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Sevcral areas of cxpcrimentation using d = 2 aiid d = 3 Isiiig aiitiferromagncts with quenchcd 
raiidomness are rcviewed. Tlie randomly dilute Fe,Znl-,l;i aiid RG2Co,Algl-,F4 sys- 
tc 11s in zero ficld sliow excellciit random- cxcliange Ising bcliavior for two and tlirce di- 
m~:nsions, respcctively. Tlie same systems in a lield are tlie bcst expcrimeiital cxamples of 
raiidom-field Ising systems. Low-temperature domain wall dynamics liave becn studied in 
tlie Fe,Znl-,Fz systcm. Spin glass-likc bcliavior is obscrvcd ir1 Fe,Znl-,l;i near tlie pcr- 
colution tliresliold, tliougli tlie system is not a canonical spin glass. Tlie canonical Ising spin 
g1,iss model is realized in tlie d = 3 Ising aulifcrroniagiiet Fe,i\f ni-,Tios. Tliese examplcs 
ar: cliosen to dcmonstrate tlie opportunity of studying various Ising modcls with quenclicd 
raiidomness using insulating antiferromagncts. 

Iiisulating antiferromagnctic crystals provide a ricli 
testing ground for tlieorics of pliasc transitions. Tliis 
is madc possil)lc by tlie univcrsality of critica1 parame- 
tcrs cliaractcrizing phase transitions. Tlie only propcr- 
ties nccdcd to describe tlie asymptotic bcliavior upon 
approacli to :L phase transition are the basic symme- 
trics of Lhe slstem, for example tlie spatial dimension 
or tlic lattice gcomctry. IIence, tlicorists may study tlie 
simplcst IIamiltoiiians liaving only tlic neccssary syin- 
metrics aiid e~:perimentalists iiced only to  study siniple, 
well undcrstood magnetic systeins witli tlie correspoiid- 
ing symmctrics. Insulating antifcrromagnets are often 
ideal in tliis regard. Tlie interactioiis bctwcen tlie mag- 
netic spins dtwwise extrcmely rapidly with distance. 
Tlicrcfore, only a very few (often onc or two) inter- 
actions c1iara:tcrize tlie beliavior of many insulating 
magnetic crystals extraordinarily well. This simplicity 
lias helpcd botli theorists and esperimcntalists make 
trcmendous progress on pure system.. and tliose witli 
qucnclied disordcr. Tlie subjcct of tliis review is tlie 
bcliavior of 1s ng systerns witli quenclied disorder wliicli 
can l>c studied in insulating antifcrromngnet by growing 
crystals from a mixture of two isomorphic substanccs. 
ror example, a mixed antifcrromagnctic and diainag- 
iietic crystal icsults in a system in whic11 eacli possible 
magnetic site is randomly occupied or not. Aside from 
tlie quenched randomness, sucli a system may still prove 
quite simple in its microscopic description, witli only a 
verg fcw interactions needed. Tlie rich macroscopic be- 
liavior of suc i simple systems is surprising and some 
aspects of thc transitions are still not well understood. 

Experiinciits in noii-cquilibrium states at low temper- 
atures also are niost rcadily studied in dilute magnetic 
systcms since tlic interactions are very simple and easy 
to model. Tliose aspects of tlie problems that are now 
uiidcrstood cai1 be applicd to mucli more complicated 
substances by virtue of universality. 

Tlie simplicily of tlie IIaniiltoiiians nceded to de- 
scribe Ising transitions i11 randomly dilute antiferro- 
magncts Iciids ilself well to Monte Carlo siniulations. 
Sucli siiiiulations dcscribe tlie observcd beliavior ex- 
trcmely well. Tliis lias lcad to  better uiiderstandiiig 
of tlie thcorics aiid cspcrimcnts in many cases. 

1% will dcscribc some experiments, tlieories and 
siiiiulations relaling to dilutcd aiid mixed antiferromag- 
netic crystals. \Ve will Iiopefully give a ílavor of s o m  of 
tlie iiitcresting propcrties associated witli quenched ran- 
domness. Some of tlie topics of current interest in this 
field will be cxemplified by the examples clioscn for tliis 
review. For this particular discussion, we will largely 
lirnit ourselvcs to tlie simplest, best characterized and 
most studicd crystuls. We udl  add con~incnts about 
rclatcd systems wlicii they add to the uiiderstanding 
of tlic models. Otlicr systems liave been discussed in 
prcvious revie~rsl-~.  

