ribbons fragmented into bubb les as the field was increased. On app roaching

the mixed phase f rom the high field side , there are no entities corresponding

to antiferromagnetic domain walls whi ch serve as nuclei for the new phase.

At higher temperatures , extension and fragmentation of the antiferroniagnetic

ribbons occur. This difference in the low and high field behavior of the

mixed phase is a factor in the hysteresis observed in the pulsed field results

o f Jacobs and Lawerence.57

Optical methods h ave also been used in detailed studies of the magnetic phase

diagram. Griff in et al. 66 ’67 have observed that a magnetic circular dichroism

occurs at a wavelength of 600 nut when the crystal is in the mixed phase region. 

- - -~~~~~~-— ~~-- -  ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . .-- .
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Right and left circularly polari zed ligh t are scat tered unequally by the

domain structure in the mixed phase. The difference in the decrease in

t ransmission for  le f t  and righ t handed polarizations is proportional to the

magnetizat ion in the mixed phase , while the re is no measurable transparent

magnetic circular dichroism in either the antiferromagnetic or para—

magnetic phases . The magnetic phase diagram below the tricritical point

was mapped by using this effect. Griffin et al. also found that the optical

density of the 427 nut absorption line exhibited an abrup t change in shape

when the sample passed from the antiferromagnetic to the paramagnetic phases.

Similar work had bee n pe r fo rmed earl ier  by Robbi ns and Day.68 The magnetic

phase diagram was completed above T
~ 

by using this lat ter effect  and is shown

in fig. 14.

Later measurements69 used the magnetic circular dichroism of the

abso rption 1ine at 1.45 ji m. The dichroism was estimated to be linearly

prop ortional to the magnetization to within 0.1%. The tr icri t ical  point

behavior was extensively investigated with this technique and the results

are discussed in section IV.

The metamagnetic p roperties have also been investigat ed by neutron

d i f f raction. Trunov et al.70’71 have shown that depolarization of neutrons

occurs when the sample Is in the mixed phase. Birgeneau et al.72 have also

studied the tricritical point properties of FeC1
2 using neutron diffraction.

Their results are discussed further in section IV.

The effect of pressure on the magnetic properties of FeCl
2 has been

studied experimentally by Vettie r et al. 73 ’75 and Na rath et al. , 76 while

~

--

~
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theoretical discussions of this effect have been given by Tsallis 77 and

Nasser.78 ’
79 The experiments show that FeCl

2 has both a low and high

pressure phase of the CdC12 
and CdT

2 
types , respective ly , which are shown

in fig. 15. V~ ttier and Yelon75 have shown that the Tnagnons in FeCl
2

simulate those of a two—dimensional ferromagnet wi th a large anisotropy at

all press u res , despite the larger coupling between planes in the high—pressure

phase. In each phase, the Neel temperature increases with pressure. The

tricritical point temperature decreases with pressure in the low pressure phase, while -

the opposite behavior  occurs in the hi gh pressure phase .73 These results

are shown in f i g .  16. This increase of Tt , wi th  ç ressure in the Cd12 phase,

also occurs in FeBr2 which has the same structure for all pressures.
73

No attempts to correlate the changes of Neel and tricritical temperatures

wit~i the changes in exchange and anisotropy parameters have yet been reported.

The metamagnetic t r ans i t i on  was also observed b y Motokawa and Date 80 ’81

in the i r  s tudy  of impuri ty  spin resonance . The resonance absorption from 35—90

GHz , due to Fe i+ 
and Nn

2+
, was measured as a function of f ield , both above

and below the critical fields. Their results enabled them to estimate the

2+exchange interaction with neighboring Fe spins.

Crystals  of FeC12 tend to be soft and easily cleaved perpendicular to

the c—axis . Despite this tendency , the study of FeCl2 offers several advantages.

I t is well des cribed by a simple model and the wealth of experimental data

provide a basis fo r the stud y of mo re complicated behavior.

2. FeBr2 - 

-

FeBr2 has an hexagonal crystal structure of the CdT 2 
type wi th space group

D
~d (P3m ) .  The s t ructure , shown in fig. 17 , is very similar to that of FeC12 ,

a
L . .~~_ - -~~~
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in that sheets of ferrous ions are separated by two sheets of halide ions.

Also , similar -as in FeCl2 ,  the ground state energy levels can be described by

an e f f e c tive spin , S = 1, with a strong uniaxial anisotropy.82’8~

FeBr
2 

also exhib its f ie ld  induced phase transitions which can be either

first or second order as shown in figs. 18 and 19. However, the phase

diagram of FeBr
2 

dif f e r s  from that of FeCl
2 in several interesting and signifi-

cant respects. Fi gures 20 and 21 show phase diagrams of FeBr
2 

obtained by

magnetization measurements with 73 ’76 ’86 and wi thou t82’85 an applied hydro-

static pressure. At the “tricritical ” point the line of first order phase

transitions meets that of the second order phase transitions with a markedly

discon tinuo us slope , whereas in FeC12 ,  the f irs t and second order lines meet

w i t h  a continuous slope. 82 Another special  feature of the FeBr 2 phase

boundary is that it has a maximum , which implies that the ordered phase cojld

be entered Iro n the paramagnetic phase by increasing the temperature at

constan t internal  magnetic f ie ld . 82 The third marked difference wi th FeCl
2

is that the ratio T
t/TN = 0.33 is too small to be consistent with the mean

field theory of ferromagnetic intraplanar coupling, L~l , and antiferromagnetic

interplanar coup ling , J’.87

Several investigators have87’12 suggested that this unusual phas e diagram

could be understood within the framework of mean field theory if the

inequality R ZIJI/Z ’J ’  > —0.6 were satisfied , where Z and Z ’ are the number of

ferromagnetic and antiferromagnetic nearest neighbors respectively (see section

II). In fact, a value of —0.28 has been proposed by Jacobs and Lawrence,85 who 

- . - - ~~~~~~~~~~ . 
~~~~~~~.
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obtained that ratio from an analysis of their susceptibility and magnetization

data .  Kinca l d and Cohen 12 point out that if that  inequality were valid ,

then the “tricritical point ” of FeBr2 
may in fact he a critical endpoint , and tha t

there might exist in the antiferrornagnetic region a bicritical endpoint.

These pre dictions of mean f ield theory in the case where R > 0.6 are discussed

in section II.

Howeve r , a recent neutron diffraction experiment by Yelon and Vettier80

has de termined that  the ra t io  R = — 5.  This value was obtained from

an analysis of the spin wave excitations , wh ich were seen to be similar to

those of FeC12 ,  though slightly less two dimensional. Thus, the neu tron

diffraction results call into question the applicability of mean field theory

as regards the unders tanding of the phase diagram of FeBr

Fert ~t al.87 have noted that theoretical work by Tsallis 77 suggests that

magnetoelastic coupling could play an important role in magnetic behavior of

FeBr 2 . A thorough experimental  analysis of the magnetoelas tic coupling could

yield a better understanding of this unusual phase diagram.

FeBr 2, despite the simplicity of its crystal and magnetic structure , has

a very unusual and still not understood phase diagram. Interest in this

material i~; growing despite the difficulty of getting good single crystals.

Recent experimental work89 shown in fig. 22 suggests that measurements of

Faraday rotation should provide a sensitive means of examining the phase

boundaries. Perhaps , as in FeCl 2 , this type of measurement will be able to

shed light on the domain dynamics in the mixed phase regi on and provi de an

overall view of the metamagnetic transitions.

I
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Nickel nitrate dihydrate forms monoclinic crystals belonging to the space

group P2 2 /C. The cry s t a l  s t r u c t u r e  is shown in f:ig.  23. The crystals are

needle—l ike with the a—axis along the needle axis. This is convenient since

tne  a—axis is the axis of prefered spin alignment and the needle—like

form hel ps in the  r educ t ion  of demagnet iz ing  e f f ect s . 90 ’9 1

S p e c i f i c  ~ieat  measurements 92 suggest that i t  is composed of a nt i f er r r —

magnetically c upled sheets of ferrornagnetically ali gned Ni~~ spins.

This conclusion is supported by susceptibility measurements90 which yield a

large susceptibility along the a—axis and a small , nearly isotrop ic value

in the bc plane. The ground state properties of the N1
2+ ions are fa irly

well described by an effective spin Hamiltonian with S 1 and uniaxial aniso—

tropy . The int:eractions between the ions are taken to be isotropic and have

so far been treated only using the mean field approximation.91

Magnetization isotherms have been measured wi th fields up to 16 kOe

applied alon g the a—axis . Typical results (see fig. 24) show the characteristic

change in the order of the metamagnetic transition as temperature increases

pas t the t r i c rit i c a l  point  (T
~ 

= 3.85°K). Using only magnetization measure-

men ts the H . — T and M — T phase diagrams have been obtained. See

figs. 25 and 26. 91 The large error bars in the latter diagram show that

it is difficult to obtain the phase boundary near the tricritical point by

magnetization measurements alone.

Schmidt  and Fr iedberg 91 note that there are discrepencies between the

cal<~ulated and experimental phase diagram of fig. 26 , as for example , the 

- - _~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
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differences be tween the experimental and calculated upper and lower phase

bo~.~ndaries at low temperatures.  They suggest that  the discrepancies

could be due to a small relative cant ing of the sp ins on the two inequivalent

Ni2+ 
ions in toe unit cell. If this is the case , Ni(N03

)
2
.2H

2
0 should be

described by a model with four sublattices.

More experimental work to test the validity of the two sublattice models

and to determine the phase boundary more accurately would clearly be of

interest. The temperatures and fields needed for the study of Ni(N0
3)2

2H
2
0

are easily accessib le experimentally. Howe~ier , it is a difficult crystal

to work with because it tends to cleave spontaneously In the bc plane,

allowing water to enter and causing the crystal to deteriorate.

4.

DyPO4 is an excellent approximation to the three dimensional Ising

model with g1 = 19.5 and g1 = 0.2. The lowest lying energy levels constitute

an exchange and dipole spli t Krame rs doub le t whose separation from the

nearest excited level is ~ 70 cm
’, about 10 times the doublet splitting.

Therefore, DyPO
4 

is well described by a fictitious S = 1/2. In zero

applied field the dipolar and exchange interac tion s for other than

nearest nei ghbors par t ia l ly  cancel , hence in zero field DyPO 4 is well

discribed by a model with nearest—neighbor—only interactions.93 In an

app lied f ie ld  the behavior is qualitative ly that of a two—sublattice anti—

ferromagne tic in which dipolar interactions are important.93 The crystal

and magnetic structures are shown in figs. 27 and ~~~~~~~~

______  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ____  _ _ _ _ _ _ _ _  ~: - ~~~~~~~~~~~±
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The Ising—like character of DyPO
4 is revealed in spec troscopic95’96

and magnetoelectric:  s tudies. 97 The magnetoelect r ic  susceptibi l i ty , a ,

is the constant relating the induced electric polarization to the applied

magnetic field or the induced magnetization to the applied electric field.

Rado97 has shown that in DyPO
4 

the magnetoelectric susceptibility is propor tional

to the sublattice magnetization. This proportionality also holds in other

systems as long as ground state properties are describable by an

effe ctive spin 1/2 formalism.98 Measurements of o versus temperature show that

the behavior of the sublattice magnetization of DyPO
4 

is in excellent agreement

with the predictions of the three—dimensional Isir~g model (see fig. 29).

The magnetoelectric effect has been used not only to probe the sublattice

magnetization , but also to detect the occurence of metamagnetic transitions.99

The discontinuous change in magnet ic  symme t ry , caused by a suf f ic ien t ly large

magnetic field , produces an abrupt decrease in a. Fig. 30 shows the

decre ase , fo r  the  case of DyPO
4 when the magnetic symmetry changes from 4’/m

’tnm’

to 4’/m m’ rn’. Figure 30 also illustrates that the relative sign of a

is de termined Eolelv by the sign of tha t H whi ch carried the mos t recen t

metemagnetic transition prior to the measurement of a.~~ This switching

effect is poter tially applicable to the storage and retrieval of information .

The example of DyPO
4 

(and also , as discussed in section 111,8,1, DyAlO3
) suggests

that for some crystals the magnetoelectric effect migh t be a sensi tive means

of inves tigating the magnetic phase boundaries .98

Several diffe rent types of measurements have been used to obtain the

magnetic phase diagram of Dy PO4. Wright et al.~~°0 combined specif ic

-“ ~~~~~~~~~~~~~~~~ ~~
._ -- - _ --_— -- - _ - -—,- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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heat and spectroscopic data to obtain their phase diagram shown in fig. 31.

Koonce et al. 93 combined specific heat and susceptibility data to obtain

their phase diagram (see fig. 32) and , in addition , from magnetization measure-

ments (see f i g. 33) located the tricritical point at 0.75 K. The phase

diagram of Koonce et al. was foun d to be in agreement with the later results

(see fi g. 34) of Battison et al. 101 who used the proportionality between

magnetization and Faraday rotation in their study. However, Battison et al.~~
0’

by directly observing the domains in the mixed phase region, located the

t ricritical point at Tt 1.95 K , in marked confEct with the earlier value of

0.75. The value Tt “v 2 K later obtained by neutron diffract ion (see figs . 35

and 36)~~ agrees well with that of Battison et al. No resolution of this

conflict  has been reported.

DyPO
4 

crystals which have good optical quality can be grown . Unfortunately ,

they are br i t t le  and cannot be fashioned into an ellipsoid al shape. Despite

this, its close approximation to an Ising system will stimulate many more

experiments.

5. FeCO
3

FeCO3 has a rhombohedral s tructure . The magnetic moments point

along the c—axis. They lie in (0001) ferromagnetic sheets, and the successive

sheets are antiferromagnetically aligned. The six nearest (magnetic) neighbors

to a given Fe
2+ 

ion lie on the neighboring sheets , while the six next nearest

neighbors lie in the same sheet102’ ~~ (see fig. 37).

There is antiferromagnetic ali gnment between nearest nei ghbo rs and

fe rromagnetic ali gnment between next nearest neighbors , y ielding a two 

- - - -~~~
- _ _
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sublattice description of the magnetic structure. Neutron diffraction

sublattice magnetization measurements indicate that the ground state

proper ties of FeCO
3 

are reas on ab ly well  described by a three dimensional,

S = 1/2 Ising rnodel.~~
0
~~’~~

05 The Ising character has also been confirmed by

analysis of far—infrared absorption spectra 103 and Rarnan scattering data. 106

The Neel temperature is rather high , ‘~~ 38°K~~
7 implying strong exchange

interactions. The magnetic fields required to achieve the met amagnetic

t ransi t ion are in the range of 150 kOe—180 kOe , 10 ’108 which are beyond the

range available to many laboratories. Another difficulty with this material is

that synthetic single crystals have not been available hence natural crystals

of siderite have been used in the experiments .

Magnetizat:ion measurements at T = 4.2~ K by Jacobs l t’7 yield a very

broad transition starting at 100 kOe and ending only at 200 k0e (see fig. 38).

Later unpub lished measuremen ts yielded a sharper t ran sition , similar to the

results of Dudko et al.~~
08 whose magnetization and differential susceptibility

results are shown in fig. 39. The transition begins at 148 k0e and ends

at 176 k0e. Additional magnetization and differential susceptibility results

have been reported in refs. 109 and 110. Magnetocaloric effect studies yield

approximately the same transition fields ,111 as do Faraday e f f ec t studies 112

(see fig. 40).

Spectroscopic t10 and magnetoopt ic  stud ies hl2 ,Ul suggest that the

transition to ferromagnetic alignment is realized through a homogeneous

noncolinear magnetic structure , in which one of the sublattices remains fixed

along the C3 avis and the other smoothly rotates with the increasing external

f ie ld . 110 Howeve r , Dudko et  al. 108 suggest that the sublattice antiparallel

Là
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to th e field breaks up into multiple sublattices , which then rotate in to

alignment with the field. Further evidence of the complicated behavior of

FeCO
3 

during the field induced transition was observed in a Rain an scattering

expe rimen t 1 1 4  using pulsed magnetic fields , in which a field influenced

exciton line shif ted during the transition, despite the fact that the

transi tion was presumed firs t order.

FeCO 3 is a d i f f i cult material t o st udy because of the hi gh magne tic

fields required for the inetamagnetic t ransition. However , its Ising—like

character and the possible comp lexity of its intermediate state make it well

worth further investigation.

6. DySb

The high temperature crystal structure of DySb is of the NaC1 type. At

TN 9.52 K there is a single firs t order magnetic phase transition to an

ant iferromagnetic state.  This transition is accompanied by a large (0 .7%)

tetragonal and somewhat smaller (0 .1%) monoclinic [111) distortion. The

transition temperature is markedly strain dependent. These features suggest

to several investigators~~
5’~~

16 that strong biquadratic , as well as bilinear ,

exchange interactions influence the magnetic properties of DySb.

The ordered state consists of ferromagnetic (111) planes stacked anti—

ferromagnetically along the [111] axis. The magnetic moment is aligned parallel

to the [001] axis.117 Magnet izat ion studies by Brun et al.117 reveal two

transitions, first to a ferrimagnetic state at H 
~~~ 

and then to a para—

magnetic state at H — H
~2
. These transition s shown in fig. 41 can occur

- -

~

-
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for various directions of H. The magnetic phase diagrams are shown in figs.

42 and 43. I n t e r e s t i n gly ,  when H (  I [110] the boundary between the fern —

magnet ic  and p ar am a g n e t i c  s tates extends  up to 15 K , tha t  is , above the Ned

temperature . 11

Neutron diffraction measurements with HI ([110 ] have determined that the

ferrimagnetic state has the HoP structure , which has a spin arrangement shown

in fi g. 44~ 118 Further neutron diffraction work is needed to determine the

ferrimagnetic structures when H Is applied in other directions , and the role

of biquadractic interactions in stabilizing these structures.117

Furthe r magnetization measurements with H ( I [1101 have been performed by

Streit et al.1 9  These measuremen ts, shown in fi g. 45 , are sufficiently

detailed to reveal the existence of a tricritical point at T
~ 

= 8.5 K and

= 14. 7 kOe (in the boundary between the antiferromagnetic and ferrimagnetic

states. This is the f i r s t  report~~d observation of a t r i c r it i ca l  point between

two ordered states. Figures 46 and 47 show the phase diagrams obtained from

the measurements. As expec ted , a mixed ferrimagnetic and antiferromagnetic

phase is apparent in the N versus T diagram. Note that the Neel temperature ,

TN 10.2 K , observed in these measurements is not in agreement with the

previously observed value. This highlights the influence of strains and

presumab ly also samp le preparation and mounting on the Neel temperature.119

Clearly , much work is needed in order to understand the interesting and

complex magnetic properties of DySb. The influence of strains and bi quad r a t i c

exchange interactions make this a material worth further experimental and

theoretical study. A theoretical study should be able to account for the

- , ~~~~~~ -- - ‘—— - ~~~~~~~~~~~~~~~~~~~~~~~~
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temperature and field dependence of the ferrimagnetic phase and the presence

md location ~f the  t r i c r i t i c a l  p o i n t . The exper imental  work involves

s t u dy  of e l a s t i c  cons tan t s  and the ~ffcct of s t r a i n s.  This  is fac i l i t a t ed  by

the fact that the c ry s t a l  i t s e l f  is r a t h e r  hard and can easily be cut to

expose des i red  c ry s t a l  planes.  DvSb shou ld  be the object  of much fu tu re

research .

7. ThP0
4

Flux growi-t crys ta l s  of ThP04 have a room tempera tu re  te t ragonal  zircon

s t r u c t u r e , as ~;hown in f i g .  48. At TD 3.5 K , a c ry s t a l log raph ic  phase

t r a n s i t i o n  occurs  to  a lower c ry s t al  symme t ry , po~ sibly monoclinic  or ortho—

rhombic.  A c ry s t a l  d i s t o r t i o n  can ~ilso  he induced above TD by appl ica t ion

of a magnet ic  : i e l d  p e rp e n d i c u l a r  to the c— ~~xis . 1’0  At T N — 2.2 K , ThP0
4

orders antiferromagneticaily with a two sublattice collinear structure whose

a n t i f e r r o m a g n et i c  axis is canted f r o m  the c—axis . 1 2 1 ’122 Ref.  123 notes that

the re is a con f l i c t  in the reported values for  the c a n t i n g  ang le , 40° and 26 ° .