\\Te begin by bricfiy reviewing tlie critica1 behavior 
of FeF2,  wliicli is an excellcnt example of a pure tliree- 
dimensional (d = 3) Ising model system, and Ic2CoF4 
aiid RbzCoJ", wliicli are cxcellent exainples of pure 
d = 2 Ising inodcl systems. Tliis will lielp to place 
tiic experiinents in tlie random systems into context. 

We tlien discuss tlie random-exchange Ising model 
(REIhI), wliicli lias becn most accurately studied for 
d = 3 in tlie magnetically dilute Fe,Zni-,Fz system 



well above the percolation thresliold çp = 0.24 witli 
no applied magnetic field. Tlie experimental critica1 
beliavior measured in this system, both static a ~ i d  dy- 
namic, will be compared witli theoretical results for 
critica1 exponents and amplitude ratios. Tlie evolu- 
tion of metastable domains at low temperaturcs in tlie 
FexZni-,Fz system in zero field wiil be discussed as ali 
exampIe of the dynamics of ordering wc11 below TN . For 
d = 2, the best studied Ising case is Rb2Co,Aigl-,F4. 
Again, excelleiit comparisons can be made betwcen tlie- 
oiy and experiment. 

\\Te will bricíiy discuss tlie randoni-field Isiiig model 
(RFIM), which can be gcncratcd by applying a mag- 
netic ficld to tlie dilute antiferromagnet Fe,Znl-,F2 
system for d = 3 and Rb2CoíA!gl-,F4 for d = 2. Evcn 
tliougli many prob!ems liave bccn resolved, tlicre are 
fundamental open questions about the d = 3 RFIhl 
tramition after years of intense experimental aiid thc- 
oretical study. 

\Ire will discuss tlie beliavior of thc tlirce- 
diimnsional Ising model close to tlie percolation thresli- 
old, primarily using the rcsults from the Ising system 
Fe,Zni-,F2 system. Upon approach to tlie pcrcola- 
tion tliresliold in tlie Ising system, spin glass-like h -  
liavior becomcs dominant. Tliis is surprising since, al- 
thougli tlie systcm possesses randomness, it apparcntly 
lacks tlie othcr cssential ingrcdicnt of true spin glasscs, 
namely frustration. 

A particularly clear and simple Ising spIn glass 
system is tlie mixed antifcrromagnet Fe,lC!nl-,Tios. 
In tliis insulator botli frustration and randomness are 
present in tlie sliort-range interactions and much of tlie 
prcdicted spin glass behaviorglg lias been clearly ob- 
served. 

11. Tlie Pure Isiiig Model 

Tlie Ising niodel is one of the simplest systems ex- 
liiliting a phase transition, witli eacli spin having only 
two possible states. Tlie simplicity of tlie system on 
a microscopic scale belies tlie intricate and ricli behav- 
ior on the macroscopic scale, especially witli qucnclicd 
site randomness. A simple pure Ising antiferromagiictic 
model IIamiltonian is 

wliere there is only one essential iiiteraction betwecn 
neigliboring spins of strcngtli J > O and Si = f 1. 
In a real system universality dictates tliat tlie asymp- 
totic critica1 bchavior will be described by tlie sini- 
ple IIamiltonian above as long as the interactions are 
sliort-range. For weaker anisotropy, lon ger-range in- 
teractions, or multiple interactions, one must simply 
mcasure the behavior closer to  tlie transition, i.e. the 
system will eventually cross over to  the correct asymp- 
totic behavior. 

Tlie pure FeF2 system lias becn sliown to bc an 
excellent d = 3 Ising system. Tlie critical exponeiit cr 
and amplitude ratio At/A- for tlie specific hcat 

from birefringcncc aiid pulscd specific licat t c ~ l i i i i ~ u c s ' ~  
agrce preciscly witli tlic results of many tlieorcticul 
tecliniques. Tlic corrclation lcngtli for fluctuations 

and tlie staggered susceptibility 

have been oltaincd from nculron scattcring 
experimentsl', tlic staggered magncti~ation 

wliicli is only nonzero for t < 0, from AIossbaucr 
experiments12, and tlic dynamic critical beliavior for 
tlie relaxation times 

from spin-eclio neutron scattering t~c l i i i i~ues '~ .  1111 of 
tlie critica1 behavior measured ovcr tlie critica1 range 
Itl < 0.02 in pure FeF2 is in supcrb agrcement 116th 
t l i e ~ r ~ ' ~ - ' ~ .  Tlie obscrvation of asymptotic beliavior 
over sucli a largc range of ltl is a rcsult of tlic strong 
single-ion anisotropy aiid tlie simplicity of tlie magnetic 
interactions in pure FeF2.  Tlie magnetic ions form a 
tetragonal body-centered lattice and tlie excliangc in- 
teraction bctwccn tlie body centcr and corncr ions is 
tlie only significant 0 1 1 ~ ~ ~ .  

Tlie critica1 paramctcrs measurcd for tlie purc Ising 
model using tlie FeF2 system are summarized in Tsblc 
I along witli rclevant tlicorctical rcsults. It is important 
to  realize tliat thc universal ratios of tlie amplitudes are 
just as important in cliaracterizing tlie critica1 beliavior 
as tlic cxponcnts. Tlic rcsults demonstrate tliat Fe& 
is ali exempiary Ising system and, upon dilution, an 
ideal one to  study tlie cffects of random-excliangc aiid 
random-fields for d = 3. 

Tlie pure d = 2 Ising transition is very wcll rep- 
rescnted by tlie isomorpliic antifcrromagiicts K2CoF4 
and RbzCoF4. Tlie interactions betwecn Lhe planes of 
magnetic C:+ ions are estremely small coinpared to tlic 
interactions witliin tlie planes. Tlie specific heat beliav- 
ior lias been measuredZ0 using birefringence tecliniqucs 
in Rb2CoF4. From tlie Oiisager solutioriz1 of tlie d = 2 
Ising model, we expect tlie specific licat to be consistciit 
with tlie asymptotic logaritlimic form 

C, =Aln(l t l )+ B . (7) 

The data indeed agree well witli tliis form. Thc criti- 
cal behavior of E ,  X, and AJs have been obtained using 



iiciitron scattering tccliniqucs2'. Tlic static critica1 be- 
1 ia\ior . .. csponeiits and aiiiplitiidc rrilios arc consistciit 
\\.itli t l ~ c o r y ~ ' ~ ' ~ .  Iii additioii, tlic t\rescrile uiiivcrsal 
ratio?" 

lias 1)ccii d c m o n s t r a l ~ d " ~ ~  iii tliesc compoiii-ids. SIie 
rcsiills of cspciriiiieiits oii tliesc syslcins aiicl coiiipar- 
isoiis to tlicor'r are siiminarizctl iii Tablc I. Tlicse sys- 
tciizs, wlicii di iitccl, are obvioiis clioiccs for iiivestig:it- 
i:ig raiidoiii-c>cliangc aiid raiidoiil-ficlcl c f i c t s  i11 t ~ r o  
diinciisioiis. 

Tul~lc I: Espcriinciitril aiid Tlicorclicril Pure Isiiig Crit- 
icul Paraiilctcrs. l'lic dcfiiiitioi:s for tlic cspoiiciits aiid 
ainl)litiitlcs cai1 bc foiiiitl iii Eq. (2 -8). 1111 d = 3 cs- 
pcriiiiciitril pnmiictcrs are obtriiiictl from F c F 2 .  Tlie 
prirrimctcrs foi d = 2 w r c  oLtriiiict1 iisiiig R6-Col;; or 
J<2Col;ll. Siiperscril)ts + or - rcfcr to tliosc oblaiiictl for 
11 ai1~1 *i using oiily da ta  for 1 > O riiid 1 < 0, rcspec- 
ti\.cly. 

d = 3 PURE ISING 

Expcr i i i ic i i t  
O.: 1 0.0059 
0.54 f 0.025' 
O.G4 f 0.01j 
0.53 f 0.01j 
1.25 f 0.02j 

ck.6 f 0.2j 
0.3'25 f 0.005" 

:!.I f 0.1' 

Tlicory 
0.11 f 0.003~ 

0.55" 
0.630 f 0.001 

0.52; 
1.240 f O.OOlh 

4.8; 
0.325 f O.OOlh 
1.05 f 0.07" 