Far—inf ra re d spectr o scopy 123 i n d i c a t e s  tha t  the low lying leve ls of ThP0
4 consist

of a doub le t and two s inglets. This is a more compl icated low lying energy

leve l structure than in previously discussed materials.

The me t amagnetic  behavior of TbPO 4 has not  been extensive ly s tudied.

Magnetizat ion measurements shown in f ig .  49 wi th  H both para l le l  and perpendicular

to the c—axis reveal very broad transitions.12 0 ’124 High resolution optical

spectra 121 show a discontinuity in the Zeeman pattern (see fig. 50) at a

t ransi t ion f i e l d  of 5 kOe . Further work i s  needed to determine the exact

n at u r e  of the  t r a n s i t i o n .

~~~~~~~~~~ ,.__ j . 
~~~~~~~
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Because o~ i t s  low ly ing ene rgy  leve l scheme and its canted spin structure ,

ThP04 is an i n t e r e s t i n g  s s tem in which to study yield induced phase transi-

tions . Howeve r , f u r t h e r s tudy  of the bas ic  in teract ions  is needed.

B. CRYSTALS W I TH FOUR SUB LATTICES

1. TbAlO~~ and ~~A lO 3

The comp o unds TbAlO
3 and DyA1O

3 share the o r thoalumina te  s t r u c t u r e .

Each of the rare ea r t h  ions is surrounded by six nearest neighbors , four

in the a—b plane and two along the c-axis.  The Neel temperatures of

TbA 1O 3 and DyA O
3 

are 3.95 K and 3.52 K , respectively. 12 5

Neutron d i f f r a c t i o n  s tudies  show that the magnet ic  unit cell has

G
x
A
y 
symmetry . Figures 51 and 52 show that the magnetic structures are

composed of four sublattices . The spins lie only in the a—b plane. In DyA1O
3

four magnetic moments of 9.2 1
~B 

make angles of ± 33.5° and ± 146.5° wi th

the b—axis. For TbAIO 3, the corresponding values are (9 ± 0.6) U
B 

and ± 35°

and ± 1450. ConsIstent w i t h  the conf inement  of the sp ins to the a—b plane

is the fact that x~ 
is much smalle r than Xa or Xh for both crystals.~

26 ’~
27

Crysta l  f i e ld  in te rac t ions  sp l i t  the ~~ 3+ ground s t a te  6H 151~2 in t o  eig ht

Krainers doublets. Similarly, the Tb
34 

ground state 7F6 is split into 13

singlets , with the two lowest singlets forming a near accidental doublet.

For both DyAlO~ and TbAlO 3 the ground s t a t e  proper t ies  can be described at

low temperatures  as spIn  1/2 I s t n g  systems . The op t ica l  spect ra  of both

mater ia l s  for  the absorption of li ght  f r o m  the ground s t a t e  double ts  to

excited states nave triplet structures. These structures can arise if

the dominant interaction between rare earth ions i~ with nearest neighbors

.‘
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alon g the c- .txis . In tha t  case , the lowest energy level of a given ion can

have one of th ree d i f f e r e n t  value s , depending on i:he direction of the magnetic

ri~ rnents of ~~ ion and i t s  neighbors . Figures  53 and 54 are pseudo—energy—

Level d iagrams  w h i c h  show how a l l  the ions in the crysta l  contribute to form

a t r i p l e t  s t  ru  t ’~r~ in the op t i ca l  s p e c t ra .  1 2 7 , 128

At low t e m p e r a t u r e s  the s p e c t r a  ri s impler  because of depopulation of

two of the t r i p l e t  s t a t e s .  When taken in the presence of a magnetic field ,

these Zeeman p i t t e r n s have given ev idence  of doub e me t amagnetic transi t ions

and selective reversal of sub lattices.

To understand the Zeeman p a t t e r n s , i t  Is help f u l  to picture the Ising—

l ike  spins confined to the a—b p l ane  as in f i g. 55. Imagine two collinear

antiferromagne ts A and B compris ing magne t ic  sub la t t i ce s  1, 2 and 3, 4

respect ive ly.  The exchange and m a gn e t i c  d ipo l a r  i n t e r ac t i ons  wi thin A or B

are much s t ron ge r tham the i n t e r ac t i ons  between A and B. Thus , to a f i r s t

:~pr xH~stion , the A and B sublattices behave independently and this makes

it  poss ible  tn  rev~~rse one of the  A sublattices while leaving the B sublattices

r e l a t i v e l y  und~ s t u rh e d .~~
27

The idea1~~zed Zeeman p a t t e r n  of ThA 10
3 is given in f i g. 55. For small

nagnet ic  f i e l d s  p a r a l l e l  to ~i , the absorpt ion l in€ s s h i f t  according to the

[r s t  orde r Zeeman ~‘f f e c t .  The s lopes are -
, 9 fo r  ions 1 and 2 , and

cos 70° f o r  ions 3 and ‘ . I f  H H 1 , the first transition field ,

the  ex t e rna l  f i e l d  is then large r than the  i n t e rn r l  in terac t ions  acting on ion

2. This causes U
2 

to  reverse s ign and the i n t e rac t ions  of all the other ions

w ith ion 2 to c hange. When H � H
~2, 

the magnetic field is then greater than

the internal interaction s on ion 4, causing the second metamagnetic transition.

£

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
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The experimental results are sh uwn in f I g .  56 , H 1 ~ 8.5 kOe, and H 2 “~ 21 koe.

The deviation from the idealized case is due to weak interactions between

neighbors (1 and 4 , or 2 and 3) in the a—b plane and long range magnetic

dipolar  interactions . 127,129

The situation in DyA1O3 is en t i re ly  analagous . H1 ~ 7.0 kOe and H 2 ~~‘

7 .3 koe and the Zeeman sp l i t t i ng  as a func t ion  of field is given in f ig .  57.

Tab le 2 summar ,~zes the magnetic proper t ies  obtained from the spectroscopic

data of these rare ea r th  aluminates . 130 ’128

Magnet izat ion  measurements l 3 l , 126 on these crystals have y ie lded estimates

of the i nt e r n ai  f ields and fu r t h e r  understanding of the me tamagnetic transi—

tions . Figures 58 and 59 show that  magnetization measurements also give

evidence for  double transitions and selective reversal of sublattices.

Consistent with  the view of DyAlO 3 as a spin 1/2 system are the measure—

ments of its magnetoelectric susceotibility as a function of temperature .

As in the case of DyPO4 , which is well described by the three dimensional

Ising mode l , the magnetoelectr ic  suscep t ib i l i ty  of DyAlO3 is proportional to

the sublattice magnetization. This condition provides a simple and elegant

means of studying the critical behavior. Figure 60 shows that the magneto-

electric data of DyAlO
3 and DyPO4 are very similar. The critical exp onents

of both materials are in good agreement with the predictions of the three—

dimensional 151mg model. 98 ’132 ’133

The e f f e c t  of a me t alnagnetic t rans i t ion  on the spin alignmen t , and hence

on the magnetoelectric effect in DyA1O3 
is summarized in fig. 61. These

results were oP t a in e d  by ro ta t ing the c rys ta l  u n t i l  the component of a large

applied magnetic field reached the t r ans i t i on  f i e ld  for  a par t icular  plane .

—

~ 

~~~~~~~~ •-~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~ ~~~~~~ 44



111—19

Figures 62 and 63 show how the magnetoelectric susceptibility , because of its

st ron g dependence on magnet ic  symmetry , would then change abruptl y. 133

This technique then provides a sensi t ive means of obtaining magnetic phase

boundaries and , because of the dependence on symmetry , of studying the order

of the me t amagnetic t rans i t ions.

Similar , though less de tai led , magnetoelectric effect studies have

recently been performe d on ThA103. 1 3 4  As in DyAlO 3, the magnetoelectric

susceptibili ty shown in fi gs. 64 and 65 , is proportional to the sublattice

magnet izat ion and behaves in a way consistent witi-  the predictions of the

three dimensional Ising model. Figure 66 shows ti- at the magnetoelectric

susceptibility provides a sensitive means of determining the metainagnetic

t rans i t ion  f ie~ ds of ThA10
3.

The basic magnet ic  interact ions in ThA10
3 

and DyAlO
3 are well

unders tood.  This provides a basis for  fu tu re  research. For example , a

detailed investigation of the magnetic phase boundaries has yet to be under-

taken.

2. CeBi

In contrast to p revious materials the basic magnetic and structural

properties of CeBi are not well understood. The high temperature crystal

structure is f.c.c. (NaC1 type). At T
N 

(~~ 25 K) there is a second order

magnetic phase transition to an ant i fer romagnet ic  s tate with a (+ — + —)

arrangement of ferromagnet ic  (001) layers . The spin direction is parallel

to ~0Ol ] .  At 12.5 K a f i r s t order magnet ic  phase t ransi t ion occurs to the

~~ ~~~~~~~~~ - -
~~~~~~~~~ -~~~- - - ~~~~~ ~-.-~~~~~~- — -~~~~~ —~~~~~~~~~ ---- - -~~~~~~~~~

.— . .--- 
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type IA strucutre , in which the spin direction remains unaltered , but the

ferromagnetic sheets have a (+ + — — )  alignment.1~~
5’136 This type IA

structure is not predicted by mean field theory and the mechanism which

stablizes it is not understood .

In addit ion to the zero f ie ld  magnetic  t ransitions , st ructural transi-

tions have been reported . Hu l l ige r  et al. 137  reports a tet ragonal distortion

of the cubic crys ta l  l a t t i ce  at T
N. The variation of lattice parameter with

temperature  is shown in f i g .  67. However , Lander et al.138 have performed

similar X—ray measurements and report that no tetragonal distortion occurs

at T
N 
nor at 12.5 K. They suggest that this discrepency might be due to

unusual domain e f f e c t s .

Anamalous domain e f f e c t s  have also been used to explain the unusual

magnetization behavior. Tsuchida et al.139 have observed two metamagne tic

transitions. They postulated that the intermediate state has a (+ + + — )

structure (see figs. 68 and 69). However , Bartholin et al)40 have observed

a much more complica ted behavior with multiple transi tions and intermediate

states , as shown in f igs . 70 , 71 and 72. The neutron d i f f rac t ion

work of Lander et al. 138 shows the existence of only one inte rmediate

state  (with a + + + — arrangement). See f ig. 73 for their phase diagram.

This result is consistent with the theoretical work of Thbbe141 who studied

the magnetization process in an fcc lattice and found only two field induced

t ransitions.

The basic interactions in CeBi are more complex than those in previously

mentioned materials . !~~re work is needed to understand the type IA structure

and the e f f e c t  of domains on the magnetization curves.



3. CeSb

There are also unresolved questions concerning the magnetic properties

of CeSb. The ant i f e rr omagne t i c  t rans i t ion  at T
N ( 16 K) is to a non—

commensurate sinusoidal s t ruc ture .  At T 8.5 K there is a transit ion to a

type IA(+ + — — )  magnetic structure .137

As in CeB i , Hulliger et al.137 have reported a tetragonal distortion at

1 N Figure 74 shows the variation of lattice parameters with temperature

ob t ained by X— r ay d i f f r a c t i o n. In view of the disputed tetragonal distor-

tion in CeBi , it  would be in teres ting to see if the tetragonal distortion

in CeSb can be confirmed.

The behavior of CeSb in a magnet ic  field has been studied by several

investl gators . 37 , 1’+ 2 1 ~+6 A pecul iar  aspect of the magnetization is , as in

CeB L , the appearance of mul t ip le  steps (see f igs . 75 and 76).

It is possible that  these multip le steps are due to domain reorientation

effects. Clearly a neutron diffraction study of CeSb in a magnetic field is

needed to determine the number and nature  of f ield induced magnetic

s t ructures .

4. DyV0~ and DyAs O4

DyVO
4 

and DyAsO
4 are isornorphous with DyPO4. Spectroscopic measurements

show that  the i r  grou nd states are hi gh ly anisotropic , with the magnetic

rr~ ments cons t ra ined  to lie perpendicular to the tetragonal axis. The spectra

taken in a field app lied in the basal plane indicate that DyAsO4 and DyVO
4

have almos t i d e n t i c a l  magnetic propert ies. 14 7 Their magnetic s t ructure is

shown in fig. 77.

I
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DyVO 4 , w h i c h  orders at 3.04 K ,~~
’
~
8 also undergoes a Jahn—Teller transition

at 14 K whereb i the crystal symmetry changes from tetragonal ziron to the

orthorhombjc s~ ructure . The distortion direction is correlated with the

direction of principal g value and can be influenced by the application of a

magnetic field .~~~
9

Below T
N 3.0 K , a magnetic field applied along the direction of spin

alignment can ~nduce a me tamagnetic transition , as shown in f ig. 78. The

metamagnetic transition has also been observed in spectroscopic measurements,

where the Zeem an sp litting of the ground s t a te  doi b let is linear wi th  f ie ld

f o r  H < H 1, approximately independent of f ie ld  f(-r  H 1 < H c2~ 
and again

linear with field fo r  H > H 2 . These results are shown in figs . 79 and 80

wh ich show the posi t ions of H
1 and H 2. The appearance of the extra lines

when H < H < H has been considered in detail by Kas ten and Becker. 148
cl c2

Dy As O4 , which orders at 2 .44  K , also undergoes a Jahn—Teller t ransi t ion

at 11. 2 K .150 The me t amagnetlc t rans it ion  has been observed from spectroscopic

studies , as shown in fig. 81. The behavior of the Zeeman lines is similar to

that of DyVO4.

These materials , though relatively complex , can be described by simple

arguments. Gocd optical quality crystals can be grown. These factors make

them ideal candidates for future research.

5. EuSe

EuSe is a magnetically ordered semiconductor with an fcc crystal

structure . Nearest neighbor ferromagnetic and next nearest neighbor

ant~. ferromagnetic exchange interactions nearly cancel each other, leading

to  very complicated magnetic behavior .151 Janssen 152 has theoretically
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s tudied  EuSe and shown tha t  dipole—di pole and magnetoelast ic interactions

play a significant role in determining its magnetic properties.

The latest work 151 obtained from dilatometric and magnetization measure—

ments 15’ and analysis of neutron d i f f rac t ion  studies 153 shows that in zero

field , EuSe becomes antiferromagnetic at 4.6 K, then ferrimagnetic at 2.8 K,

then once again antiferromagnetic at 1.8 K (see fig. 82). The first AF

phase consists of (ill) planes with spins oriented according to (+ + — — ) .

The spins in the ferrimagnetic phase are ordered (+ + — ) ,  while the second

AF phase has the MnO type structure . Previous work154 had neglected the low

temperature AF phase.

Magnetization measurements 155 158 have revealed that two metamagnetic

transitions are possible (see f i gs. 83—86). Each antiferromagnetic state can

be forced into the ferrimagnetic state which can then be forced into the

paramagrietic state. The variation of critical field with temperature for 2 <

T < 5 is shown in f ig. 87.157 A comple te magnetic phase diagram obtained

by the dilatometric and magnetization measurements is shown in fig. 82.

There have been some suggestions 154 i 158 ’~~
59 that this phase diagram may be

an oversimplication. For example, Komaru et al)54 have performed NMR

studies on EuSe which suggest that between the ferrintagnetic and ferro-

magnetic phases there exists an intermediate phase containing canted spins.

Figure 88 contains their proposed phase diagram , which illustrates that the

interactions in EuSe are extremely complex.

There have been several experiments which indicate that magnetoelastic

energy plays a significan t role in EuSe. The dilatontetric measurements 151

show that each field induced transition is accompanied by large length

chan ges , as shcwn in fig. 89. Magnetization measurements,158 shown in

_ _

—

~ 
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f i g .  90 , we re made in the presence of a stress applied along the [111]

direct ion , wi th the magnetic field applied in the (111) plane. According to

Kwon and Everett ise the linear variation of M between 2.2 and 2.4 kG, when

T = 1.3 K and the applied pressure equals 150 kBar (see fig. 90) suggests

yet another magnetic phase , not observed at zero stress.

Not only are the magnetic interactions in EuSe very complex, bu t its

very properties have not been fully determined , so that much work on

this material remains to be done . For example, neu tron d i f f rac tion on

EuSe with app lied pressure and magn et ic  field would help to determine the

exact nature and boundaries of the magnetic phases .

C. CRYSTALS WITH LINEAR CHAINS

1. FeCl
2

2H
2
0, CoC1

2
•2H

20, CoBr
2

2H
2
O

The metatnagnetic properties of the isomorphous compounds FeCl
2

2H
2
0,

CoClf2H 2 O and CoBr 2 2H 2 0 have been extensively studied.  The crystal

s tructure is monoclinic with the C2/m space group (see fi gs. 91 and 92). The

crystals  consist  of linear chains of FeCl 2, CoCl2 or CoBr
2 parallel to the

c—axis (see , for example , fig. 93) ,  held together by relatively weak hydrogen

bonds . In the cobalt compounds the spins are constrained to lie along the

b—axis , while in FeC1
2

2H
2
O the spins lie along the a—axis in the a—c p iane~

60
~~

62

The results of susceptibility measurements (shown in figs. 94 and 95) support

this picutre o the spin orientation .160 162

The magnetization vs. field rurves of each compound show two discoiitinui—

ties , as shown in figs . 96, 97 and 98. There has been considerab le discussion

as to the nature of the intermediate state with c~-nted ,
163 four subla tt ice 164

and six sublatt:ice structures having been proposed .165 ’166 Neutron

- - —--- —j -———- — —  ~~~~ - -- - -~ --.-~~~~~~~ - ~~~~~~~~~~~~~~~~~
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d i f f r a c tion inves tigations of FeCl
2~

2H
2
07 and CoC1

2
2H
2
0167 have confirmed

Narath’s six sublattice model and the same is probab ly true in CoBr
2~

2H
2
0.8

The advantage of the six sublattice mode l is that it can predict the 3:1

ratio of saturated to intermediate magnetization which is observed for all

three subs tances (see fi gs. 99, 100).168 ,163 ,162 -

Nara th ’ s analysis 162 of his magnetization vs. field data for

FeCl 2~ 2H 20 applies to all three comp ounds because of their similar magnetic

• structure . Figure 100 shows the directions of the exchange interactions.

and are an ti ferromagne tic interactions , while J
3 
is ferromagnetic.

There is also a ferromagne tic interaction , J , between two spins on the

linear chain. By comparing the energy at 0 K of the antiferromagnetic,

ferrima gne tic , and paran lagnetic confi gurat ions in the presence of an applied

field , Nara th~~’2 is able to obtain the transition fields in terms of the

exchange constants . He also shows that  if were ferromagnet ic  there would

be only one discontinuity , so the experimental observation of two step behavior

is due to an intrasublattice antiferromagnetic exchange.

Yamada and Kanamori169 ’8 have performed a mean field treatment of the

magnetization processes of these crystals. Using Narath ’s six sublattice

intermediate state , they calculated the magnetic phases as a function of

temperature and field. Figures 101 and 102 show their theoretical fit to

the CoC1
2~

2H
2
0 magnetization data of Kobayashi et al163 and Narath)68

The calculated magnetic phase diagrams for CoCl
2
•2H

2
0 and CoBr~~ 2H

2
0 are

shown in figs. 103 and 104. The diagrams show the prediction of a triple point

where the an tiferromagn etic , intermediate and ferromagnetic phases coexist.
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For CoBr
2~

2H
2
0 a comp licated magnetization process in which the system under-

goes three phase transitions is predicted in a narrow temperature range just

above the tripte point temperature , yielding a calculated magnetization

isotherm shown in fig. 105. An experimental magnetization study of CoBr
2

2H
2
0

in that temperature range has not been reported.

Experimental determinations of the magnetic phase boundaries have been

performed with neutron diffraction , s train gauge , and susceptibility techniques.