1211 iiiiport:iiit poiiit sliould bc made conccriiiiig tlie 
mcasurcilieiit clf tlie staggcrecl inagiietizatioii witli iicu- 
tron scatteriiig tccliniqiics. Iii tlie d = 3 case, tlie sam- 
1,lcs are typically of sucli Iiigli crgstallirie qiirility tliat 
tliosc iicutroiis aligiicd \vell eiioiigli to Bragg scattcr d o  
so iii tlie first fi:w microiis of tlie cryslal. Tliis results iii 

a satiiratiori effect i11 tlic obscrved scattcri i~g iiitciisity, 
ali cfi'ect kriown as cstiiictioii. Rccciilly, iiculroii Bragg 
scattcriiig iii cpitasial tliiii filins lias bccii succcssful in 
showiiig tlie propcr b e ~ i a ~ i o r ' ~  of tlie striggcrcd i i l . 7 ~ i l C -  

tizatioii iii piire aiicl clilute Isiiig aiitiferroiiiagilcts. For 
tlie case of d = 2 iiiagiietic spstcnis, cstiiiclioii is not a 
problciii bccausc tlic ordcr paranictcr scattcriiig ttil<cs 
plricc doiig onc-diimnsioiial rods iii rcciprocul space 
aiitl iiot a t  poiiits 2s is tlic case for d = 3. 11s a rcsull, 
tlic scatteriiig is iiot sutiiratcd iii bulk saiiiplcs aiid tlie 
propcr critica1 bcliavior is obscrvccl. 

111. Tlic Rniicloiii-Excliaiige Isiiig hIudcl 

A siniplc raiicloiii-csclirii~ge Ising I I I O ~ C I  1Iriiililto- 
iiiriii for a siiiglc iiitcractioii sitc-dilutcd aiitiicrroiiiag- 
nct is 

wlierc c j  is iiiiity if tlic site is occiipicd aiid zcro 0111- 
cr\risc. No cstcriial ficld is applicd iii tliis nioclel aiid 
tlicrc are no friistrutcd iiitcractioiis. Tliis model cai1 l>e 
rcalizetl to liigli acciiracy for t l  = 3 iii tlic Fe,Zn1-,F2 
aiitifcrroii~ngiict"~. Siiiiilarly, tlic corrcspoiidiiig t\ro- 
diiiiciisioiiril ILEIlI is cslrciiicly ~ r e l l  rcprcsciilcd by tlie 
magnctically diliitc aiitifcrroiilagiict Rb2Co,~\Igl-,F4. 

Tlic most 1)asic elfcct of diiiitioii o11 ali uiifrustrntcd 
Isiiig system is Ilie lu\vcriiig of tlic traiisitioii tempera- 
ture xjr(z). Tlicrc is a liiiiit, tlie percolutioii tlircsliold 
a t  concciitratioii x y ,  bclow \\liicli no traiisitioii cai1 take 
plrice siiice tlie iiiagiictic spiiis caniiot form a long-range 
nctwork. For conceiit ratioiis \vcll above xp , i l  is found 
froin botli CPA tlicory2%aiid espcriniciils2g iii tlie 
d = 3 I4ng systeiil Fc,Znl_,l;i tliat T,,(x)/TN(l) x x. 
For tlie d = 2 systci-ii Rb2Co,Algl-,F4 ai1 approsi- 
matcly linear dccrcase is olxcrvcd abo\.c tlic pcrcola- 
tioii t l i r ~ s l i o l d ~ ~ .  Tlie traiisitioii teinpcraliirc incvitably 
drops prccipitously iicar tlic pcrcolritioii tlircsliold for 
botli d = 2 aiid d = 3. 

Tlic specific Iieat critical beliavior in a d = 3 REIAI 
systcin is fuiidamciitrilly differeiit from tlie pure case. 
As íirst poiiited out by IIarris3', tlie specific licut can- 
not be positive for a systein witli qiiciiclicd dilutioii if 
tlie lipperscaliiig relstioii 2 - vd = a Iiolds, as iL does i11 
tlie REIAI. (It does not Iiold for tlie RFIAI.) Iii tlie d = 3 
Isiiig case tliis iiiiplics a crossover from tlic pure trail- 
sitio11 for wliicli a > O. Tlie greatcr tlic dilution, tlie 
largcr tlie regi011 of reduced teniperaturc ovcr wliicli 
tlie REIAI beliavior is observed. Coiitrary to early 
tlieoretical espcclatioiis3', tlie crossovcr occurs quite 
ral~idly33~34. TIIC new, REIAI specific lical critica1 be- 
liavior lias bccii n ~ e a s u r e d ~ '  for fio 6zii0.41?2 aiid iiiore 
r e c e ~ i t l ~ ~ ~  for Feo ssZno i5F2, using tlie optical birc- 
friiigence t c c l ~ i i i ~ u e ~ ~ .  Tlie lattcr case is slio\vii iii Fig. 
1. Tlie most rccciit prcliiniiiary rcsult a = -0.0f 0.02, 
using Eq. 2 agrees vcry well witli t l i ~ o r ~ ~ " ~ ~  aiid tlie 



previous experiment. The most recent amplitude ra- 
tio, A+/A' = 1.55 f 0.15 agrees well with the previ- 
ous result but does not agree with t l l e ~ r i e s ~ ~ ~ ~ ~  which 
yield At/A- < O. The predicted behavior is unusual. 
The specific heat would appear as an inflection rather 
than a cusp. The experimental results are completely 
incompatible with such behavior for reduced tempera- 
tures as small as It 1 = 10-4. This most likely reflects an 
inadequacy of the theory and remains an outstanding 
tlieoretical problem. 