• The neutron diffraction work was carried out by Wei tzel and Schneider on

CoC1
2~

2H
20

6 and FeCl
2

2H
20.

7 Their phase diagrams (figs. 106 and 107) show

the existence of the triple points. Figures 108 and 109 show similar phase

diagrams ob tained by Lowe et al.170 ’171 who used strain gauges to detect the

change in la tti ce cons tan t at each phase transition. The results from the

strain gauge experiments on CoCl
2~

2H
20 do not agree well with the phase

boundary predicted from the mean field theory for T > 10 K. Better agreement

with the predicted phase boundary above 14 K was obtained by high frequency

ac sus cep tibil ity measuremen ts , where the transition field shows up as a sharp

peak in the real part of the susceptibility . The phase diagram obtained by

this me thod is shown in fi g. 110.172 Points on the phase boundary of CoC1
2~

2N
2
0,

shown in fig. 111 , have also been ob tained by no ting the fields at which

peaks occur in measurements of aM/~H.
173

From magnetization , suscep tibility ,  and other studies the values of the

magnetic parame ters have been determined. The values of the exchange

parameters depend a great deal on the form of the assumed spin Hamiltonian.

The lowest energy levels of FeCl
2~

2H 20 have been described in terms of an

effective S = 1/2 with anisotropic exchange interactions by Narath,162

an effective S = 2 with isotropic exchange parameters and a single ion

- -  -~~~- - - - — • —-- -- -—•~~~~~~~~~ ~~~- - • ~~~-~~—~~~~— -~~~~~~~~~~~
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anisot ropy term by Hay and Torrance 174 and Johnson , 175 and an eff ective

S = 1 by Inomata and Oguchi. 176 ’177 The latter description is in disagree-

ment with the experiments of Hay and Torrance. 174 The effective S = 1/2

is actually more appropriate for CoCl2 2H 20 and CoBr2~2H2O where the

longitudinal anisotropy is much larger than in FeC12 •2H 20.

There have been a variety of resonance experiments on CoC12 .2H 20 which

show the e f f e c t  of the metamagnetic transition. Figure 112 shows how

nuclear magnetic resonance frequencies exhibit a discontinui ty at the

transition fields.178’ 79 This is due to the variation of effective field

on the up (+) and down (—) ferromagnetic chains as a function of applied

f ield , as shown in fi g. 113. 180 Electron spin resonance spectra of

ions in CoC12•2H20 show similar changes as the external magnetic field is

varied , as shown in fig. 114.181 The variation of effective fields on the

chains also effects the resonance frequencies of spin waves.

Far infrared excitations of spin waves in FeC1f2H2
O has been investi-

gated by Hay and Torrance.174 Figure 115 shows the far—infrared spectrum

as a function of magnetic field. The discontinuous changes in resonance

f requency at the metamagnetic transitions are evident . An interesting

feature of the spectra is the large (~~ 6000 Oe) hysteresis at the antiferro—

magnetic to ferrimagnetic transition , and the absence of this hysteresis

• at the ferrimagnetic to ferromagnetic transition. This hys teresis is

strongly temperature dependent and cannot be explained by demagnetization

effects. An increased understanding of the dynamics of the metamagnetic

transition has been obtained by Katsumata,182 who has made magnetization
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measu rements using a slowly increasing f ie ld .

Figure 116 shows his M vs. H curves obtained with dH/dt = 60 Oe/sec. At

4.22 K sharp transitions to ferrimagnetic (with M = M /3) and ferromagnetic

(with M = M )  states are clearly seen. With decreasing temperature the

antiferromagnetic state flips to an intermediate state whose magnetization

is larger than M
5/3. This state then decays to the M

5/3 state. Below 3.00 K

transitions from the antiferromagnetic state to a M/2 state , and thence
• to the ferromagnetic state are seen. The explanation for these effects

involves the large single ion anisotropy which causes each spin to experience

an activation energy for flipping. At the antiferromagnetic to ferrmmagnetic

transition 2/3 of the down chains and 1/3 of the up chains must he

reversed. Thus a very long time is required for that transition. Spin

structures wi th M = M
5
/2 can be constructed by a simple reversal of down

chains in the antiferromagnetic state (see fig. 117 for illustration of the

• various spin structures). Hence , the time for the latter transition is

shorter than the time for the former one. However , the M /2 state is not
5

the lowest energy state so it must decay to the M /3 state. At low temperatures

the M/2 state remains unchanged because of the long transition time compared

to the field sweep rate. 182 These experiments show that the details of a

metamagnetic transition can be strongly influenced by microscopic factors.

Unusual magneti za tion behavior has also been noted in CoC12 2H20.
183 ’184

Date and Motokawa 183 have observed hysteresis at tne antiferromagnetic to

ferrimagnetic t ransition , H 1, yet no hysteresis at the ferrimagnetic to

ferroma gnetic t r ans i t ion, H 2. This is similar to the hysteret ic  behavior

_ _ _ _  - - —— —-- -—~~~—— - -— --- •~~ —- —- -- —•- --S—-
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in FeCl
2~
2H20. Detailed studies of the dynamics of the two metamagnetic

transitions have been given by Tinkham36 and Oguchi.185 Their results

agree with the observed behavior at H and H . However , addition alci c2

magnetic transit ions have been observed between H
1 and Mc2 by Kuramitsu

186

and Motokawa.37 These peaks, shown in fig. 118, at 36.8 k0e and 41.1 k0e ,

correspond to small changes in magnetization. The 36.8 k0e transition was

observed by Kurainitsu 186 (see f ig.  119) using a static ma gnetic f ield.  By

using a pulsed magnetic field , Motokawa 37 was not only able to observe the

transitions between H and H , but also observed two small t ransitions belowci c2

H i. as shown in fig. 118. Motokawa37 studied in great detail the possible

irregular spin sites which can arise when domains contact one another at N
d

and H 2. From this study he was able to determine the critical fields needed

to force the irregular spin clusters into the dominant antiferroinagnetic or

ferrimagnetic node . His results not only show that two small magnetization

ju ans should occur between H 1 and H 2 ,  but also predict five small ju mps

• below H
1
. These same jumps have been predicted in computer simulations

by ono)87’188

Excitations from the ground state spin structures are not only importan t

for an understanding of the magnetization of CoCl2~2H20, but they also lead

to interesting resonance effects. The nature of spin clusters in CoC12 2H2O

has been explained in great detail by Torrance and Tinkham , 189
’

32 33 and

Dat e and Motokawa. 83 ’190

An n—fold spin cluster or bound tnagnon is an excited state correspond-

ing to the simultaneous reversal of n adjacent spins. The energy of this n

magn on bound s ta te  can be less than the energy of n noninteracting magnons.

I

_

~~~~~~~~~~~~~~ _________________________
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In a typ ical magnet ic  material such bound states will generally only exist

nea r the zone boundary , and in this case they are difficult to observe.33

The possibilit •’ of observing these bound states is increased when the s’ in

S is small , the number of neares t nei ghbors is small, and the longitudinal

anisotropy is 1arge .32 ’3~ All of these conditions are met in CoCl 2~ 2H 20

and CoBr2~ 2H
2
0.

Using microwave excitation , Date and Motokawa183 ’19° have observed

transitions between ordinary spin waves and these bound magnons and between

bound magnons of different order. The transverse anisotropy within a

chain , defi ned as ~~a = ~~~XX 
— J

yy /2, admixes bound magnons of dif feren t

order , making it possible to observe transitions from the ground state

(where all the spins on a chain are aligned) to any n—fold spin cluster

with far infrared radiation. This has been done by Torrance and Tinkhain’89’32 ’
33

and Nicoli and Tinkham.~~
9 The latter were able to excite as many as 17

spin reversals. Figures 120 and 121 show the theoretical and experimental

spectra which demonstrate that the linear ferromagnetic chains experience

different magnetic environments as a function of external field. The dis—

continuities in the spectra ref lect  the me t amagnetic transition.

• Figu res 120 and 121 also show the existence of a phonon which is coup led

to the magnons and becomes infrared active. In CoBr
2 2H

2O a magnon and phonon

are so strongly coup led that they form a bound state.192 194 In FeC1
2~

2H
2
()

though it is isomorphous with the other two compounds , the magnon bound

state spectrum does not appear because the anisotropy is uniaxial (J a 
~ 0)

and it is not possible to excite the bound magnons.

The wealth of experimental data on these crystals from susceptibility ,

m ~gi~et I zation , microwave resonance , and far—infrared absorption experiments

-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -—•-- — - —~~~~~~~-- - - - —~~~~~~~ -- -“ - ----
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have y ielded a broad understanding of thei r complex magnetic behavior. With

this rich back ground of information detailed measurements of , for example ,

t ricrit ical point  behavior can now be undertaken. All three of these

crysta ls can be grown from temperature controlled aqueaous solutions . With

CoBr 2~ 2H 20 , ca re mus t be taken , as exp lained by Torrance and Hay ,192 to

avoid shattering the crystal when it is brought to low temperatures. Aside

from this proviso , these materials are prime candidates for future research.

2. NiCl
2

2Ii
2
O

The room temperature crystal structure of NiCl
2~

2H
20 is monoclinic

with space group I 2/m. Early neutron diffraction and X—ray analysis showed

that at 230 ± 20 K a crystallographic phase transition occurs to either

a Cc or a C 2/c structure.195 The former (Cc) low temperature structure

allows the presence of two inequivalent Ni
2+ si tes which provided a

logical explanation for the unusual magnetization and specific heat behavior.195 ’
196

However, more recent neutron diffraction data tend to indicate C 2/c as the 
—

low temperature space group. In this structure the nickel ions only occupy

a single eight fold position.196 This result has stimulated experimental196

and theoretical work 197 in an attempt to understand the unusual magnetic

proper ties of NiCl
2~

2H
20.

Magnetization measurements were first performed by Motokawa198 who

app lied static magnetic fields up to 76 k0e and pulsed fields up to 120 k0e

along the easy axis and observed three field induced transitions at T 1.4 K,

as shown in fig. 122. Figure 123 shows his proposed spin arrangements for

each of the magnetic states. State I consists of antiferromagnetically
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coup led ferromagnetic chains similar to CoCl
2~

2H
2
0. State II is ferriniagnetic

while a cone structure is proposed for the third state. 198

The an ti ferromagne tic to ferr i magnetic transition reported by Motokaw a

occured at l8.~ k0e and 1.4 K. Later magnetization measurements by Bongaarts

et al.195 at 1.1 K revealed two transitions between 18 and 22 k0e, as shown in

f i g .  124. In an attemp t to understand the origin of this double transition ,

Botterman et al.196 performed magnetization and susceptibility measurements

in which both the temperature and angle of the applied field were varied.

Figure 125 sho’.is that the critical f ie lds  H
~ 1 and H02, between 18 and 22 kfle ,

do no t depend on angle in the same way. H obeys the relation H = Hc2 app

cos 
~~~2 ’ where H app is the applied magnetic field , whereas H 1 has a parabolic

dependence on angle. Figure 126 shows that H
1 

and H
2 have different depen-

dencies on temperature. These differences suggest that different mechanisms

underlie the two steps in the magnetization. Botterman et ai)96 suggest

that the transition at H
01 is to a screw struc ture , which could result fro m

a strong temperature dependence in the spin anisotropy. This anisotropv

decreases and reduces to zero at 6.3 K.

The estimaced low field phase boundaries in fig. 126 intersect the zero

field axis at points where peaks in the specific heat have been observed.199

Th is double peak struc ture , shown in f i g. 127, is due to a reorientation of

the Ni 2+ spins , which results from a competition between the single ion

anisotropy and exchange terms in the Hamiltonian.~~
97

It would clearly be of interest to make a detailed study of the spin

arran gement  in the proposed screw state structure between H 1 and H 2 , and
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I
to unders tand the temperature dependence of the anisot ropy in that region.

In fact, the complex interactions in NiC12 2H20 would make a complete

— T phase diagram very interesting.

3. CsCoCl
3~~~2

O

CsCoC1
3 2H2O is a complex, Ising linear chain antiferromagnet. The

room temperature crystallographic space group is Pcca, shown in fig. 128.

Chains of Cl—Co—Cl atoms are separated in the direction by layers of cesium
4.

atoms and in the c direction by layers of hydrogen atoms which cause easy

cleavage paralle l to the ab plane.200 When exposed to the atmosphere at

room temperature, the dihydrate converts to the blue anhydrate. To prevent

this the samples were stored below — 5° C in a sealed container. 201 In thei r

studies of the magnetic properties , He rweijer et al. 20 ° fo und it diff icul t

to avoid a small impurity concentration of CoC12 6H 20.

At TN — 3.38 K the chains in each a—c plane couple ferroinagnetically .

The spins in each chain lie at an angle of 10° f rom the c— axis. Figure 129

shows how moments in alternate planes lie antiparallel.201

Magnetization measurements20’ (see fig. 130) show that at low temperatures

a sufficiently large magnetic field, applied in the direction , can over-

come the antiferroinagnetic coupling between spins in adjacent ac planes.

The applied field reverses the spins in alternate planes, inducing a weak

ferromagnetic moment parallel to ii The temperature dependence of the

critical field, obtained by nuclear magnetic resonance, antiferrotnagnetic

resonance and magnetization measurements is shown in fig. 131.

1. I

— I
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From their antiferromagnetic resonance data , Herweijer et al. 20 °

conclude that sp in—cluster excitations occur in CsCoCl 3~ 2H 20, further

reinforcing the idea that it is an Ising—like system, and suggesting that

it is an ideal candidate for  fur ther  experimentation.

The detailed studies of the basic interactions in CsCoC1
3
2H2O provide

us with a thorough understanding of this complex system. This has led to

extensive t r icrit ical  point studies of the isomorphous compoun d CsC0C13 2D 2 O ,

which are fur ther  discussed in section IV.

4. Eu~~~

Eu
3
04 is isomorphous with calcium ferrite (CaFe2O4) with Eu

2+ and Eu~~

ions occupying the sites of calcium and iron, respectively, in that structure.202

Figure 132 shows a unit cell of Eu
3
04 along with a model of the ordered spin

struct~~~ (TN 5.0 K). The magnetic properties at low temperatures are

determined almost exclusively by the strongly magnetic Eu2+ ions. The weakly

magnetic Eu~~ ions provide a relatively inert magnetic background.
20 3  The

Eu2+ ions form ferromagnetic linear chains which are antiferromagnetically

coupled to neighboring chains.

When a magnetic field is applied along the c—axis a metamagnetic

transition can occur in which alternate chains of spins are flipped into align—

inent with the field. Figure 133 shows typical magnetization isotherins and

fig. 134 shows the variation of the critical field with temperature.203

From magnetization and susceptibility data it has been determined that

the Eu2+ spins are strongly anisotropic with an anisotropy field, HA 7 koe.

Magnetic dipolar interactions are sufficiently large to explain the observed

_ _  _ _ _  _
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anisotropy , without having to invoke anisotropic exchange or coupling to

t rivalent europium. 20 3

It is difficult to obtain good single crystals of Eu304. Polycrystalline

material was used in these studies. When growing the crystals one must be

careful to avoid EuO impurities , which is strongly ferromagnetic. - •

5. Co(Pyr)~~i2, Fe(Pyr)
2

Cl 2 , Fe(Pyr)2(NCS)2 and Ni (Py r ) 2 Cl2

All of these materials have linear chain structures with ferromagnetic

interactions along the chain and relatively weak antiferromagnetic inter-

actions between chains.20
~ These crystals are similar to CoC12 2H20 with

Pyr = pyridine taking the place of the H
20. The main effect of dilution by

the organic ligand is to lower the interchain interaction , and consequently

TN, as well as the metamagnetic transition fields.

Magnetization measurements205 ’2 0 6  on polycrystalline samples of all of the

above crystals have been reported. Figures 135—137 show the low transition

fields, which are broadened due to the polycrystalline samples. In addition ,

the figures show that saturation is not reached ever for very high fields.

This indicates that the spins experience a large anisotropy. The figures

also show that the entire phase diagram of the Co pyridine compound can be

studied at relatively low magnetic fields in the liquid He4 temperature range.

Single crystal measurements on the Co pyridine compound have recently been

reported.20
~ The crystals used were smdil (< 1 mg) and tended to deteriorate

on cycling between low and high temperatures , so that each batch of crystals

could be used only once.201’ 

- ----~~~--- ~~~~~~~~~~~ —
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The magnetization data in figs. 138 and 139 show that metamagnetic transi-

tions occur alon g all three axes. At 1.25 K , metamagnetic transitions are

observed along the a—axis at 700 C; along the b—axis at 800 G and 1.5 KG,

and alon g the c—axis at “~ 4 KG. Along the b—axis , the low field moment

change is 1/2 the higher field momen t chan ge , suggesting a six—sublattice

magnetic structure .

Because of the easily accessible magnetic field and temperature ranges

there merit materials further study , however , single crystals are clearly

desirable.

D. GARNETS

1. Dysprosium Aluminum Garnet

Dysprosium aluminum garnet (DAG , Dy
3
Al

5
012) has been studied extensively

over the past several years. Measurements of the zero field properties

by many different experimental techniques has led to a fairly complete

microscopic picture of this material. Although we will not discuss the

zero field work here (see refs. 207 and 208 for extensive references to

earlier work) it is appropriate to briefly describe some of the results of

these studies. Dy
3+ is a Kramers ion and in DAG the lowest lying doublet

is separated from the first excited states by 100 K; thus at liquid helium

temperatures the ion can be represented by an effective spin S’ = 1/2. The

ground doublet is very anisotropic , with the magnetic moments constrained

to lie along local z axes. The directions of these local z axes varies

through the lattice——for one third of the spins it is along the X crystal
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axis, etc., for the Y and Z axes (the X, Y and Z crystal axes are of course

equivalent in this cubic crystal). In zero field the crystal orders at

2.5 K; in the ordered state there are spins pointing in the ±X, ±Y and ±Z

directions and thus DAG is a six sublattice antiferromagnet.

The spin—spin interactions have been investigated in some detail.209 ’21°

It has been found that they are predominantly of the Ising form,

where z refers here to the local axes. Because of the anisotropy discussed

above, the interaction with the field is to a good approximation given by

where ~ is the magnetic moment and H
~ 
is the component of H along

the local z axis. Thus the microscopic Hamiltonian has the extremely

simple Ising form. The analogy with the simplest Ising models would be

complete were it not f or the importance of long range dipolar interactions

in DAG. The dipolar interactions are particularly important in DAG because

of the high g value (g5 18), and they contribute 75% of the total energy

at 0 K 209

Despite the simple form of the microscopic interactions, the complexity

of the garnet lattice together with the multisublattice ground state lead

to a variety of novel properties. All of these features make DAG interesting

both from an experimental and theoretical point of view. In this connection

we should mention that a nuither of theoretical studies of metamagnets have

been stimulated by the observed properties of DAG.

The first studies of field induced phase transitions in DAG were made by

Wyatt et al.212 ’213 Wyatt measured the magnetization as a function of both

temperature and field , f or 1 K < T < 4. 2 K and fields along the {lll},

{llo}, and (001) crystallographic directions. It was found that for

____-- - -—--
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T 1.6 K and for  all  three field directions , M was discontinuous , indicating

a f i r s t orde r t r ans i t i on .  For 2 .5  K > T > 1.6 K , M displayed an inf lect ion ,

pres umab ly indicating a second order transition.

Several years later , Wolf et al.214 .207 reported more detailed neasure—

ments  of M f o r  f ields alon g {lll}. Their  results for M(H~~, T) are shown in

• f i g. 140. As found by Wyatt , there was a f i r s t  order t ransi t ion for  T ~

1.6 K . Howeve r , the behavior above 1.6 K was unexpected. Wolf foun d that

2 (3M/
~

H i ) T did not diverge in contras t to the expected divergence

at the secon d order t rans i t ion. S t r i king  evidence that  does not diverge

is shown in fig. 141 , where (
~

M/ 3H o ) T is p lotted ~s a function of H at

f ixe d T. If / diverges , then (
~

M/3 H )
T should reach the value 1/N (see

Eq. (2.12).  At: the lowest temperatures in fi g. 141 the value 1/N is reached

for  a range of H0 , as expected for  a f i r s t  order t r ans i t i on. For T > 1.6

however , the curves fa l l  systematically below the 1/N limit, indicating

that  does not diverge. The reason for  this discrepancy was not then

unders tood , and wi l l  be discussed fur ther  below.

Landau et al.207 ’214 ’
215 have repor ted extensive specific heat and latent

heat measuremeo ts with fields along all three major directions . The measure-

ments yielded the specific heat at constant applied field , CH , and the latent
0

heat , L , as a fu nct ion of H0 and T. As discussed in section II , magnetiza--

tion data are requi red to convert CH to the desired quant i ty , the specif ic
0

he at at constant  in ternal  f ield CH as a func t ion  of Hi and T. For f ie lds
i

along {lii) it was possible to use the available M—H
1
-T data,207 and the

resl~1ts for CH and L are shown in figs. 142 and 143. For T < 1.6 K,
i i

IILè - - —~~~~ •~~ •~ •~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~
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• exhibits a ES—function anamoly corresponding to the latent heat at the first

• order transition. For T > 1.6 K there are A—type peaks at the apparent

second order phase boundary , but the peaks were found to be finite207

in contras t to the behavior in zero field where CH was found to be divergent.207
i

Since neither no r CR exhibited the di vergences expected at a second order
i

phase boundary , Landau et al. termed the phase transition for T > 1.6 K

“higher order. ”207 The phase diagram in the H — T plane for H // {ll].} is

shown in f i g. 144a where both the magnetizat ion and specific heat results

are shown. Down to the lowest temperatures investigated , the phase transition

p roceeds directly fro m the ant i ferromagnet ic  to the paramagnetic phase.

Landau et al. 2 15 have also performed specific heat measurements with

fields along (110) and {OOl}. Magnetization data of sufficient detail to

enable the conversion from C
R 

to C
R 

were not available , but it was possible
0 i

to determine the phase diag rams in the H0 — T plan e , and these are shown in

fi g s .  l44b and c.  For  T > 1.0 K they are quite similar to the results for

H /1(111). For T < 1.0 K , however , there are new phase transitions in high

fields . The existence of these new low temperature phases is a direct

consequence of the multisublattice structure , and can be understood as follows.

For suff icien t ly high fields alon g say the (00i} direction , all of the spins

in the ±Z sublattices will be ‘locked’ pa rallel to the field. The ±X and ±Y

sublatticeg , however , will not be a f fec ted  by the field , and at su f f i c ien t ly

low temperatures , the ±X and ±Y spins will order due to their mutual inter-

actions. This argu ment imp lies that the new phase boundary should be

vertical in the H — T plane and we see that this ~s approximately correct.

I
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The deviations are presumably due to components of the magnetic moment

transverse to the local z axis and also to imperfect saturation of the sp ins

paralle l to the f i e l d .  Similar  arguments lead one to expect analogous

behavior for fields along (1101 , but since in thi~ case fewer , more widely

separated sp ins are involved , the transition tempe rature is somewhat lower.

The nature of these new high f ield ordered pl~ases has been the object

of several studies . The relative energies of the possible phases have been

considered by Landau 215 and Bidaux et al.216 For H
1
//{001} the new phase

appe ars to be one in which the spins transverse to H are aligned anti—

ferroma gnetically , but  in a different antiferromagnetic arrangement from

t ha t  in zero f i e ld.  For H I / f i b ) the new phase appears to be a ferromagnetic

state , but there exists an antiferromagnetic state which calculations show

to have nearly the same energy , and the experiments to date cannot rule out

that this antiferrotnagnetic state is the stable phase. As one might imagine ,

the behavior for fields off the symmetry directions is also quite unusual,

and has been s tud ied  theoret ical ly and experimentally by Bidaux et al. 2 1 7

A great deal of attention has also been focussed on the tricritical

behavior of DAG . For reasons which will  become clear shortly ,  we wil l

discuss some of this work here rather than in section IV. Several analyses

of the data of Wolf et al. 207  f o r  M(H i,  T) for H
i
//fill) yielded values for

the exponents substantially different from the theoretical predictions for a

t r i c r i tica l  po in t . 20 9 ’2 18  More detai led magn et iza t ion  measurements for fields

along (I l l)  were subsequen tly made by Skjeltorp et al.219 These measurements

served to confirm most of the earlier results__X
i 

was foun d to be fini te at

the “hi gher  ord~ r” t ransi t ion, and the t r i c r i t i c a l  exponents were again

_____ 
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significantly different from the values predicted by the theory. The new

work did seem to indicate , however , that the equation of state could not

be described by a simple scaling form (Eq. (2.8)).

Soon a f te r Skj e ltorp ’s work , Dillon and covorkers220 222 reported

extensive magneto—optical studies of flAG for fields along (lii) . They

found a totally unexpected hys teresis in the magnetization which is shown

in f ig. 145. Dillon found that if the sample had previously been exposed to

a large positive field , N would follow the upper curve while if the sample

had p reviously been exposed to a large negative field , M would follow the

lower curve. This hysteresis was found to occur in regions of the phase

diagram well away from the first order anti ferromagnetic—paramagnetic

transition , and was interpreted as due to an inequivalen ce of the two

antiferromagnetic states which are degenerate in zero field. Microscope

studies supported this interpretation , and it was possible to observe and

photog raph the two antiferromagnetic states as well as phase transitions

between them.

At about the same time as Dillon ’s work , Blume et al. 223 measured the

staggered magnetization for fields along (111) in the vicinity of the “higher

order ” t ransition , and the results at one temperature are shown in fig. 146.

M5 is continuous and nonzero over the entire range , in contras t to the expected

behavior at a second order transItion (see fi g. 2la) . Thus , Bluine et al. 2 2 3

found that the “higher order” t ransition was actua lly no phase transition at

all! Blume et al. also proposed a qualitative explanation of this behavior

wh ich exp lained both their results and the hysteresis observed by Dillon et al. 22 °

They showed that  for fields along f i l l)  the symmetry of DAG allowed a coupling 

~~~~~~~~~~~ 
_•
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between the apolied field and the staggered magnetization . This effect  is

formally analo-~ous to the coup ling between the staggered field and M and hence

when the applied field is nonzero , DAG behaves as if a nonzero staggered

fie ld we re also present . This induced staggered field , ~t H5
t~, has the follow-

ing e f fec t s .  (1) From fi g. 4 we see that if there is an induced staggered

field which is proportional to H1, them there will be no line of secon d order

transitions in a field . This accounts for  both the neutron results and also

the nondivergeuce of x~ 
and CR at the “higher order ” transition. (2) A non-

zero “H ” will  lif t the degeneracy of the two antiferromagnetic states. This

accounts for the e f f e c t s  observed by Dillon et al.

A quanti tative calculation of these effects  was provided by Giordano

et al.224’222 They considered in detail two microscopic mechanisms which

could accoun t for  “H
e
”. They were able to make quantitative calculations of

the hysteresis observed by Dillon et al. and found good agreement.

Alben et al.226 have recen tly used symmetry arguments to determine the

form of the induced staggered field for an arbitrary direction of the field.

They have shown that “H “ 
~ H H H where H is the component of H along the- 5 x y z  x

X crystal axis , etc. Thus for fields in a [110 ] plan e , “He” should be zero and

thus a tricritical point is expected for these field directions . Very

recently , Giordano et al. have investigated the tricritical behavior with

the field along fib ). This experiment is discussed in section IV.

In addition to studying the effect of the induced staggered field ,

Dillon222 ’2 25  has also examined the domain nucleation process at the first

- • •
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orde r transition. The fact  that the two antiferroinagnetic states are dis-

tinguishable has made it possib le to verif y the theoretical prediction of

Mitsek and Gai danskii 34 ’35 that the paramagnetic phase will nucleate at the

domain walls between the two antiferromagnetic phases. A photo of this

behavior is shown in fi g. 147. This picture was taken using the same

polarizing microscope used in their studies of FeCl2 (see section 111—A) . The

da rk backgroun d is one an t i ferr omagneti c phase , the gray regions are the other

antiferroma gnetic phase and the bright  dots on the boundaries are the paramagnetic

phase. The wealth of knowledge concerning its b asic p roperties combined wi th

the fact that large , hi gh quality accurately shaped samples are readi ly avail-

able , make DAG a particularly attractive material for further research .

2. ThA1G, HoA1G

Terbium aluminum garnet has structural and magnetic properties which

are very similar to those of the exhaustively studied DAG. At TN — 1.35 K ,

ThA1G orders into a six sublattice antiferromagnetic structure with magnetic

moments pointing alon g the ±x , ±y, ±z axes of the garnet cubic cell. Unlike

DAG, whose ground state is a Kramers doublet , the ground state energy levels

of ThA1G comprise two singlets with a separation of 2 .5 K. 227 A theoretical

study of the magnetic properties of antiferroina gnetic two singlet system s228

shows that metamagne t transitions and phase diagrams with t ricritical points

can occur.

Magnetization measurements227 on ThA1G indeed show that met amnagnetic

transitions do occur when H is parallel to the (1113, (1103 and [001]

directions (see figs . 148—150). An analysis of the magnetic properties

I
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indicates that the interactions in TbA1G are predominantly dipolar , as is the

case in DAG.

The phas e boundary of ThA1G , shown in f i g. 151, with RII [lll] has been

mapped by locating the kinks or inflections in the magnetization isotherms ,

as shown in fig. 152. Gavignet—Tillard et al.227 claim that the transitions

passed f rom f i ’~st to second order at T 0.71 K. Howeve r , the peaks of the

dM/dH isotherms for  T > 0.71 do not reach the 1/N value (where N — the

demagnetization f ac to r ) , as is expected for  a second order t ransit ion

(see fig. 153). Hence , it is quite possible that the line of first order

transitions for Hj~~[l 1i] ends at a cri tical point , as occurs for the same

f ie ld  di rection in the case of DAG .

Another material whose structural and magnetic properties are similar

to those of DAG is HoA1G. At T
N 

= 0.86 K it orders into a six sublattice

an t :Lferromagnet ic s t ruc ture229 similar to that  of DAG and ThA1G. As is the

case in ThA1G , the two lowest energy levels of HoA1G are singlets. Magnetiza-

tion isothertns ,230 shown in f ig. 154, show that tnetaxnagnetic t ransitions can

occur when Hj I [ill] or HI I [001]. Further work on the metamagnetic transitions

of HoA1G has not been reported perhaps because of Its low Neel temperature.

ThA1G and HoA 1G are good examples of two singlets systems which exhibit

metamagnetic properties. Much more work on these materials is possible :

e . g . ,  more detailed magnetization studies , and optical and neutron studies.

E. MIXE D CRYS1ALS

1. Co(S Se )x—1—x--2

The solid solut ion Co(S Se 1 ~2 can be anti~ e rrotnagnetic , pa r ain agn etic ,
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or fer romagnet ic  when 0 ~ x ~ 0.5 , 0.5 < x < 0.88, or 0.88 ~ x .~~ 1,

respective ly , ~is shown in fig. 155. X— ray an alysis shows that the crystal

st ructure is pyri te for all x , and that the lat tice parameters change

linearly with x.2 3 1  It also shows that the arrangement of the S and Se

atoms is disordered. The antiferromagnetic behavior with increase of Se

concentration is not due to the lattice parameter change but rather to the

appearance of superexchange paths with the appearance of Se ions.232

The existence of the paramagnetic state for 0.5 < x < 0.88 has been

confirmed by neutron diffraction for temperatures as low as 4.2 K. Adachi

et al. 2 3 3  suggest that the paramagnetic state results f rom the competition

of ferromagnetic and antiferromagnetic exchange interactions and the inabili ty

of the Co ions ’ f.c.c. structure to stablize any helical spin ordering, when

exchange interactions up to secon d neighbor are taken into account.23 3

Adachi et al .2 3 3  have called this paramagnetism “exch an ge compensated

paramagnetism. ’~

This paramagnetic s ta te  exhibits unusual magnetization behavior . Measure-

ments have been performed on a pressed powdered sample of Co(S 0 8 6 Se0 1 4 ) 2.

Figure 156 shows tha t at 4.2 K a sharp transition to a saturated magnetic

s tate  occu rs when the applied field is suf f ic ient ly large. The figure also

shows an unusual hysteresis beh avior (see curve 3 , in f i g. 156) corresponding

to a “memory effect.” Adachi et al.233 report that this effect vanishes

a f t er the samp le has be en brough t to room temperature. No explanation for

this e f f ec t  has been offered.

The f ield induced transit ion from the exchange compensated paramagnetic

I
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state to a sta:e of saturated magnetic moment has been observed below 78 K

wi th field strongths less than 75 k0e. The curves , shown in fig. 157, below

40 K exh ib i t  li -s teresis  and none of the curves exhibit remanence at zero

fie ld. By d ividing the hysteresis  loop in to  two equal area parts , Adachi

et al.233 have located the transition fields on the magnetization isotherms ,

as shown in fig. 158. Figure 159 shows the transition temperatures on curves

of magnetization versus temperature at constant magnetic field. The dependence

of t ran s i t ion  f ie ld  wi th  temperature , shown in f ig .  160 , resembles the phase

d iagram of a liquid gas system. This analogy has been no ted by Adachi et al.233

who obtained the exponents governing the behavior of the reduced magnetization,

* * *nea r the c r i t i c a l  poin t (m , H tr ’ 
T
1

) ,  wh ich they located by the vanishing

hysteresis. The experimental exponents are close to those obtained from class—

icalL theories.

The experimental data on Co(S Se
1 ~2 

have stimula ted nume rous theore tical

explan ations. Hattori , Adach i, and Nakano 234 ’235 actually p redicted before

the experimen ta l ev idence , tha t a f ie ld induced phase transition could occ ur

for a range of S concentration. Their statistical mechanical calculation

employed an f.c.c. lattice of S = 1/2 spins , wh ich couple to neares t neighbors

wi th ferromagnet ic  interactions and couple to next nearest  neighbors with

antiferromagnetic interactions J2. By perfo rming a high temperature series

expan sion they showed how the magne tic propert ies  varied with  the ratio J2 /J 1.

Thei r results  are in good agreement with the data on Co(S Se
1
)
2
.

There are other model systems , emp loy ing statistical me chanical calculations ,

which  exhibit  ma gnet ic  behavior qual i ta t ive ly simiJar to the experi mental data. 2 36 239

A di f f e rent typ -? of explanation has been of fe red  h” Mott and Zinamon 2’~
0 who note

th at Co(S Se 1 ~2 is met allic for all x. They suggest that the localized spins

1
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on the Co ions interact with the conduction band , resulting in a degenerate gas

of spin polarons. Field induced transitions would occur when the magnetic field

energy exceeds the coupling energy between the conduction electron and the

locali zed sp in.

Clearly Co (S
~

Se1_~
) 2 is an interesting system with novel magnetic proper-

ties. The availability of single crystals would be an aid toward further

understanding of its complicated properties .

2. UA B ; (A = P , As; B S , Se)i—x—x

The uranium mnonopnictides, UA, and the uranium monchalcogenides, UB, can

fo rms solid solutions , UA1 B
~

, which are all good conductors of electricity .

These solutions also contain localized 5 f electrons on the uranium elements .

It is the interaction of the localized mements with the conduction electrons

which gives these crystals their interesting and complex magnetic properties.241

In common with the UA and UB compounds , all the solid solutions have the

NaC 1 s tructure. For all concentrations , the A and B atoms are distributed

randomly. Howeve r , variations in concentration over a given sample are

sometimes large enough to cause more than one magnetic phase to coexist at

some temperatures .242

The mos t studied UAB compound is 
~~~~~~~~~~~~~~~~~~ 

UP orders antiferromagnetically

at TN = 125 K with the type I (+, — ) structure. It exhibits a “moment j ump”

at 22 K which results from a partial delocalization of electrons with decreas-

ing temperature. 2 4 3 US is a highly anisotropic ferromagnet wi th T
~ 

— 178 K.

The magnetic phase diagram of the solid solution depends very strongly on the

concentration .2 4 4  Figure 161 obtained from neutron di f f ract ion ,242 shows the

magnetic phases for UP0 9 0 S0 10. In all of the phases , the spins are aligned

I
- I 

_ - - -

~~~~~
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in (001) ferrom agnetic sheets with the spin di rection parallel to the [OOl J

axis. In the type IA structure the sheets are stacked in the (+ ÷ — — ) sequence ,

while in the type I structure the sheets are stacked (+ ...)242 For other

concentrations , an antiphase (5+ , 4—) structure is possible as, for example ,

in UP 0 75S0 25.
245

~
246 The magnetic phase diagram also obtained by neutron

diffraction , is shown in f ig.  162. Tab le 3 sununarizes the magnetic properties

of 
~~~~~~~ 

solutions , and fig. 163 shows how the phases depend on temperature

and concentration.2~
2 The important feature of the type IA and antiphase

magnetic structures is their long range character. Such structures can be

accounted for by long—ran ge (RKKY—type) magnetic interactions. This is the

dominant interaction in the UP—US solid solutions and presumably in other UAB

solid so1utions . 2
~~

1

Magnetization isothe rms 242 ’247  on powdered samples of UP0 75S0 25 and

UP~ 90S0 10 show that field induced phase transitions can occur , as shown in

f i g s . 164 and 165. In the former samp le the transitions occured from the anti—

phase s t ructure , while in the x = 0.10 case the transition occured from the

mixed type I, type IA region. Clearly me asuremen ts on homogeneous single

crystals would yield more detailed information on the transition.