Figure 1: The temperature derivative of the optical 
birefringence d(An)/dT, which is proportional to tlie 
magnetic specific heat37, vs. T for the d = 3 Ising anti- 
ferromagnet Feo.s5Zno,i5F2. The solid curves indicate 
a fit to severa1 sets of data using the power law behavior 
iii Eq. 2 yielding the parameters given in Table 11. The 
data indicate a cusp and not the inflection suggested 
by tlieory4' .(Wang and Belax~ger~~).  

Quasielastic neutron scattering ~ t u d i e s ~ ~  
of I ; ~ o . ~ ~ Z ~ ~ . ~ ~ F ~  have yielded the critica1 param- 
eters for t, and x using Lorentzian Iine shapes, 
which work well despite predictions for non-Lorentzian 
c o n t r i b ~ t i o n s ~ ~ .  Mossbauer e ~ ~ e r i m e n t s ~ " ~ ~  have been 
used to determine the exponent for M, . Spin-echo neu- 
tron scattering techniques13 have shown that the crit- 
ical dynamics of Feo,46Zno.54F2 are well approximated 
by conventional theoryla1 but with relaxation times two 
orders of magnitude longer than for pure FeF2. A11 of 
the measured critica1 parameters and their calculated 
values45-47 for the d = 3 REIM are listeti in Table 11. 

The d = 2 specific heat, best exemplified by mea- 
surements using the optical birefringence t e ~ h n i ~ u e ~ ~  i11 
tlie RbzCoo.ssMgo.15F2 system, is a marginal case with 
respect to the Harris criterion, since in the pure system 
a is zero (logarithmic divergence). ~ h e o r i e s ~ ~ 1 ~ ~  for the 

random-exchange behavior predict tlie asymptotic be- 
havior 

The experimental data are well dcscribed by a Ioga- 
rithmic divergence, as sliown in Fig. 2. It would be 
incredibly diEcult in experiments to distinguisli bc- 
tween fits of tlie data to tlie double logaritliin in Eq. 
10 and fits to tlie siiigle logarithin of Eq. 7. IIence, tlie 
experiments are consistent with tlie tlieories, tliough 
perhaps not a definitive test of tlienl. In tlie two- 
dimensional system Rb2Co,Mgl-,F4, neutron scattcr- 
ing rneasurement~~~ provide the critical beliavior of E ,  x 
and M,. In addition, a two-scale universality analysis 
yields a value close to that obtained in tlie pure mate- 
rial. Tlie experimental and tlieoretical results are sum- 
marized in Table 11. 

Table 11: Experimental and Theoretical Random- 
Exchange Ising Critica1 Parameters. Tlie definitions 
for tlie exponents aiid amplitudes can be found in Eq. 
(2-8). A11 d = 3 cxpcrimental paramcters are obtaincd 
from Fe,Znl-,Fz. Tlie parameters for d = 2 werc 
obtained using RbzCo,Mgl-,F4. Superscripts + or - 
refer to those obtained for V and y using only data for 
t > O and t < 0, respectively. 

d = 2 RANDOM-EXCHANGE ISING 

Expcrimerit Tlicory 
= O(log ltl)" , O(log(log lWb 
0.05 f 0.10" l(log(log 

1.08 f 0.06tC ld, 1002e 
1.58 f 0.52-' 
0.98 f 0.02' 

1.75 f 0.07+' 1.753e 
2.6 f 0.6-c 
19.1 f 5.0' - 
0.13 f 0.02' - 

0.062 f 0.01' - 
d = 3 RANDOM-EXCHANGE ISING 

Expcrixnent 
-0.09 f 0.02f 
1.55 f 0.15f 
0.69 f 0.01j 
0.69 f 0.02.1 
1.31 f 0.03j 

2.8 f 0.23' 
0.35 f O . O l k  

1.7 f 0.2' 

Theory 
-0.099, -0 .03~  - O.Ole 

-0.5' 
0.70g, 0 .68~ ,  0.67e 

0.83' 
1.39g,1.34h, 1.32e 

1.7' 
0.349 f 0.002~,  0.348" 

2.3" 

a)ref.[48]; b)ref.[45,46]; c)ref.[49]; d) pure value; 
e)ref.[47]; f)ref.[36]; g)ref.[38]; h)ref.[39]; i)ref.[40]; 
j)ref.[42]; k)ref.[33,44]; l)ref.[l3]; m)ref.[18]. 