Complex magn etic behavior also occurs in the other UAB sys tems . Neutron

d i f f r a c t i o n  on powder samples of IJAS 1 Se
~ 

reveal at least seven possible

magn etic s t ruc tures  depending on the value of x.248’249 These results are

summarized in tab le 4 and fig. 166 , which shows the stacking arrangement of

the fe rromagnetic layers for the mult ilayer structures. Metam agnetic behavior

has been observed in a powder of UAs0 75Se 0 2 5  by using pulsed magnetic fields

up to 200 k0e, as shown in fi g. 167.250 High magnetic fields are also needed to

- .  — — - — — — — — — - - •  _ 
~~~~~~~~~~~~~~~~~~~~~~~~~ -~~
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induce transitions in UP 0 80Se0 20 and UP 0 9 0 Se0 10, as shown in fig. l68. 25 1

As determined by neutron d i f f rac t ion  the UP 1_x Sex sys tems also ha~i magnetic

st ructures which depend on X. These are summarized in Table 5• 252 The type IA

structures for this sys tem also exhibit marked changes in magnetic moment at

certain temperatures which are listed in Table 5.

The UAB systems exhibit unusual magnetic structures as the A and B

concentrations are varied. This class of materials provides a test of our

understanding of RKKY interactions. The met amagnetic behavior offers  a

means of probing these interactions. The developmen t of single crystals

would greatly aid the understanding of these systems .

I
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - i~~~
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IV. TRICRITICAL AND CRITICAL BEHAVIOR

In this section we discuss the experiments which have investigated the

quant i ta t ive  proper t ies  of metamagnets near the tricritical point and the

critical line. We consider here only those sys te ms f or which the available

data are sufficiently detailed and precise so as to allow critical comparisons

wi th the predict io ns of the theory outlined in Section II. The materials

for which this is the case are FeCl2 ,  DAG and CsCoC13 2D
2O. That only a

relative small number of sys tems have been investigated is an indication of

the difficulty of these experiments.

In these studies , it is extremely important to locate the phase boundaries

and the tricritical point as accurately as possible. The critical line is

relatively easy to locate—— thus is usually accomplished by looking for either

the inflection in M , or for  the point where N goes to zero . The first order

line is much more difficult to locate——it is usually found from the “kinks”

in M or N
5 
as a function of H

0
. However, as the tricritical point is approached ,

the susceptibility diver ges and hence the slopes of these curves just before

the kinks approaches the slopes of the linear portions . Thus as the t n —

critical point is approached , the kinks become less and less distinct until

at the tr icnit ical  point they h ave vanished.

in practice , the kinks are neve r inf ini te ly  sharp because of inhonu geneous

demagnetizing fields , samp le imperfe ctions , etc. Combined with the divergent

susceptibility , this “rounding” makes the first order phase boundaries and

hence the tricritical point extremely difficult to locate. This is the major

experimental problem encountered in these studies. It would appear that 

- -- . 
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measurements o[ M , presumab ly with neutron diffraction or magnetic resonance

enable one to overcome the above problems at the upper or paramagnetic phase

boundary below T
~~
, since at this boundary M5 

simp ly goes to zero rather than

disp laying a “kink” .

A. FeCl 2

The f i r s t  detailed t r ic r i t ica l  study was performe d on Fed 2 by Birgeneau

et al. 72 These authors used neutron d i f f r a c t i o n  techniques to measure bo th

the magnet izat ion and the staggered magnetizat ion. As noted in section II ,

FeCl 2 is a layered material  which cannot be formed into an ellipsoidal shape.

Birgene au et a~ . were able ~o overcome this  problem by using a thin pla te le t

of FeCl 2 and masking its edges so as to use only t:he central portion ove r

which the demagnetizing field was approximately un iform . The phase boundaries

both above and below Tt we re determined from the behavior of M
5.

The r e s u l t i n g  M—T phase diagram is shown in f ig .  169. We see that the

panamagne tic line and the A— line both approach the t r icri t ical  point 1it~earl y ,

as pred icted by the theory (see section II), al though the range of T over

which the A—line is linear is much smaller than for the parainagnetic line. In

addi tion , these two phase boundaries have unequal slopes at the tricni tical

poin t , also as pred icted. The antiferromagnetic phase boundary, however , appears

t app roach the tricritical point with an infinite gradient. When the data

for the antiferromagnetic line shown in fig. 169 were fitted to a power law ,

• exponent ~ was found to be 72 0.36 which is wel l  below the p red ic ted

v i ’ .~. - t  1 (~~e1- section II and table 1).



__—

I
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Fi gure 170 shows the results of Birgeneau et al.72 for the discon tinui ty

in M across t~ie first order phase boundary. The corresponding exponent

was found to be 213
i 

= 0.38 in sharp contras t with the theoretical prediction

26 ] = 1. Fi gure 171 shows the Hi 
— T phase diagram reported in ref. 72. The

phase boundary appears to be continuous through the tnicritical point, but

the data are not accurate  enough to detect  the theoret ical ly predicted

discontinuity in the second derivative.

Birgineau253 has also reported additional measurements of N near the

critical line and the tricritical point. These data shown in fig. 172 are

for M as a function of H at cons t ant T. From the work of Fisher 4’ we
5 0

expect these results to yield “renormalized” exponents. Fisher has shown that

if M “ (H — where H is the cri tical in ternal field , then

N ~ (H — H ) where H is the critical external field and ~~ is a re—s co o co

normalized exponent wh i ch is related to 8 by 6* = 61(1 — cii) where ci is the

specif ic heat exponent. This exponent renormalization should also occur for

measurements made at constant H and one also expects the same relation between

8* and 6 at the tricritical point.

As indicated in fig. 172, Birgeneau et al. found along the critical line

6* — 0.35 ± 0.04 in good agreement with the theoretical prediction 8* =

0.35 ± 0.01 corresponding to (8 0.312 ± 0.005 , ci = 0.10 ± 0.02) .~ At the

tnicnitical point they found 6* = 0.37 ± 0.03 in disagreement with the

p rediction 6* = 1/2 (corresponding to 6
~ 

= 1/4 , 
~~ 

= 1/2). Thus the

results of the neutron scattering study of Birgeneau et al. 72 ’253 ’254 appear

to ~e in disagreement with several predictions of the theory , and this

-

~
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will be discussed after the other experimental results for Fed 2 
have been

p resented.

G r i f f i n  and Schna tterly 255 ’67 have reported a magneto—optical study of

FeC12. These authors measured the magnetic circular dichroism (MCD) ; that

is , the field induced difference in the absorption coefficients of the two

senses of circularly pola rized light. They have argued that the MCD is

proportional to the magnetization , and thus they were able to use the MCD to

determine the behavior of the magnetization in the vicinity of the t r ic r i tica l

point. As in the neutron diff ract ion experiments of Birgene au et al . ,  this

optical method allowed the sample edges to be masked , ensuring a uniform

demagnetizing fie ld. Results for the MCD as a function of Hi and T are shown

in fig.  173 , and it can be seen that they are very similar to the magnetization

curves foun d for  DAG ( f i g. 140) . The resulting MCD — T phase diagram near the

tricritical point is shown in fig. 174. These data are plotted on the same

scales as the corresponding neutron results shown in fig. 169. Although there

is a small (2%) difference in the tr icr i t ical  temperatures , the two phase

diagrams are in good agreement wi th respect to the shapes of the paramagnetic

lina and the \—line. However, there is a disagreement as to the shape of the

ant i fe rromagnetic line ; while the neutron results for this line has pronoun c~ c’

curvature , the optical data ove r the same range of reduced temperature

((T
~ 

— T)/ T
~

) are linear in temperature as predict:ed by the theory.

The H1 
— T phase diagram repor ted by Griffin and Schnatterly is shown

in f ig.  175. As found in the neutron experiments , this phase b oundary appears

to be continuous through the tricrit ical point. 

~~~~~ - 
- - — —  —- -~~~~~~~~~~~ — —~~~~~~~~~ -~~~- -~~~~~~~~~~ —~~~~~~~— -~~~~~ - - ~~~~~~~~~~~~~~~~~~~
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To summarize the availab le data for FeCl 2 ,  both the neut ron 72 ’254 and

optical255 67 results are in agreement with each other and the theory as to

the H~ — T phase diagram and the shapes of the paramagnetic and A—lines in

the M — T phase diagram. The two experiments are in disagreement , however ,

as to the shape of the antiferromagnetic line. The neutron data along this

same path give a value for 81 well below the predicted value. Also, the

neutron data for 8* indicate a value lower than the theoretical value. Some

possible reasons for these discrepancies with theory are (1) the size of

the appropriate asymptotic regions may be so small as to be unresolvable

with the resolution of the experiment ; (2) the log correction terms (see

section II) may be influencing the behavior resulting in apparent exponents which

are lower than the predicted values. In light of the disagreement between

the neutron and optical results, however , it is clear that further experi—

ments are needed to resolve this matter.

B. DAG

As discussed in section III, much of the previous work on flAG has been

for fields applied along the {lll} direction, for which there is no tricritical

point. It is expected226 however , tha t there will be a tricritical point for

fie lds in a [110] p lane. Giordan o and Wolf 256 ’2 5 ”  have recently rep orted a

study of the tricritical point with the field along the {llO } direction.

Bec ause of its excellen t me chanical p rope r ties , it was possible to perform

measurements on an accurately shaped spherical single crystal of DAG. To

overcome the problems associated with finding the first order phase boundaries ,

____  
-T-T - ::: :TT~::TTT~ -~T 
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these authors utilized a technique which detected the presence of domains to

locate the first order phase boundaries in the H — ‘F phase diagram . This

was accomplished by examining the low frequency (I — 10 Hz) response of the

magnetizat ion to small step changes in the applied field . This response was

found to exhibit several hys teresis type effects256 when domains were present ,

and these were used to locate the extent of the mixed phase region.

Giordano and Wolf also measured the magnetization in the neighborhood

of the tricritical point , using the loca tions of the phase boundaries

de termined from the hysteresis measurements . Results for the N — T phase

diagram are shown in f ig.  176; from it one can see that all three phase

boundaries are linear as predicted by the theory . In addit ion , the slopes

of the paramagnetic line and the A—line are unequal, also as predicted.

Figure 177 shows magnet izat ion data for  DAG along the t r icri t ical  isotherm .

The q u a n t i t y  (M — M
~

) 2 is p lotted versus H1 so as to test the prediction

= 2 (see section II)  and good agreement is found. The asymmetry in the

slopes above and below H
t 
are quite striking, as is the asymmetry in the size

of the asymp totic region below and above the tricritical point with the region

being much smaller below the tricritical field than above. Figure 178

shows data f or the susceptibility along the path M = Mt . The data are plotted

as l/x ve rsus T so as to test the theoretical prediction y
~ 

= 1 and again good

agreement is found.

Figure 179 shows the Hi 
— T phase diagram. The solid line is a fit of

the data to the form

— H t = A~~(T — T
~

) + B~ (T — T
~

) 2 
(4 .1)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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This is consistent with the theory , which predicts a continuous first

de rivative and a discontinuous second derivative at the tricritical point .

For reasons discussed by Riedel, Meyer and Behringer ,258 it Is di ff icult

to estimate the crossover exponent from experimental data. Giordano259 has

recently shown how this may be accomplished , and has found the value •

1.95 ± 0.11 for DAG in good agreement with the theory.

Giordano and Wolf257 have also tested the scaling hypothesis for the

magnetization . Figu re 180 shows the DAG data plotted in the two scaling

forms (see Eq. (2.8)) with the values of the exponents and 
~u fixed at the

predicted values 1 and 2 , respectively. The data , which cover roughly one

decade of reduced temperature are seen to fall  onto common c~irves when

plotted in either of the two scaling forms , in good agreement with scaling

theory . It is of interest to consider over what regions of the phase

diagram the data scales——fi g. 181 shows the scaling regions for DAG in both

the M — T and the H
~ 

— T p lanes . Although the scaling region in the

M — T p lane is rough ly symmetrical in the antiferromagnetic and paratna gnetic

phases , the region is extremely asymmetrical in the H1 — T plane , bein g

much smaller in the antiferromagnetic phase. This is the sane asymmetry

evidenced in the tricritical isotherm data (f i g. 177). There are no

theoretical predictions of any kind concerning this feature , and it is

interesting to note that a very similar asymmet ry has been found in another

t ricritical system , 3He— 4He m i xtures. 258

C. CsCoCl~~~~ 2 O

Ve ry recently , Bongaarts 260 ’261 has repo rted neutron d i f f rac t ion  measure—

men ts of both N and N5 near the tricritical point in CsCoC13 2D
2
O. Unfortunately,

L ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -
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Bongaar ts was no t able to ob tain an accura tely shaped sample and the estimated

spread in demagn et iz ing f ie ld  was r a the r  large (±25 Oe as compared wi th H
~

2 .8 k0e).

The results f o r  the N — T phase diagram are shown in fig. 182. It was

found that the phase boundaries below the tric ritical point are not linear

(as predicted by the theory) ,  bu t  rather  are discribed by the exponents

= 0.65 ± 0 .2 .  Figure 183 shows data for the discontinuity in N
5 

across

the first orde r line. From these data , Bongaar ts 260 f inds = 0.30 ± 0.15

in contrast with the theoretical prediction 81 
= 1/2.

Bongaarts has also studied the behavior of N near the A—line and the

tricritical point along paths of constant temperature. Figure 184 shows

results for two pa ths through the A—line and also the tricritical isotherm.

Well above the tricri tical point he finds 8 0.29 in agreement with the

three dimensional Ising model prediction 8 = 0.31. Nearer the tricritical

poin t (curve b in fig. 184) we find 8 0.28 near the A—line , but farther

away the data are consistent with ~ = 0.15. Bongearts interprets this as

crossover from tricritical to critical behavior as the A—line is approached.

The relatively small range of reduced temperature over which the crossove r occurs

would appear to be at odds with the theory, 258 which predicts that this

crossove r shou ld occur ove r app roximately two decades of reduced temperature .

Figure 184 shows data for the tricritical isotherm. The data are well described

by the exponen t 0. 13 in disagreement with the theoretical prediction 8
~ 

=

1/4. 

~~~~~~~~~~~~~~~~~ -- - ---------~ —~~~~~~ -- - ~— — --~~~ --~~~~~~~~~ ~~~— - - - - ~— - ~~~~
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Finally , in f i g. 185—186 , we show scaling plots f or both N and M5. In

his analysis , Bongaarts used the scalin g fields (2.7) , and this accounts

fo r the slightly d i f fe rent appearance of f ig.  185 as compared with the

analogous plot fo r nAG. The data are seen to be in agreement with the

scaling hypothesis , but it should be emphasized that the values for the

exponents used in this tes t of scaling are the ones determined from fig. 182—

184 and are not the theoretically p redicted values.

D. DI SCUSSION

In table 6 we list the various exponents which have been reported for

Fed 2 , DAG and CsCoCl3, with the theoretical predictions shown for comparison.

As discussed above, the results fo r FeCl 2 are only in pa r tial agreement with

the theory , and further work is needed to resolve the disagreement between

the neutron scattering results of Birgeneau et al. 72 and optical results o f

Griffin and Schnatterly .255 All of the results for DAG are in good agreement

with the theory . The results for CsCoCl 3 2D20 appea r to conflict  with the

theory , but the experimental uncertainties are fair ly large , and it is also

possible that the large spread in the demagnetizing field could be the source

of the discrepancies.

•t.t•’• - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ — 
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V. S UMMARY

V The previous sections have reviewed the basic features of the mean

field treatments of metamagnetism , described in some detail real meta—

magnetic systems , and compared the tricrit ical point behavior of a few of

these systems with the predictions of modern theories of phase transitions.

The metamagnet ic transitions can occur in crystals in which there is a high

degree of local anisotropy . This large anisotropy is present in a wide

variety of materials so that these transitions are observable through their

effect  on the basic properties of many crystals.

Magnetization and neutron diffraction measurements have been performed

on many of the materials listed in this review and given direet evidence for

the occurrence of the field induced transitions . The rapid increase of

magnetization associated with the onset of such a transition is the most

frequently cited evidence for a field induced change in magnetic structure ,

while neutron diffraction is often the only way to determine the s t ructure

of the field induced state .

Me tamagnetic transitions have also been observed by their f - f f e c t  on a

wide variety of other phenomena, e.g., the discontinuf ties in the far infrared

and NMR spectra of CoCl 2~ 2H 20 are due to the variation of internal field

caused by the transition. Similarly the sudden change in the magnitude of

the magnetoelectric susceptibilities of DyPO4 and DyA1O
3 

are due to the

change in magnetic symmetry associated with the transit ion.

_ _ _ _  _ _ _ _ _ _  
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In some cases the effect of the transition on optical and thermal

proper t ies  has been used to map the phase boundaries of the material .

Examples of t h i s  type of experiment include specif ic  heat measurements of

DAG and DyPO 4 , Faraday rotation measurements on DAd , DyPO
4 

and FeCl2, and

the measurements of magnetic circular dichroism in Fed 2. The basis for the

optical work revolves around the different responses to polarized light

exhib ited by an tiferromagnetic and paramagnetic domains . The hystere t ic

e f f ec ts associated with the presence of these domains has also been used to

locate the phase boundaries , as in the case of DAd .

Within  the class of metamagnetic materials there is a diversity in

the topology of phase boundaries and in the type of f ield induced states .

Archetypical metamagnets such as FeC1
2 

and DAG undergo a single field

induced transi~:ion from the anti ferromagn etic state to the paranm agnetic

state. Other materials , such as CoCl
2~

2H
2

0 and I’yAlO
3 

have an in termedi ate

field induced state which is ferrimagnetic. In the case of EuSe the field

induced transition can proceed from one of two antiferromagnetic states ,

while in the case of the Co(S Se 1 x~ 2 systems the transit ion appears to

proceed from the paramagnetic s tate.  The latter material is lust  one of

several which still require work in order to understand the basic magnetic

in terac t ions .

For some of the materials in the review (e.g., NiC 1
2~

2H
2
O, EuSe and CeSb)

neutron diffraction would be very help ful  in de termining the phase boundaries

and the nature of the f ie ld  induced s t a t e ( s ) .  For other materials there

- - - -~~~~ 
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h as been suff ic ient  work so that the basic interactions are well understood.

Recen t work on these mater ials (Fe d 2 , DAG and CsCo C13 2H 2O) has concentrated

on the tricritical point behavior. Other crystals , notab ly FeBr2 ,  are

candidates for fu ture  tr icritical point studies .

In addition to their interest as a distinctly different class of

phenomena , metamagnetic transitions provide an opportunity to tes t current

theories of phase transitions. The critical fields and the size of the

magnetization j umps have often been of use in determining the exchange constants

describing the magnetic structure. For these reasons the study of Ineta—

magnetic transitions will no doubt thrive and continue to open ever wider

areas of research .

Further research could well lead to the use of metamagnetic phenomena

in oractical devices. The essential feature of such applications would involve

• the relatively large change in magnetization achievable by very small driving

• fields. This property of metamagnetics might find important applications in

digital memory elements. Using materials such as CoCl2~ 2H 2O which undergo

two magnetization jumps it might be possible to produce multistable devices.

Another conceivable application concerns the coupling of optical properties with

the field induced transitions. This coupling suggests the use of some mnet a—

magnetic crystals as optical modulators and deflectors. However , before ine t a—

magnetism finds widesp re ad p ractical appli cation , the development of new

metamagnetic materials with significantly higher transition temperatures and

lower critical fields is clearly necessary.
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APPENDIX I

MISCELLANEOUS METANAGNETIC MATERIALS

The previous sections have reviewed in some detail the magnetic proper—

ties of some connuon tuetamagnetic materials. As mentioned in section I

the scope of this report does not include materials such as MAP , in which

the dominant response to an applied magnetic field is a rotation of the

spins away from the direction of local anisotropy. The present section

considers less commonly studied mate rials which come within the scope

defined in section 1. In cases where there is an ambiguity as to the nature

of the field induced transition , the material has been included for the sake

of completeness.

1. Nd Monochalcogenides

Magnetization isotherms , fig. 187, show that NdS , N~iSe and NdTe undergo

field induced transitions upon application of high magnetic fields.262

2. ErCrO 3
Magnetization and neutron diffraction studies on a single crystal of

ErCrO
3 reveal metamagnetic properties which can be described by a two

sublat tice mode l for the magnetic spins 26 3  (see fig. 188) .

3. MA (CH3COO)2
.4H

20

Mn (CH 3COO) 2~ 4H 20 is a monoclinic crystal which orders at 3.18 K. The

Mn ions are located in planes separated by layers of H20 molecules. 26
~ The

structure is shown in fig. 189.

Magnetization measurements 26 5  on single crystal samples show that with

H a—a xis a metamagnetic transition occurs at ‘\‘ 6 Oe (see f ig.  190) .

IlL~ — -~~~~ -~~~~~~ —- — -—~~~—- -
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N~tR on el li p so~ dai ly  shaped c rys ta l s  also reveal , as sh own in f ig .  191 ,

that the metam& gnetic transition occurs at 6 Oe. The NMR results suggest

tha t two dimensional ordering in the ~-th planes persis ts  above the Neel

tempera ture  until ~ 30 K.261~ This is a very unusual  f e a t u r e  and clearly

deserves f u r t h e r  s tudy .

4. CeAl

CeA1 which orders  at ~ 10 K undergoes a me t amagnetic t ransit ion ( f ig .  192)

at “S’ 8 kOe at 4 . 2  K as observed b y m a g n e t i z a t i o n  me asurements on powdered

samples • 266

5. ErAu, HoAu, DyAu

Magnet iza t ion  m e -~surements on ErAu , HoAu and T)yAu shown in fi gs. 193 and

194 , sugges t the occurence of metamagnetic transitions . In all three cases 2 6 7 ’268

the measurements were perform e d on powder samp les 3t 4.2 K.

~~~L~ !22~L]~ 
CuCl~

At 8.9 K E C 6H 22 N 4 ] CuC16 orders in to  an ti f e rr omagn e t i cal l y  coupled

fe r romagne t i c  layers . Magn et iza t ion measurer~ents ( f ig .  195) on polycry s tall ine

samples show tha t  low f ie ld  me t amagnet ic  t rans i t ions  occur. 269 At 4 .2  K the

transition field is only 50 Oe. From magne t i za t ion , suscept ib i l i ty  and EPR

measurements e s t ima te s  of the exchange oarameters  have been ob t ained . From

these parameters  a t r i c r i t i c a l  point tempera ture  of 8.86 K has been e s t ima ted. 26 9

7. (Np 02 )
2 C2O ,~~4H

2
O

Nep tunium oxalate orders antiferromagneticali’i at T
N 

= 11.6 K. Met a—

magnetic behavior is discernible f rom magne t i za t ion  measurements on powder

—- 
~~~~~~~ —— •~~~~~ — — — -~~~~~~~~~ -— V. ~~~~~~~~~~~~~~~~~~~~~~~~ - —~~~~--~-----~ - -- - —-- -~~~~~~~ -~~ - -—------.~~~~~~~~~~~~ — V- ~~~
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samples , as sh own in f i g. 196. Figure 197 shows that the isotherms display

hysteresis below 9 K.270

8. HoMnO
3

Magnetization measurements , fig. 198, on powder samples of HoMnO
3 
show

that a metamagnetic transition occurs at ~u 6 k0e and 4.2 K.27’

9. HoCu2, DyCu2 ThCu2

Magnetization measurements (fig. 199) on polycrystalline samples of

HoCu2, DyCu2 and ThCu2 at 4.2 K indicate that metamagnetic transitions occur

with critical fields ranging from 10—30 kOe.272 Neutron diffraction on ThCu
2

shows that in zero field the magnetic structure of orthorhombic ThCu
2 
consists

of Th momen ts in the a—c plane forming a collinear configuration with 2/3 of

the moments alcng the +a direction and 1/3 along the —a direction. In

adjacent planes the moments are reversed.273

10. CoCl
1
[(CH~j3NHJ . 

2F120

CoC1
3
[(CH,~)3

NH].2H
2
0 consists of planes of CoC12

.2H
20 interleaved with

planes of (CH
3

)
3NH groups. An analysis of NMR data suggests that this

material  orders at TN 4.1 K with the magnetic space group Pnm ’a’ . Figure

200 shows the arrangement of spins in the ordered state. 27
~ Three sp in

arrangements C1, C
2 

and C
3 
are shown in fig. 201. C

1 
and C

3 
coexist in equal

volumes in the zero field antiferromagnetic state.27~ NMR data (fig. 202)

suggests that a metamagnetic transition to the magnetic configuration C
2

(magnetic space group Pn’m’a) occurs at 64 Oe.275

H ‘
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
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ii. ErV0~

ErVO
4 

is structurally isomorphous with the Ising like DyPO4. However ,

unlike DyPO4, there is considerable mixing between the ErVO4 ground state

doub let with the higher energy levels. Metamagnetic behavior has been

inferred from an analysis of thermal resistivity data. Figure 203 shows the

appearance of large peaks in the thermal resistivity as a function of applied

magnetic field. It has been suggested276 that these peaks indicate the

occurrence of metamagnetic transitions.

12. DyCoO
3

DyCoO
3 

orders at TN 
= 3.6 wi th  a magnetic space gro up G A , shown in

fi g. 204. The groun d state of the ion is 6H1512, which split by the

crystal field into eight Krainers doublets. Only the lowest doublet is

occupied at low temperatures and it has Ising—like character.

Magnetoelectric effect measurements277 were performed on a powder sample

of DyCoO
3
. Measurements performed in the presence of a static field

(fig. 205) suggest that metamagnetic transitions occur. These transitions,

shown schematically in fig. 204 change the magnetic symmetry, thereby causing

the magnetoelectr ic  coef f ic ien t  to equal zero.

If single crystals of DyCoO
3 
were available, the magnetoelectric effect

might be a sensitive means of mapping the phase boundaries.

13.

is an orthorhombic crystal which orders antiferromagnetically at

T
N 

= 392 K. Between 226 K and TN the magnet ic  s t ruc ture  consists of



ferromagnetic layers aligned antiferromagnetically. Below 226 K the crystal

has a canted or conical screw structure.278 Below 226 K field induced behavior

is observed , wh ich may be me tamagn etic279 (see fig. 206). The exact nature

of the transition is not known.

14. Gd~ (Fe, Co, Ni )

Field induced behavior has been observed in materials made from Gd
3

with various compositions of Fe, Cc and Ni , as shown in fig. 207. The exact

nature of the transitions is not certain.280

l5~ Rb CoCl~~~~ 2O

Differential susceptibility measurements were performed on a single

crystal of RbCoCl
3

2H
2
0, which orders at T

N 
= 2.98 K. Peaks in the susceptibility

have been identified with metamagnecic phase transitions.281 Figure 208

shows that three transitions can occur when H c— axis , where as fig. 209

shows that one transition occurs when H b—axis. Flokstra et al.28’ sugges t

that the sp in ar rangement consists of strongly coup led can ted chains alon g

the c—axis .

16. NiX 2L2 wi th X = cl, Br and L = Py razole, Pyridine

These materials order with ferromagnetic linear chains coupled anti—

ferromagnetically. They all exhibit metainagnetic behavior . NIC12(py)2 
shows

two steps in the magnetization isotherms while the other three exhibit only

one step. The magnetization isotherms of powder NiBr
2

(pz)
2 

are shown in

fig. 210.282

I



I

17. ErNiA1, TrnNiAl

Magnetization isotherms on powde r samples of ErNiA1 and TmNiAl reveal

metamagnetic behavior as shown in f ig .  211 and 2l2.283 ,28~

18. ThFe0~

Magnet iza t ion  measurements on a spherical single crystal of ThFeO 3
reveal a first order metamagnetic transition at T = 1.15 K, as shown in

r fig. 2 13. 285

19. ~~~Au2~~
Tb~4u2~ ~~~2-’~ 

Th~g2
Except for  ThAg2 ,  all the above materials exhibit two zero field low

temperature states. The magnetic structures at the lowest temperatures has

antiferromagnetically coupled ferromagnetic layers, while the high temperature

ordered state has a t ransverse sinusoidal spin structure . ThAg2 has only the

low tempe rature layered structure. Field induced transitions have been

observed in all four materials , as shown in figs. 214—216. In DyAu2 the

transition is first from the layered (3) structure to the sinusoidal (cz)

structure , then from the ~ structure to the parainagnetic state. In the other

three materials the transition is directly from the B structure to the para—

magnetic state. Figure 217 shows the magnetic phase diagrams of ThAu2,

ThAg2 and DyAu2 .
286

20. Gd~~~

A magnetization isotherins (fig. 218) of a powder sample of Gd
3
In disp lay

two step behav ior , suggesting the occurrence of metamagnetic behavior.287

- — ———-- _.._ —_—-— — - ~~~~~~~~~ -~
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2 1. Th OOB, DyOOH, ErOOH

Magnetization measurements on powder samples of ThOOH, DyOOH and ErOOR

reveal inetamagnetic behavior for all three compounds, as shown in figs. 219_22l.288

The magnetoelectric effect has also been observed in pressed powder samples of

all three materials.289 The magnetoelectric measurements were performed in

zero field , as a function of temperature. If single crystals of TbOOH , Dy OOH

and ErOOH were available , the magnetoelectric effect might be used to detect

the magnetic phase boundaries.

22. TmZn2~~ DyZn2

TmZn 2 , Dy Zn 2 undergo field induced transitions as shown in the magnetiza-

tion isotherins of fig. 222. Debray et al. 29 ° suggest that these transitions

are ine t amagnetic.

23. ~~~~~ R = E r , Tb , Dy, Ho

According to Buschow and Fast 291 Er 5Ge3, Th
5

Ge3, Dy
5

Ge
3 

and Ho5Ge3 all

exhibit field induced phase transitions. The magnetization isotherm of

Er5Ge3, shown in fig. 223, was obtained with a powder sample.

24. ErGaG

Erbium Gallium Garnet orders antiferromagnetically at TN 
= 0.789 K.

Magnetization studies have been performed at T 0.08 K with the external

field applied along the [001], [011] and [1111 directions.292 For each direction

of applied field metamagnetic transitions have been observed. Figure 224 shows

such a transition with Hi [lii]. After ref. 292.



25. Th~~ O4

At T
N 

= 27 K , ThAsO4 undergoes a .Jahn—Teller crystallographic phase

transition which lowers the symxnetrv iron tetragonal to orthorhombic. At

T
N 

1.48 K , ThAsO4 orders an t i f e r r or n a g n e t i c a l l y in a coll inear sub la t t i ce

s t ruc tu re  wi th  an I sing—like  ground s t a t e .  The metamagnet ic  phase t r ans i t ion

of ThAs O4 ,  which is s imilar  to t ha t  of Dy VO4 and DyAs O4 ,  has been studied

spectroscopically.  Figure 225 show s the var ia t ion  of the Zeeman energy as

a function of appl ied  f ie ld .  The met amagn et ic  t r ans i t ions  are shown for  two

d i f f e r e n t  crystal  shapes. A f t e r  re f .  293.

-~ ~~~~- - -.- ~-- -~~ -~ -~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



APPENDIX II

TABLE OF BULK MAGNETIC PROPERTIES

___________________ 

TN
(K) 0(K) T

~
(K) H

~~
(kG)

FeC12 23.55 60 48~~ 21. 1572 H
~~

(app) 10. 2 72

22.9~~ 20.3~~ !1c(int)=lO~
45 at 4.2 K73

23.766 20.7969 H
~
(int)=7.5573

21.566 H
~
(int)=7.5RGS

20.4~~

21.865

FeBr
2 

14.282 683 47 82 H (app)=31.5 at 4.2 K85

l4.l~~ ~~~~~ Hc ( in t )=28
~ 8 at 4.2 Yc~~

H
~
(int)=28.573

___________________ __________ __________ _____________ 

H
~
(int)=28.282

Ni(NO
3
)2~2H20 ~~~~ 2.590 3. 8591 H (int)=3.4 at 9~ 0 K91

4. 10592

DyPO
4 3~ 3993 0.75~~ H

c
(1nt)=5

~
45 at T 0 K93

3~ 399~ ~~~~~ Mt 
= 4394

3~ 599 1.95101

3.38100

3~3997

FeCO
3 38107 _l4108 H

~
(app)=l50 at 4.2 i107

3810
~ Hc(

app)=l48_l76 at 4.2 K108

H (app)=l50.-l80 at 4.2 K110

___________________ __________ __________ _____________ 

H
~
(app)=160 at 4.2 K11 1

~

I
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____________________ 

r N
(K) 0(K) T

~
(K) H (kG)

OySb 9 5 117 s.5 119 H (int) 14.7 ~
i i~ 

t

10.2 h 1 9  T =9 .7  H (int)=12.4)triple triple

9 .5

H =21 .6 ~ T=4.2  K 117
cl

H =40.6J H I I ~ l00>
_______________________ _____________ __________ _______________ 

c2
ThP0

4 2.17 121 
H (app) 4.8 at 1.5 ~ 12l

2.17 122

DyA1O
3 3.52 125 _~~126 

- — 

H
~ 1
(aOp)..6.5J Hi 1 [lifli

3 4 128 (powder) H
2(app)=24 at T=l.2 

1(126

3 5 126

H
1
(app)=7.0~~ Hil u

_________________ __________ ________ ___________ 

H
2(anp)=7.3j T=3.4 K128

TbA 1O3 395 125 
H (app)=8 at 1.5 K 131

H (app)=8 at 1.4

CeBi 25.2 135 12 139 
H 

1
(anp)=lrr1 

139C 
~ T=1.3 K26136 powder H

2
(app)=45 )

25 139 
powder samples 

—

CeSb 16 137 8143 H 1
(app)=20 ’)

c 
~ ‘r i ~~q K’43

16.2 P
2
(app)=38 J

powder sariples

~~VO4 3.04149 
H(app)=2.2 at 1.4 1(148

_______________ __________ ________ ___________- 

H (in t)=2.l K at 0.5 K
149

DyAsO
4 

2.5 147 
H (app)=2 at 1.5 ~

147

~~~~~~~~~~~~~~~~~~ ~~ ~~~~~~~~~
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_______________ 

T
N(K) 0(K) 

— 

T
t(K) H (kG)

EuSe TN1 4.6 H (int)  all less than

T =2.8 2.5 K151~~
158

________________ 

TN2 =l .8 15’ 
__________ _______________

FeCl
2~ 2H2O 23162 0 l2162 T

t ll.7~ H (app) 39 )r ple cl 
~ T=4.0 1(

162
0
1
=5 162 H

2(app)
.46J

T
tri 1 =ll•S H

1
(app)35

1 T=2.0 1(
l7Lf

H 2(app) 45 J
H =42.0~triple

H =41.0170
_________________ ______________ ___________ _________________ 

triple

CoBrf2H2O 9 5 168 
H (app) l3.7~cl 

~ T=l.5 1(
168

H 2(app) 29. 8 j

H (app) 13.7~cl 
~ T=2 K192

________________ ____________ __________ _______________ 

H 2(app) 29. 3~)

CoC12 2H 2 O 17.5 168 011 1 Tt ~. 1 =8. 8
1 71 H (app)=3l.6 ~r p e cl 

~ ~~~~~~~~~ 1(168
0
1
=1 160 H

2
(app) 46.0)

T
1 1 =8.96 H

1(app) 3l.
(1 T=l.6 ~33

Hc2(apP)=44.9

Ttriple=8~
9l73  H~~jpj•~(aPP)=38.5

i7i

Htripie(aPP)=37. 5
6

________________ —__________ __________ _______________ 

Htripie(aPP)=39.3
l73
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TN (K) 0(K) H (kG)

NiC1 f2H 2O I ~~~~ H
1
(app)=18.6

7.2199 H
2(app)=Sl T l.4 1(198

H
2(app) 82

H 
1(app)=18.5C 

T=1.l 1(195

________________ __________ ________ ______________ 

H
1
(app)=20. 9

CsCoCl
3~
2H

2
0 3. 38200 

________ ______________— 
H (app)=2.9 at T=1.l K20°

CsCoC1
3~
2H

2
O 3.2261 2261 

- 

H
~
(lnt)_2.85 atT=0 K

Eu
3
0
4 

5.0203 5203 2203  

— 

H (app)=2.4 at 2.2 1(
203

Co(pvr )
2Cl 2 3. 172 0 5  52 0 5  R (app)=O.7 at T=3 K

Fe(pyr) 2 Cl 2 7206 H (app)=0.7 at T=4 .2 1(206

Fe(pyr) 2~~(NCS) 2 6 206 H
~~

(app)=l . l  at T 4 . 2 1(206

Ni ( p y r ) 2 C12 ~“ 6 .75 292 H (app)=2 .7 at T=4.2 ~206

DAG 2 .5 209 0.10 209 1.6 , H j  i f l l l} 2 h 1  H (int)=3.8, HII{lll}214

1.8, HiI (llo} H (int)=4.7, HlI (llo}

1.7, HlJfOO l } H (int)=5.2, H~ I fOOl)

ThA1G 1.35 227  Tcr=O~
7l H (int)=2.2 , HIJ {lll }

with HIJ {lllP7 H (int)=2.3, Hi (110)

l-l
~~~

n t ) = 2 . 6 , H I l C O O l )

T=0. 36 1( 227

HoA 1G 0 .86 2 3 0  H ( int) 2 . 3 , 14 1 1 ( 1 1 1 )

ll n t ) =2 .7 , H j  1 (0011

T=0.36 1(230

-——~~~~~~~~~—~~~~~~~ --- _ _  _ _
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________________ 

T
N
(K) 0(K) T

tri
(K) H (kG)

Co(S Se ) 78 w i t h 2 3 1  110 w i t h 231  T 34 231 39, with T34 K231x l—x 2 cr

X=O.86

UP S see Table see Table 15, with T=85K and )0’O.lO 1(242l—x x

X=0.l

UAs Se see Table see Tab le 100 , with T=80 K and X=0.25 K2r56l-x x 
4.

UP S see Table see Table 60 , with T=4. 2 K and X=0.20 1(2511-x x

NdS 82 6 2  75 , at 4 .2  K262

NdSe 14262  85 , at 4 .2 1(262

NdTc 13262  90 , at 4 .2 K262

ErCo
3 

TN1 133. 1263 2, at 4.2 K263

TN2 =l6. 8

~fri(CH3
COO)

2~ 
3. 182 6 4  6 gauss at 1.1 1(264

4820 5 gauss at 1.41 K265

CeA1 10266 _19266 8, at 4.2 1(266

ErAu 16.5 2 6 7  5267 9 , at 4.2  K267

HoAu 10267 0267 12 , at 4.2 1(267

DyAu 14268 _ .8.526 8 22 , at 4.2  1(268 

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J
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TN (K) 0 ( K )  T i (K) H (kG)

[C 6H )2 N 4 ICuC 16 ~8.95 b9 8.86 2 6 9  50 gaus s at 4 .2  K 269
-
~ (calculated)

(NpO
2

)
2 C204~ 4H 2O l l.6~~~ 12 .5 270 92 7 0  1, at 8 1(270

HoMn O
4 9271 _ 2 3 271  6 , at 4 .2  1(271

HoCu 2 9272 
~~ 10, at 4 .2  K272

DyCu 2 24 272 
“~ 15, at 4.2 1(272

ThCu 7 54 272 
~ 22 , at 4.2 1(272

CoC1 3
( ( ~~~3

)
3N H J  4 j 3 275 64 gauss at 2 1(275

• 2H 20

ErVO , 0 .4 276 2 . 7  at ~ 0 1(276

DyCoO
3 

3 5 7 277 7 , at ~ 3.5 6 ~ 277

Mn~ B 4 392 279 543 279 300 at 83 1(279

Gd 3Co 127 280 159 280 3 at 4.2 K280

Gd N . 100 280 60 280 25 at 4 .2 K2 8°
3 i

SbCo C1 ,3~ 2F {
20 2 .975 28 1 Three criti cal fields with

i-i l I c—axis. Hc.� 4 kG. One
transition in b—direction
� 15 kG. 281

I — ________- _______________________

_____________ ~~~~~~~~~~
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TN (K) e ( K )  T (K) H (kG)

NiCl2(pz)2 
6.05282  18282 0.45

N i B r  (pz)  3~ 35 282 7 282 1.252 2 
T~~~ 0 K 282

NiCl 2 (py) 2 6 .75 282 13282 3.50 and 2.95

NiBr
2
(py)

2 
2.85282 7282 6.5

ErNiA1 15283 _1283 8 at 4.2 K283

TmN 1A1 122 8 3  ...ll 2 8 3  8 at 1.6 K283

ThFeO3 3.1285  1.52 at 1.15 K285

DyAu 2 31286 ~13286 50, at 4.2 1(286

ThAu 2 55 286 ._2 l286 100 , at 4.2 K286

DyAg 2 15286 -21. 5286 40, at 4.2 K286

ThAg 2 34~ 4 286 _3 1.5286 100 , at 4.2 1(286

Gd
3

In 213287 196287 5 , at 4. 2 1(287

ThOOH 10288 0288 20 , at 4.2 1(288

DYOOH 9288 _22.6288 30, at 4.2 1(288

ErOOH 7 .2 288 0288 15 , at 4. 2 K288

TmZn
2 5.2290 11.5290 5, at 4.2 1(290

DyZn 2 35290 31.5290 15, at 4.2 1(290

Er
5
Ge

3 
31291 352 91 10 , at 4.2 1(291

~~~~~~~~J TT~~~I1~11. 
- il4



-~~~~~ - • - -~~~~~~~ ~~~~~~~~~~~ ----•~~~~~~

______________ TN(K) 0(K) Ttri(K) H (kG)

ErGaGarnet 0.789 292 H (lll) = 1.8

H (011) = 2.1c 
T=0.08K292 -

= 2.2

ThA
3
0
4 

1.48293 H (lOO) 2.5293 

1

J I
______________________ - --•~~~ - ~~~~~~~~~~~~~~~~~~ 
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I
Table 1

List of Critical and Tricritical Exponents

Definition lIFT11 Modern Theories4’14

t Critical Line

C
H 

‘
~~ (T — T) a

, H . constant , T > T 0 0.125

C
H ~ 

(T
c 

— T) 5
, Hi 

constant , T < T 0 0.125

~ (T — T)B , Hi constant , 
T < T 1/2 0.313

“~ (T — T)
n
, H1 

constant , T > T a 
0 0.125

~ (T — T)~~~~, H1 constant , 
T < 0 0.125

Tricri t ical  Point

C
H ~ — T

t
)~~~

t , Hi 
H
t , 

T > T
~ 0 1/2

C
H ~ 

(T
~ 

— T)~~~t , Hi H
t, 

T < T
t 1/2 1/2

M “. (T~ — T) 6 t , H = H
t, 

T < T
t 1/4 1/4

M ‘o (T
~ 

— T)~~1, along first order line, T < T
~ 

1/2 1/2

M — Mt ~ 
(T
~ 

— T)~~~, V < T
t~
’ 1 1

M — M
t \‘ (T

~ 
— T)~~~, T < T~

b 
1 1

‘
~‘ (T — T~)

)’u, M = M
t , 

T > T
~ 

1 1

H1 
— H

~ 
“~ (M — M

t)
ô+, T = T

t, 
H > H

t 1 2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
2 2

g “ t~~, (phase boundary)
C 

2 2

Definitions and values for various criti cal and tricritical

exponents. T
c 
denotes the value of the critical temperature

________ . ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ -- -
~~~~ —~~~ 
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corresponding to the critical line. After ref. 1.

(a) The exponents here ar~ the same as those describing C.,~ . This
I

equivalence is predicted by the theory (see, for example, ref. 29).

(b) M and M denote the value of M at the first order line in thea p

anti ferromagnet ic  and parama gnetic phases respectively.

(c) This is the equation for the phase boundary in the H
1 

— T plane.

The variables t and g are defined In Eqs. (2.5) and (2.6).
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TABLE 2.

Magnetic Properties of Rare Earth Aluminates

T
N ~

‘
~B 

Magnetic ~~
a W12(ex)

c W14(ex)
C
~

structure 
(T’~4.2°K) (~~00K) cur 1 cur1

curl cur1

TbA1O 4.0 9 A G 3.8 4.6 1.3 0.253 y x
u at 35°
from a

DyAlO 3.5 9.3 A C 2.0 4.1 0.85 ~ 03 y x
p at
33.5°
from b

a. Separation between two triplet components = total magnetic interaction
energy of an ion at T = 4.2°K.

b. The same as (a) but T = 0°K.

c. Exchange interaction between two ions along the c—axis.

d. Exchange interaction between two ions in the a—b plane.
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Tab le 6. Values of the tricritical exponents reported for FeC12 ,  flAG and

CsCoC13
.2H

2O. Also given for comparison are the theoretically predicted

values.

8
* 

81

FeC1
2 

(ref. 72, 254) 1 
~~~~~

FeCl 2 
( re f.  255 , 67) ~~~

DAG ( ref.  256 , 257 , 259) 1 1 ~~~~

CsCoCl
3
2(D20) (ref. 