Brazilian Journaf of Physics, vol. 22, no. 4, Decen~ber, 1992 

Figure 2: d ( A n ) / d T  vs. T for tlie d = 2 Ising anti- 
ferromagnet Rb2C~o.a5Mgo.i5F4 in applied fields I '  = 
0,0.5,1.5, and 2.OT. The data sets are offset for clarity. 
Tlie H = O peak is approximated by a symmetric Ioga- 
ritlimic divergence. Tlie rounding of tlie peak increases 
with H and xcurs  in equilibrium, indicating that the 
transition is destroyed by tlie random-field. (Ferreira, 
et a1.[48]). 

IV. Tlie Ra .don i -F i c ld  Is ing Model  

A randonl-field ~Ising ferromagnet may be repre- 
sented most simply by a IIamjltonian such as 

where the fiel41 satisfies the conditions [hi],, = O and 
[h;],, = h:, with [I,, signifying an average over tlie 
quenched diso:der. It  is quite difficult to realize such 
a Ilamiltonian directly in a real magnet witli a con- 
trollable randc~m-field strength. Instead, the RFIRI is 
studied in diluke Ising antiferromagnets witli a uniform 
field applied ir1 the spin ordering direction. A simple 
IIamiltonian corresponding to an antiferromagnet with 
random field is 

where H is a uniform field. The analogy of tlie two sys- 
t e m  was first pointed out by Fishman and A h a r ~ n y ~ ~ .  
In the original random-field ferromagnetic mode150, tlie 
local fuctuations in the net random field compete with 
tlie long-range ferromagnetic order. 111 Ilie dilute an- 
tiferromagnet, the local íiuctuations in tlie sublattice 
populations tends locaily to favor one sublattice over 
the other to point along tlie uniform field, in direct 
competition with tlie antiferromagnetic long-range or- 
der. This aiialogy was taken further by Cardysl, wlio 
sliowed that tlie static critical behavior of a ferromag- 
net in a random field is ideiitical to tliat of a dilute 
antiferromagnct in a uniform field. Tlic random and 
uniform fields are related by 

where x is tlie concentration, TafF is tlie pure system 
mean-field transition temperature and tlie Curie- 
Weiss suscep tibility parameter. 

Tlie early investigations of tlie RFIAI were matked 
by a controversy over wlietlier a pliase trarisitioxi ac- 
tually took place for d = 3. Tliis was a particularly 
difficult theoretical question to answer, thougli some of 
tlie first e ~ ~ e r i m e n t s ~ ~ ,  using the birefringence tech- 
nique to measure tlie specific heat critica1 behavior, 
yielded strong evidcnce for a transition. In contrast 
to tliese conclusions, poor sample quality and a poor 
appreciation for tlie strong liysteresis in tlie dilute an- 
tiferromagnets did result in some groups claiming that 
tlie transition was destroyed. Tlie rigorous tlieories of 
Imbrie53 and Bricmont and I C ~ ~ i a i n e n ~ ~  proved tlie va- 
lidity of the conclusions of the early birefringence mea- 
surements. 

Efforts now are being made to fully ~ a l c u l a t e ~ ~  and 
measure the d = 3 RFIAI critical behavior. From neu- 
tron scattering measurernei~ts~~,  the correlation lengtli 
appears to diverge with an exponent v 1, and the 
exponent for ( is approximately y = 1.75. The specific 
heat appears to be dose to a syrnmctric, logarithmic 
d i ~ e r g e n c e ~ ~ .  Curiously, these values are a11 close to 
those of the pure d = 2 Ising model. Early theoretical 
works in fact predicted an effective dimensional reduc- 
tion in tlie critical b e h a ~ i o r ~ ~ - ~ ' .  IIowever, it was sup- 
posed to  be from three to one dimension. Since there 
is no transition in tlie d = 1 Ising model, tlie impli- 
cation was that there would be no transition for the 
d = 3 RFIM, a result later shown to be incorrect. Di- 
mensional reduction is no longer generally supported 
by theorists. 