260) ~~ 3 ± 1 1.3 
~~~~~

Theory (see section II) 1 1 2 1 1/2 1/2 2

I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Fig. 1. a) SchematiC phase diagram for FeCl
2 and DyPO 4. Anti and Para denote the

an ti ferromagne tic and par an~ gnetic phases respective ly. Hj is the internal field
anc T is the temperature . The solid (dashed) lines indicate second ( f i r s t )  order
tr~nsitic’ns. b) Sch?matic phase diagram of CoC12~ 2H20 and FeC12.2H20. Fern de-
no t es the f e r r ima gn e tic ph ase. The order of the transition near the triple point
is not known . c) Schematic phase diagram of MnF 2 and GdAlo3•
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the ?I—T and Hi— T phase diagrams .
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system w ’t h  a b i c rit i c a l  end point (TCP) . B and B~ correspond to H1 and
(BCE ) and a c r i t ica l  endpoint (~~ ) H5 respectively. After refs . 5 and 11.
Af te r  re f .  U.
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Fig. 6. H0—T phase diagram for  a

Fig. 5. Hj—H 5— T phase diagram for  a simp le me t amagnet. The mixed phase

metamagnet with a bicritical endpoint. is the region in which domains of
The arrow s indicate t~ie crit ical end— the antiferromagnetic and para—

p o i r t s . E~ and B5 correspond to Hi and magnet-i c phases coexist.

H
~ 

respectively . After ref. 11. 
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Fig. 7. Crystal and magnet ic  s tr u c t u r e  of FeC12. 0 , X ,
and Zr de f ine  the rhombohedral primitive axes. After ref.

57.
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?ig. 8. Magnetization versus field at 4.2 K. Pulsed magnetic fields (H 63 kOe,

half period 7.6 msec) and a single crystal of FeC12 (HI I [001]) were used. After
ref. 61.
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at a fixed temperature w i t h  both metamagnetic hysteresis  of FeC12
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magnetic fields . T 1.34 K. Sweep to show the logarithmic depertdera ce
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Fig. 13. Photomic rographs taken in a polarizing microscope of the mixed A—P phase of
thin FeC12 sheets. Field treatments are shown schematically above. (a) Simple ribbons
of parama gnetic m v~terial seen on very gentle first entry into A—P 1.3 K, 10.673 kOe.
(b) A severely cor 1voluted ribbon which developed from (iv) on increase of field. 1.3 K,
10. 821 kOe. (c) Extensively branched ribbon struc ture seen in increasing field, 2.1 K,
10. 753 kOe . (d) Disconnected s t ructure  in the sane sample at about the same field ,
but in decreas ing field , 2.1 K, 10.745 koe . (f) A portion of a “mixed phase platelet”
observed after crystal had been saturated , 1.3 K, 11.408 kOe. After ref. 64.
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- -  
— --- .~~~ ~~~~~~~~~~~~~~~~ . _— - - -- -

~~ -~---



-

cJ

~~~~~~~~~~~~~~~~~ 

~ 

a

Fig. 17. The crystallographic and Fig. 18. Magnetization isothertns of
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)f ferrous ions are san dwiched N
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lis tance i . - Magnetic moments are
arallel within layers and antiparallel

between layers. After ref. 88.
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Fig. 19. High field magnetization of a single crystal of
FeBr2 along the c axis at three different temperatures.
After ref. 85.
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t = n T  • The solid curves are calculated from a mean field model described in ref.

91. Af~ er ref. 91.
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Fig. 27. Antiferronagnetic state of Fig. 28. Unit cell and lattice param—
!)yPO4. Af ter ref. 93. eters of Dy PO4. The arrows in the

circles indicate the ordered magnetic
state of DyPO4. The nearest neighbors
of the cen tral Dy 3~ ion are the four
Dy 3+ ions lying on the faces of the
unit cell. Af te r  ref .  100.
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Fig. 30. Metamagnetic behavior in DyPO4. Upper curve shows
the measured dependence of the magne toelectric susceptibility
on static magnetic field Hc (uncorrected for demagnetization
effects). The lower curve shows the measured magnetization
on the sane crystal in a magnet ic  f ie ld  Hc applied along the
c axis. At the temperatures  used (1.5 K ~ T ~ 1.6 K) ct is
essen tially independent of T. As H0 varied along the path
o—b—o—d— o-- etc., the magnetoelectric signal varied along the
path a—b—c—d— a— etc. After ref. 99. 
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Fig. 31. Magnetic phase diagram of DyPO4 
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above 1 K. The solid circles represent the data obtained by
locating the maximum in the heat capacity in a given field B.
The open circles represent the data obtained from the spectro—
scopic measurements. The vertical and horizontal lines rep—
resent the estimated error in the measurements. After ref. 100.
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fac tor = D ~ 0.02, and the circles are from maxima in the heat
capaci ty at constant applied field of a sample having D % 1.
The locus of the Schottky maximum is also shown. After ref. 93.
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Fig. 33. Magnetization as a function of applied field at the
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0.498 K. After ref. 93.
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Fig. 34. Spo-cifi - Faraday rotation of DYPO as a function of
the internal magnetic field H j J I c  at v a r t o u~ temperatures:
o: T 3.4 K. •: .1 = 3.0 K, +: T = 2 . 5  K , • : T = 2.0 K, x:
I — 1.5 K. The internal fie1d was obtained by us ing an
approximate (lemagnetising factor N0/4~ = 0.045. In the insert
t~ie critical fields derived from these curves (dots)  are
compared with the results of Koonce et al. (solid line).
Af ter ref. 101.
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Fig. 35. Series of the magnetic field Fig. 36. The phase diagram of
dependent neutron intensity at various DyPO4 obtained from neutron diffrac—
fixed temperature points. A: 1.863 ± tion. The closed circles are
0.001 K , F = 2 .774  ± 0.005 K. A f te r  obtained from the neutron results.
ref. 94. 0.001 The crossed points are from the

magnetization measurements of Koonce
et al. The demagnetization factors
of the neutron diffraction and
magnetization samples were both “-i 0.02.
After ref. 94.
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tral Fe2+ ion has s ix neares t nei gh—
bors three in a p lane above and three Fig. 38. Magnetization curves at

in a p lane below as shown . The six— 4. 2 K for  na tura l  samp les of FeCO3.
next—neares t  nei ghbors lie in the The curves a and b are calculated

plane containing the central  ion , from a model described in r e f .  107.
After ref. 103. After ref. 107.
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Fig. 39. Dependence of the longi— Fig. 40. Relationship between the
tudinal magnetization of FeCO 3 on rotation of the plane of polarization
the intensity of a magnetic f ie ld  of light in sideri t-e (FeCO 3) and the
directed along the axis of symmet ry magnetic f ield app lied to the samp le.
of the crystal. After ref. 108. Sample temperature 24.5°K. After

- ref. 112.
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After ref. 128.
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the spin of the ion under question , whereas + and 4- are the
spins of the neighboring ions along the a axis. Each level
of the groun-d state is still doubly degenerate [spin up (4-)
and spin down (4’)]; this degeneracy can be removed by an
external magnetic field. All excited states are singlets.
A f t e r  re f .  127.
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and DyAlO 3 (TN = 3.52 K) data from ref. 132. Dashed lines show
sublattice magnetization from mean field theory , e f f e ctive spin
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magnetic fields H applied in the (001) plane . The four  vectors
describing the magnetization on the sublatt ices make a constan t
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133.
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DyA1O3, wi th Hdc = 10 k0e . The circular points are for
incre asing ~3 and the x—shaped poin ts  are for  decreasing 0.
The insets show the arrangement of the four subla ttices at
low 0 and at high 0 in H dc = 10 k0e . The solid curve No. 1
is the normalized magnetization calculated from the data in
ref. 126. The theoretical curves Nos. 2 and 3 are described
In r e f .  133. After ref. 133.
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DyAlO3. The x—shaped points are fo r  Hdc 200 Oe. The
circular points are for Hdc = 10 k0e. The insets show the
arrangement of the four magnetic sublattices at low 0 and at
hi gh 0 in H dc = 10 kOe . The solid curve No. 1 is the normal—
ized magnetization calculated from the data in ref. 126.
The dot—dashed curve No. 4 is cosO. A description of
theoretical curves Nos. 2 and 3 is given in ref. 133. After
ref. 133.
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b i l i t y  of ThAl O 3 in an appl ied fie ld  na tu r e  of ThAlO3 by observation of
of 500 Oe. Af t e r  re f .  134. the temperature dependence of the

magnetoelectric susceptibility.
8=0.32. Af t e r  r e f .  134.

_ _ _ _ _  _____--  

~~490 Ce Bi

~~6485 

a ( qo~ oI~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
)

~~ 

90° 

- 

5 1

0 H Oe 
— 

c ‘D ’r cqor ’~

0 1000 2000 3000 6 480 E —- __L — — -
5 0 ‘5 20 25 3~ 35

I

Fig. 66. Variation of the magneto— Fig. 67. Tetragonal distortion of the
electric susceptibility of ThAlO3 rocksalt cell of CeBi below the Neel
with applied field with the field temperature. After ref. 137.
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Af ter ref. 134.

- ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ _ _

,

~

~,



..~~~~ 
- -“ ---5-

-;; - 

_ _ _
~~~~~~~~~~~~~~ , -5-5 ~~~~~~~~~~~~~ ~~~~~~~~~~~

I
H (k0e)

— — - - lv (Ferro,)
I 20

AT 1 3 K  -~~~ ~~~~~ 0o 0 —
0

I
AT 4

2 0/  
Pora 

-
M:;” ,hc Fa8 I4  (60,1 0

Tcrnpera~ure T (°K)

Fig. 68. Magnetization versus applied Fig. 69. Magnet ic  phase diagram of
magnetic field for CeRI. After ref. CeBI. S — data from ref. 146. 0 — data
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FIg. 70. Magnetization isotherms of CeBi. The magnetic

field was app lied along the [001] direction. The curves have
been ob tained in bo th increasing and decreasing field.
After ref. 140.
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fie ld app lied alon g a <001> direction , in the (N , H , T)
space. This surface is obtained from the magnecizations
versus decreasing magnetic field at constan t temperature and
versus incre asing temperature from 4.2 K at constant magnetic
field. After ref. 140. 
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direction of CeBi. These transition TEMPERATURE ( K )

fields are determined from the magneti-
zation versus deceras ing f ield curves Fig. 73. Phase diagram of CeBi oh—
at constant temperature (0 sample 1; tam ed from neutron diffraction
• sample 2); from the magnetization measurements. The three magnetic
versus Increasing temperature at phases are Shown. After ref. 138.
constant magnetic field (A sample 1);
(X) the results of Tsuchida and Wallace 
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(ref. 146 i and (D) the results of
Tsuchida and Nakamura (ref. 139) ob—
tam ed ~-‘i:h poly crystals . Af te r  ref .
140. 

—5-__-5.



______________________________________________________________________ -n- —± — a— -- - ‘-5 ~-—--.—---—-- - 5.—-

I
~~ ~~~~~~ r— — ---r------T I

~~ 
CeSb

6.410 
~~~

6405 

-

6 4~~ 

__ 

06 05 

€
~~~~~~

— - -

~~~~~~~~~~~~

-

~~~~~~~~~~~~~~~~~i~

” 

::
____________________________________________ 0 

~ 20 30 40 50 €0 70

- IlKI

Fig. 74 Tetragonal distortion of Fig. 75(a). Magnetic moments of CeSb
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dependence of the structure modula— ref. 144.
tion vector Q is added to illus-
trate the correlation between both.
After ref. 137.
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Fig. 76. Magnetization of a CeSb Fig. 75(b). Magnetic moments of CeSb
single crystal along [0011 at 1.5 K in external fields along the [100] axis
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ref. 137.
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~~~~~7C~1 in the antiferromagnetic phase. The
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,‘ graphic a, b , c axes. After ref. 148.
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Fig. 78. The ~agnetisation of ~~V04
as a function of the internal magnetic
field applied along the ordering
direction at a temperature of 0.5 K. -

After ref. 149.
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FIg. 80. Zeeman pattern of the transi—
tion Zj F1 at T = 1.4 K in light Fig. 81. Zeenian splitting of the
polarized parallel to the applied DyAsO4 Z1 F1 tr ansition at 1.5 K.
field. The ex tra lines when N d < After  ref .  147.
H < Hc2 are explained in ref. 148.
A f t e r  re f .  148.
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Fig. 82. Magnetic phases of EuSe as a function of tençerature
and internal magnetic field , as derived from magnetization and
dilatometric measurements. Dilatometric and differential
susceptibility measurements indicate that a change of anisotropy
constants occurs at 2.8 K. After  ref. 151.
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Fig. 84. Magnetization of EuSe
versus external field for three
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After ref. 156.
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axis indi cated. After ref. 155.
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151.
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Fig. 93. A section of the CoCl2~2H20 Fig. 94. Plot of the principal n~ 1ar 

--

type lattice parallel to the ab plane. magnetic susceptibilities of FeCl2~2R2QEach circle represents a chain running as a function of temperature. After
along the c axis. A spin on a given ref. 162.
chain interacts with another spin on a
neighboring chain with an interaction
constant Jj, where the subscript i
distinguishes topologically different
neighbors. After ref. 8.
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Fig. 96. Plot of the FeCI2.2H20 sin—
gle—crystal magnetization behavior at
T = 40°K. After ref. 162.
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fieLd. After ref. 163. fo r H J.. c— axis as a function of angle

between H0 and the b—axis. After
ref. 168. .1
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Fig. 99. The spin arrangements in
the antiferroinagnetic state (labeled
as A) and the intermediate state
(labeled as I). After ref. 8.
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Fig. 100. Projection of FeC12.2H20 spin arrangements along the
c axis on the ab plane. Open circles represent spins directed
along the + ci axis. (a) Zero field , two sublattice magnetic
structure, shoving the exchange paths. The numbered positions
identify the sublattices. (b) Intermediate—field , six sub—
lattice magnetic structure in a magnetic field directed along
the ci axis. After ref. 162.
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Fig. 101. M~gnetizo tion ve rsus fit-I d FI g. 102 .  M :ignetl-iatlon vr~ r si,s f i e ld
re lat ion at 4 .2 f~ on CoC I 2 21) 20. M re l a t  on u t  ( 4  }~ j~~ (‘~~ ( )  ~~

. 
~~~ fl.~denotes the magnet i zat I on per  Co I m i  I ‘31 1 1 no 1 1; t I i ,~ rm- ~ it j  I a I a I 13 I I 1 3

in Boh r magn e tons ; ii I s the cx te rII a I I at I ( H I  I)y Y ;imijd a ;nj mI Man 21151) r I ( r ’ I •
f ield measured in u n i t s  of  U~~~ , the The x ’s arm- i ron the  experiment a) dat;i
first transition field. The full line of Kohuyashl and Haseda (ref. ]6~).represents the r e su l t  of the ca l cu la— A f t e r  r e f .  8.
tion , by Yamada and Kanamori , ref. 81;
the X ’s and 0’s are the exper imenta l
data taken from Kobayashi and Haseda
( r e f .  163) and N a r a t h  ( r e f .  160),
respectively. After ref. 8.
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Fig. 103. The calculated magnet ic  Fig. 104. The calculated magnetic
phase diagram of CoC12•2H 20. F , phase diagram of CoBr 2 21-120. The
A and I s tand for  the fe r romagnet ic  tr ip le point temperature is given
(paramagnetic) , antiferromagnetic , by to 0.763. After ref. 8.
and intermedia te phas es , respectively ;
h is the external field measured in
the unit of H

~ i 
at absolute zero, and

t is the reduced temperature t = T/T~~;
the arrow indicates the triple point
tenperat:’re t 0 = 0.574. After ref. 8.
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Fig. 105. The calculated magnetiza— Fig. 106. Magnetic phase diagram of
tion vs. field curve at t = 0,785 FeC12 2H20 in applied effective
(T = 7 .46° K) in CoBr2-2H 20. After fields up to 47 kG at temperatures
ref .  8. ranging between 4.2 and 25 K. After

ref. 7.
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Fig. 107. Magnetic phase diagram of Fig. 108. Magnetic field v-s. tempera—
CoCl2 2H20 in applied external fields ture phase diagran for FeC12~ 2H20.
up to 50 kOe at temperatures ranging Circles: experimental points. Solid

between 2.5 and 18 K. The regions line: calculated phase diagram for
of the antiferromagTketiC and fern — effective spin S - 2. After ref. 170.

magnetic phases are indicated. Af ter
ref. 6.
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Fig. 109. Magnetic field vs. tempera— 
- -  

- - - -~. ture phas e d~agram CoC12~2H2O. Circles:
expe rimental points. Solid line :

20 ~
. calculated phase boundaries. After

ref. 171.
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Fig. 110. Magnetic phase diagram 
- ‘~~fo r CoC12 2112 O with H I  b—axis . The

circles are Trom the strain gauge ~ . —~~~~~-“~~~‘~~~~ °

me asu rements of Lowe et al. (ref.
171). The points labelled with a V ~ -
are from the high frequency suscepti-
bility measurements of van Duyneveldt -

et al. (ref. 172). After ref. 172. 
a I I

Too —---—

.~~4’4 M. ~~~~
.1_

• . • • • • Fi g. 111. Magnetic phase diagram ob—
tam ed from the measurement of BM/~ R

• in the temperature region from 3.4 K
• up to 9.8 K. The magnetic triple

• • • • • • point is at 8.9 K and 39.3 kOe .
A f t e r  ref .  173.
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Fig. 112. NMR frequencies of CoCl2•2H20 versus the external
field parallel to the b—axis at 2.2 K. After ref. 178. 
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Fig. 114. Frequency—field diagram of
o ~ ~~ ~ the observed impurity spin resonance

E~cIernat Fj cl d (k Ce) at 4.2 K (H0 I lb—axis ) .  There are
three groups II, IV and V correspond—Fig. 113. E f f e c t i v e  f i e ld  versus ing to the antiferromagne tic , fern —external field along the b—axis. After magn e tic , and ferromagnetic regions,re . 18 . respectively. The full lines represent
the theory presented in ref .  181.
After ref. 181.
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Fig. 115. The fa r—inf ra red  spectrum ~~ 45 50

of FeCl2~ 2H2O. The experimentally Fig. 116. Examples of recorder traces
observed resonances (solid points), of M—H curves obtained in a slowly
the theoretical , unperturbed spin— increasing field and at various
wave energies (narrow lines), and temperatures. M—H curves are dis—
the phonon (dashed line) are all played vertically for clarity and the
plotted agains t the applied magnetic base lines are shown in the figure.
f ie ld .  The heavy lines are the result After ref. 182.
c-f including a pheaomenolog ical ntagnon—
pho nori interaction . Absorption due
to  the phonon in the ferrimagneti c
phas e is weak . Af ter re f .  174 .
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Fig. 117. Examp les of the arrange— Fig. 118. Magnetization change dM/dt
ments of magnetic moments in the M5/2 observed on CoC122H2O under a de—state which are constructed by a simple creasing pulsed magnetic field from
reversal of down chains in the A.F. ri ght to lef t  as a function of time
state. This figure shows the projec— (200 Iisec/div.). The field intensity
tion of the magnetic moments on the change is also shown. There are four
ab—plane. After ref. 182. small peaks at 4.8, 22.36 and 41 koe

in addition to Hcl and H02. After
ref. 186.