The one exponent which is still only roughly 
determiiied60 is the staggered magnetization exponent, 



p. Tliis is primarily a rcsiilt of tlie scvcre estinctioii 
of lhe ncutron scattcring iiitciisity cncoiintercd in tlie 
d = 3 crystals. Tlie mcasurcnicnt of tliis esponciit is 
of crucial iiiiportaiicc for tcstiiig tlie RFIAI critical be- 
Iiavior tlicorics. 

Tlic crossovcr from tlic random-cscliange to tlie 
raiicloiil-fielcl Isiiig Leliavior depeiitls iipon tlic strcngtli 
of tlie raiidoni-ficlcl tvliicli iii tiirii varics lincarly witli 
tlie strcngtli of tlie applictl field3'l. Tlic raiidoni-ficld 
scdiiig bcliavior dictatcs tliat tlie traiisition bouiitl«ry 
iii tlic I1 - T pliasc diagraiil varics as 

Tc(II) - e 11'14 (lia 

wlicrc Llie crossovcr esponcnt 4 z 1.17 witli 1 bcing tlie 
ranclom-esclinnge staggcrctl susccpt ibili t y c ~ p o n c n t ~ ~ .  
l'liis bcliavior lias bccn vcrificcIG2 by cspcriiueiits on 
Fe,Znl_,fi, witli tlic results y = 1.31 it 0.03 aiid tlie 
\alue froin many incasiircii~cntsG3 # = l .$2f  0.03. Some 
of ~ l i c  carlicr cspcriiiiciits lcadiiig to  tlie conclusion tliat 
tlic piirc value of y wcre advcrscly aKcctctl 1)y coiiccn- 
tration gradieiits anrl tlic practicc of taking tlic transi- 
tiori to l x  at tlic pcak in tlie specific Iieal, as sliown by 
siiii~lutions~". 

Tlie dyiiniiiics of tlie d = 3 RFIAI liavc now 
bccn coiivincingly dcmonstratcd, iisiiig ac susccptibility 
ii icasurciiic~its~"'~~, to bc activated i11 Fe,%nl-,F2 i r i  
agrccinciit witli t l i ~ o r y ~ ' ~ ~ ?  Spin-CCIIO neutron scat- 
tcring nicasuremciits s11ow'~ tliat, on tlie vcry sliort 
tiinc scale of nanosccoiids, tlie systcin crosscs ovcr to 
raiidoiii-íicld dynainics at iiiiicli Inrgcr rcdiiccd tcin- 
pcratiircs aiitl iiiucli loivcr applicd ficlds tlian incasure- 
iiiciits wliicli arc condiictcd on time scales of sccoiitls, 
sucli as spccific Iicat or qiirisiclaslic ricutrori scaf tcritig. 
Cstrcnicly slow dyiiaiiiics are maiiifcst iii two tlistinct 
ways iicar tlie traiisition. First, \vlicii cooliiig i11 a ficld 
(1T) or Iieating i11 a ficld aftcr cooliiig in zcro field 
(ZFC), eqirilibriuiii is lost iicar tlie traiisition. Upoii 
FC, t1ic S ~ S ~ C I I I  caiinot acllicvc 1ong-rangc ordcr aiitl 
tlic data diffcr from tlic ZFC data bclow ali cqiiilibriuin 
boiriidnry Tey (11) wliicli lics just above T,(II) aiitl scalcs 
iii prcciscly tIic saiiic maiiiier. Of coiirse, witli a small 
cnougli random field antl limited instrumciital rcsolii- 
tioii, tlic FC proccdure will appcar to yield loiig-range 
order6'. 

Closcr to T,(II), tlic critical bcliavior is roundcd by 
tlic critical slowing, as csemplificd by tlic ZFC Faratlay 
rotation data7' iii Fig. 3. S l ~ a ~ i r o ~ ~ ~ ~  Ila~j proposed a 
tlicory bascd on tlie slow dyiia~nics mliicli prctlicts tlie 
obscrved critica1 espoiieiits. 