I I , I
H0, \ H~ , H03 —

/
_

~~~~
M-M CURV E ot 4 2 K  

b~
’
~~ 

‘, 
~~~~_,

_-,-- e,}f T~-JT~ I ~
at~ 4.2 K. 20 

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
4c— 5~3(a) is a magnified curve between the M A GNE T I C F I E L D  ( IcO e)

field R d and H02. (b) shows a
whole curve. After ref. 186.

Fig. 120. A detailed comparison
between theory (solid lines) and
experiment for CoC12~ 2H20 between
20 and 40 cnH-. After ref. 33.
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Fi g. 121. (a) The observed resonance frequencies are plotted against the magnetic
field H which is applied along the b—axis. Measurements were taken at T � 1.6 K
(triangles) and T = 6 K (circles). The lines are the results of detailed theoretical
calculations. (b) The simple Ising—model excitation spectra for spin clusters in
the chains of CoCl2-2H 20. After ref. 33.
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Fig. 122. Field dependence of the Fig. 123. Schematic view of the
magnetization of NiCl2~ 2H 20 when H( I proposed spin arrangements of
b—axis. After ref. 198. NiC12.2H20 and definitions of

-~2 
and ~5. Af ter ref. 198.

- -
— —-s---— ----5- - -a- - - - - ~~~~~ ~~~~~~~~~~~~~~ 5-__ _ - 5--- -~~~~~~~~~



-— - - — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

115

j
:~~~ 

: z::::: 

22

H (kOe) 
-

Fig. 124. Field dependence of the
magnetization in the vicinity of

- the first critical field at 4.4 K.
The magnetic field is along the easy
axis . After  ref .  195.
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M. —T r-5- ----— r— -----i--- — r 0

TOO

Fig. 125. Critical angles versus Fig. 126. Phase diagram of NiCl2~field in the bc—plane at 4.353 K; 2H20. Open and solid symbols come
c—axis at zero ; Q — 9cr1 ~~~ ~cr2 from magnetization and susceptibility
After ref. 196. measurements, respectively. After

ref. 196.



5.— ~~~~~~~1~ — — -—------ —.-- --—-—-,---.--- — 
~~~~~~~~

I I 1 1  ~ I - -

~ ~~~~~~~~~~~ 
. -

Ni CI 2-2H 20

_ ~1
4 - o i J J LJ I I -12 16 20 2~ • -

.

2- ...
..
. 

-

a- - _ _ I ~~~~~~-I- - a - - -
~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~0 1 2 3 4 5 6 7 8 9 10

1(K)

Fig. 127. Specific heat of NiC12 2H20. The solid line denotes
the estimate of the lattice specific heat. After ref. 199.

Fig. 128. Structure of CsCoC13
21( 20. Only one set of hydrogen atoms
and hydrogen bonds are shown. After
ref. 200.
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Fig. 129. Arrangement of the magnetic
moments accoding to the magnetic space
group P2bcca’. All spins are in the
ac—plane. After ref. 200.

I I I I

H I kO.)

Fig. 130. Magnetization of CsCoC13.2H 20 as a function of the
magnetic field tt parallel to the I direction at various
temperatures ; open circle — 1.1 K , x — 4.2 K , open square —

4.3 K, solid oval — 10 K , open triangle — 11.10 K , open
oval — 13.1 K, solid square 14.8 K, solid triangle — 20. 3 K,
solid circle — 77.3 K. After ref. 200. 
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— .— Fig. 133. Magnetization curves for

Eu304. Curve M,, is fo r a powder
I. - ’ - sample , Mb and 

~c are for the b and c 
-- axes of a single crystal fragment.Fig. 13?-. (a) Un i t: cell of Eu304. Dashed curve shows N0 corrected forLarge c rcles , oxygen ; small circles , assumed demagnetizing field (1.27 ,iM

~).divalent and triva ent europium. (b) After ref .  203.
Neighbo ring chains of Eu~~ . Arrows
show ~roposed s t ruc ture . Af te r
ref .  203.
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Fig. 134. Critical field H
~ 

of Eu304 - -

versus temperature. After ref. 202. Fig. 135. Magnetic moment, a, versus
applied field , B~~, for severalpy ridine compounds . The insert shows
an example of a low f ield transition
for Fe(pyr)2cl2. After ref. 206.

- 
I I I

F.(pr½cl - 3.0K
Co(pyv), Cl,

O~~~Ho’~I ~H,(IiG)

Fi g. 136. Relative magnetic moment , a , Fig. 137. (a) Relative magnetic
vs applied field, H0, at 4.2 K. (a) Low moment , a , vs applied magnetic field ,
field data. Note the break in ordinate H0, for Co(pyr)2C12 for several
axis and that the relative moment temperatures. At 1.2 K and 1.5 kG,
scale differs fro the two sets of data, a — 31 e.m.u./g (1.6 i~8/Co atom).For the Fe(pyr)2C12 data, a 27 e.m.u./g At 4.2 K and 48 kG, a — 47 e.m.u./g
(1.4 lIE/Fe atom) at 3.9 kG; for the (2.4 lI8/Co atom). After ref. 205.
Fe(pyrj2(NCS)2 data, a 34 e.m.u.Ig
(2.0 MB/Fe atom) at 4.2 kG. (b) High
f ie ld dat a showing that saturation is
not achieved in the powder material.
For the Fe(pyr)2Cl2, a • 51 e.m.u./g
(2.6 p8/Fe atom) at 55 kG. After
ref. 205.
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Fig. 138. Relative magnetic moment a versus applied field H
at 1.25 K: (a) H J j a * — axis; (b) Bl Ib  — axis; (c) H I J c — axis.
The moments at H — 52 kG are ‘

~-~ 1.6 p5/Co atom for (a) and (b),
and ~ 0.8 liE /Co atom for (c). After ref. 204.
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Fi g. 139. Relative momen t a ve rsus applied field H for  1.25
~ T ~ 3.8 K. The curves are idsp laced alon g the ordinate for
clarity . Af te r  ref .  20 4.
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Fig. 140. Isothermal magnetization of DAG as a function of Hi and T for fields alongf l u ]. Af te r  re f .  207.
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Fig. 141. Differential susceptibility x0 = (aM/ aH O) T, of a DAG sphere as a
function of H0 for T for fields along Ull}. The horizontal line at x 0 = 1/N
is the limit corresponding to Xi = (~M/aH~ ) T diverging to inf ini ty . Af t e r  ref. 207.
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Fig. 142. Specif ic heat of DAG at constan t Hi as a f unction of Hj  and T. The IS—
funct ion peaks appearing below 1.66 K correspon d to the latent heat at the f i rs t
order transit ion . A f t e r  ref. 207. 
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Fig. 144. H — T phase diagrams for
DAG for fiel~s along (a) [111]; (b)
[110]; (c) [100]. The sample is an
ellipsoid with N — 5.35 for all three
directions. After ref. 214.
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Fig. 145. Faraday rotation of DAG for •
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Fig. 147. Micrograph of DAG at 1.32 K
at a fi eld j ust inside the mixed
phase region. After ref. 222.

- - - - - - - -5. 5-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ---~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~ -—~~~~~-



- -

m (In )
~~~

) Tb At  G m ( i n  ti. , ) Ib AI G

- DIrec ’ ~~~~~~~~~~~~~~~ DIrect-on

2 

I:t:nct ( K G )  

2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

H ~~~
-
~ ct ( K 3 )

Fig. 148. Magnetization versus internal Fig. 149. Magnetization versus internal
field in the direction [111], at 0.36 K. field in the direction [110] at 0.36 K.
For the experimen tal curve , m is taken For the experimental curve , m is taken
as the magnetic moment per Th 3~ ion as the magnetic moment per Th~~ ion
measured in the [111] direction measured in the [110] direction
multiplied by 13. The other two curves multiplied by 12. The other two curves
are from the theory described in are from the theory described in
ref .  228. After  ref .  228. ref. 228. After ref .  228 .
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Fig. 150. Magnetization versus internal Fig. 151. Magnetic phase diagram of
field in the direction [001] at 0.36 K. TbA1G in direction [ill] as a function
For the experimental curve m is the of temperature. The threshold field
magnetic moment per Tb~~ ion measured is plotted against temperature.
in direction [001). The other two After ref. 228.
curves are from the theory described
in ref.  228. AFter ref. 228.
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Fig. 152. Magnetization versus internal Fig. 153. dM/dt versus internalfield irs direction [111] for d i f ferent  magneti c field at d i f ferent  tempera—
temperatures. After ref. 228. tures. dM/dt is proportional to the

differential susceptibility , dH/dt
being constant. After ref. 228.
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The neutron diffraction was
done at the points denoted by 0 and

After ref. 233.
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/ 1 Fi g. 156. The magnetization curve of
.53- Co(S036Se0 14)2 at 4.2 K. ~ is the

/ magnetization relative to the satura—
/ / tion moment of CoS2. The curve labeled,

- 1 .60 / 1, cor respnnds to an initial increas—
lcD ing field. The curve, 2, corresponds

a / f to a decreasing field, while the cu rve ,
.40 J / 3, corresponds to the second increas—

I I ing field. The transition field , Htr~/ is defined as the b roken verti cal
2 2 -  I line , which divides the hys te resis

f ©j  loop , formed by curves 1 and 2 , in to
equal areas. After ref. 233.
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Fig. 157 (a) . The magnetization curves of Co(S 0 86Se 0 l4~ 2
for increasing field at various temperatures in ‘K;
(1) 4.2 , (2) 5.8 , (3) 9.1, (4) 13.0 , (5) 16.5 , (6) 19.5 ,
(7) 22 .3 , (8) 24.8 , (9) 29.5 , (10) 33.8 , (11) 41.6 ,
(12) 49 .0 , (13) 54.5 , (14) 60.6 , (15) 64.3 , (17) 78.0 ,
(18) 150 , (19) 450.
(b). The magnetization curves of Co(S0 8,~Se~ l4~ 2 for
decreasing field at various temperatures In “f. (I) ’ , (2) ’

are the same temperature with those given in Fig.
(a). The curves (11)’ to (19)’ are reversible. Aft er
ref .  233. 
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Fip .  158. Magnetizat ion curves defined as the stable state at various temperaturesfor  Co( S
~

Sei...~)2. The transition fields were connected by the broken curve. The
ferromagnetic and the paramagnetic relative magnetizat ion are defined as C j r and C1,for  above and below ~~~~ where is the magnetization relative to the saturationmagnetiza tion of CoS2. (c , Htr) is the critical point , identified as the pointwhere the hysteresis vanishes. After ref. 233.
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Fig. 159. The therinomagnetic curves in various magnetic field strengths , which is
denot ed in koe. The transition temperatures are denoted by x, the broken curve is
the coexistence of Cf and C , and the middle point between C~ and C~ is denoted by

~ be tow T~r~ 
After ref. 23~.
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S(T) erg/gr. (broken curve), which i :.P.,PLR,JU S L ( ? ( l a

is obtained from Figs. 157a & l57b. - - -

The transition field versus tempera— Fig. 161. (a) Intensity of the (110) —

ture Htr(T); the solid curve 
and (11 1/2) diffraction peaks of

corresponds to discontinuous transi— ~-~
‘o.9o~ o. 1o as a function of tempera—

tions below the critical point T* ture. (b) Magnetic phase diagram

marked by €~ . The chained curve
t
~ 

derived from the intensities in (a).

was obtained from inflect ion points I arid IA refer to the antiferro—

on the reversible magnetization curve , magnetic structures, described in
After  ref . 233. the text . The shaded areas indicate

mixed—phase regions. After ref. 242.
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Fig. 163. Magnetic—phase diagram of
- 1

) ~~~~~~~ as a 1JPi_~ S~ as a function of tempera—
- -ii-’ - 

~t ire. IA rep— ture T and composition x. The circles
T~~ -in iferromagnetic and crosses are from data in ref. 89.

t~ h.tse 
- -3nfigura— The solid curves are from the theory

.4U0.’.tiin . These of ref. 21e3. I, IA are types of
- . I In the text. antiferrotnagnetic ordering. I’ is

- - mi xed the “low moment” phase of type I;
- 15 a- T I— FM is ferromagnetians; PM is paramag—

- - - Is’s netism; A is antiphase magnetic
.-.ctn ~ by filled structure. After ref. 243.
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- curves. After ref. 242.

it (b)

Mogne~ic f ield (k0e)



5 

-

+ -5

—i 

I I 

— -— —

~~~
a a 7 -4 + — — -f- ~

. . - 
Fig. 166. Possible stacking arrange—

-
~~ 

— -- - - - -~ - ments of the ferromagnetic layers of- ,  -- — — - -- -- -- 

~ + + - . . the UAs 1 Se system. After ref. 248.

o, C-cm 3/g

Fig. 167. MagnetizatIon isotherius of
UASO.75Se0 25: 1. 80 K, 2. 100 K,

U? , 4. 130 K, 5. 140 K. After

/88 288

- 
a~ k0e

t
2c
~

Fig. 168. Magnetization isothe rn~ of
UP0 8OSeO 20 and IW o 90Se0 io Af ter

I
- - 

-

— — -~~~~~-5---5-5- -~~ —-5- —5-—-- - 5-  ~~~~~~ 5._ -5----5---- --



I 
- 

_ _ _ _ _ _ _ _

0 1~~~~~~ 
~~~~~~~~~~

- - - --- - - - -

~~~~

--
1

::~: ~~~~~~~~~~~~~~~ P~R A  
- - - - - - 

~~~~~~~
- - —

~~0 4~
- 

- 

~: ~~~~~~~~~~~~~~~~~~

- - ~~~~~~ 
~~~~ ~~~ ~~~~. ~~. ~~~~~~~~~ ~ - ~ ~

,

~~
,- a _

~~
_
~~

),t .

Fig. 170. Lo g— Log plot of M5
2 along

Fig. 169. M—T phase diagram for the first order phase boundary versus

Fed 2. After  ref .  253. (T t— T) fo r FeCl 2. The solid line is
a power law fit corresponding to the
tricri tical exponent 28~ 0.38.
After  ref. 253.
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Fig. 171. H1—T phase diagram for
FeCl 2. Af te r  ref .  253.
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Fig. 191. Splitting of the 4.78 MHz
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from antiferroinagnetic material are
indicated with open circles. Resonances
from saturated paramagnetic material
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Fig. 200. The spin arran gement in
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Af ter ref .  27~- . Fig. 202. Resonance frequencies of

the water protons with H parallel to
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lines are resonances from material with
a C2 spin configuration. T — 2.25°K.
After ref. 275.



.—~~~~~ ~~~~~~~~~~~~~~~~~~ -~~~-~~~~~~~~~~~~ ------- - -

b ’ s’ Hii[Oic.4

6 )  

~ 
~~~~~ 

~
_ _ _ _

- 
2/\4 2/N

GRAy ~~~ FLIP

o Fig. 204. Magnetic structure of
H (k Ot)  DyCo03(c~ A~ ) and possib le effect  of a

magnetic field. After  ref. 279 .
Fig. 203. The thermal resistivity , W,
of ErVO4 versus applied field. H is
parallel to the c— axis and to the heat
flaw. After ref. 276. 

5

4

‘60
140

2 
_ _ _ _

H kOe 2a ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 1 2 3 4 ~ 0 50 ~00 150 ZCO 250 300 350 400 450 H, kOe

Fig. 205. Me t ainagnetic behavior demon— Fig. 206. Mn3B4 magnetization iso-’
strated by the magnetoelectric effect therms: T, °K: 1) 294; 2) 180;
on a powder sample of DyCoO3 at a 3) 153; 4) 139; 5) 122; 6) 83. After
temperature sligh t ly below TN~ 3.6 K. ref.  279.
After  ref .  277.

I
- -

-
~~~~~~~~~~~~ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-—a

r
j Gds FI

~~
co o

~
s 7 Gd 5 C~~~.~~ Fig. 207. The pulsed field magnetiza—

‘ 
tion curves of the compounds studied
in ref .  280. Note the negative MI ,.—.._ ..-..........-- intercept for the compositions near

S - -
~ ( - r Gd 3Ni . The reverse field maximum

_______ V__________ ________ ___________ 
durin g the pulsed observations wasI 
less than the forward maximum becauseG45C 

- ~ -s in the field circuit.

-5 ~f Cd 5Cc~~N~0, 
,
,,/

:2:. 
Cd3Ni

0 0 160 -100 0 100 160
F~,,d str,n~th (kO.)

kO.
k0: Th

- 
His~

2

HI 

~~~~~~~~~~~~~~ 
-
~~

-——
~~~~~

--

~~ ~ K

Fig. 209 . Transition fields versus
temperature for H 

~ b—axis of
RbCoC11.2H,0. After ref. 281.Fig. 208.. Transition fields versus

temperature for H c axis of
RhCoC13 2H2Q. After  ref. 281.

- ~ -~~~--—.:-~~~ ,,_~~ _~~~~~~ --~~~ -—~~~~~~~~~ --~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ———~~~~, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~~~~~



_ _ _ _ _ _  -. - - ~~~~ - -~~~~~~~~~ - . ~~~~~~~~~~ . - - - -

250

M,X10

r V
~L A

100

— -o ?; ~o ~i50 
I’- - ’o~

, —~~

Fig. 211, Magnetic moment versus
0

e ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
internal field for a powder sample
of ErNiAl. Afte r ref. 284.

Fig. 210. Magnetization isotherms
• o f NiBr2 (pz) 2. 0: T = 2.2 K , 0: T —

2.9 K , ~ T 4 .2 K. Af te r  ref .  282 .

~~~ /

/~~~~~~~~~~~~~~~~~~~~~~~~~~~

• • 0.5 /] H~
- ~~~~~~~ ‘

.. 0 H~ 5 10
Fig. 212. Magnetic moment versus Fig. 213. Magnetizati on isother m of
internal field for a powder sample spherical single crystal of ThFeO3 atof TmNIA1. The dashed curves i. 15 K. After ref. 285.
rep resent measurement s with decreas-
in g fields. After  ref. 284. 
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