Tlic ncutron scattcring linc sliapcs obscrved iii tlie 
d = 3 RFIAI systems arc Car from tlic Lorcntziaii forin 
wliicli adcqiiately describcs tlie scattering i i i  piirc F e f i  
aiid iii Fe,Znl-,l;i in zcro ficld wcll abovc tlic perco- 
I~lioii  tlircsliold. AIeaii-field tlicory prcdicts a sqiiarcd 
Lorciitziaii liiie sliape aiid it has bcen coinmonly as- 
suilied tliat tlie meaii-íield argumciit adequately cx- 
plains tlic unusual obscrvcd linc sliapes. IIo~r~cvcr, al- 

Figure 3: dO/dT,  \vliicli is proportiona1 to tlic magnctic 
spccific Iieat'" vs. loyio([l[) upoii l?C in tlic d = 3 
Ising antifcrromagnct Peo 47Zn0 s3F2 for 11 = 2,3,4 
aiicl5T iii (a), (I)), (c), and (d), respcctii~cly. 111 cacli 
figure tIic fillcd synibols are for T < T,(II) aiid tlie 
opcn oncs for T > T,.(II). Tlic riglit arrow iiidicntcs 
wlicrc tlie raiidom-cscliange to randoin-ficld crossovcr 
occurs. Tlic Icft arrow iii cacli case iiidicalcs tlic onsct 
of roundiiig from RF dynaiiiics. 130111 tlic rcgion of RF 
dynaniics and tlic rcgion of RFIAI critica1 belinvior in- 
crcase in size witli incrcasiiig ficld. Data bctwec~i tlie 
arrows i11 cacIi case are sccil to approsimatc a synimet- 
ric, logaritliniic divcrgciicc. (Pollak, ct. al.['iO]). 
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tliougli tlic squared Lore~itziaii works wcll for low tein- 
pcrature FC scaiis and scans abovc Te* it does iiot nork 
1vcllG7 for '3FC scans below T,(II). Furllicrmore, noii- 
Lorciitzian liiie sliapcs are obscrv~d '~  at zero ficld in 
tlic noneqi. ilibriuin region ncar tlie percolation tliresli- 
oltl but iiot o b s ~ r v e d ~ ~  iii tlie d = 2 case for II > O 
ncar T,v ~ l i c r e  tlie dcstriictioii of tlie transitioii oc- 
curs in cqiiililxiuin. A11 of tlicse ~Lservatioiis suggest a 
noncqiiilibriuiii origiii to tlie iioii-Loreritzian line sliapcs 
iicar T,(II) for d = 3. 

For tlie d = 2 RFIN systciii RbzCoossAIgo.lsF4, 
tlic trailsitixi is observed to be d c ~ t r o ~ c d " ~ ,  as sliowii 
in Fig. 2, iii agrcemcnt witli ~ l i c o r y ~ ~ .  No liystcre- 
sis or cstrciiicly slow dynainics are observed near tlie 
dcstroyctl transitioii, iiidicating eqiiilibrium beliavior. 
At low tcmpcratures, Iiowcvcr, i~ictastable long-range 
orclcr iiidiicrd by ZFC decays oi~ly wlien tlie rouiidcd 
traiisitioii is approaclicd siiíiicicnlly closcly. Tliis occurs 
closcr to th:  traiisition as tlie iiicasurenient time scale 
dccreascs, as iiidicatcd by tlic comparisoii of Iiigli ficld 
pulscd magiictioatioii ~ x ~ c r i i n e n t s ~ ~  aiid ~ieiitron scat- 
tcriiig n~easi i rcincnts~~ wliicli diKcr in tlie measureniciit 
tiiilc scalc l>y  eiglit ordcrs of inagiiitude. 

Raiicloin-cscliangc iiitcractioiis not oiily affect tlie 
pliasc traiisii ioii to long-range ordcr in a profouiid way, 
but also tlie eqiiilibratioii dynamics for T << TN. Tlie 
h c t  tliat tlic iiitcractions iii FexZnl-,F2 are so wcll un- 
dcrstood and are vcry simplc makcs tliis systeni ideal 
for iiivcstigahg tlic dynainics of mctastable doinain 
walls at low t,einperature. Doiiiain walls may be coiivc 
iiicntly iiitro~luccd iiito tlic systeni by FC. TIie Icngtli 
scale associat ed witli tlic doiilains, as evident froni tlie 
witltlis of ncltroii scattering liiie p r o f i l c ~ ~ ~ ,  dccreascs 
as tlie strciigtli of tlie applied ficld upoii FC increascs. 
T n o  distinct kiiids of dynamics can be iiivcstigatcd. 
IVitli a ficld jpplicd tlic evolution of tlic doniains will 
bc iiiflticnced by piiiiiing from tlic random field as wcll 
as rr0111 vacaiicics. Oiice tlie ficld is reiiiovcd, on tlie 
otlier liaiid, t'ie oiily piiiniiig remaiiiing is froni tlic va- 
cancics. \\'e sliall discuss tlie l i i t t~r  case first. 

At low eiiougli tcinpcraturcs, it lias bcen slio~vri 
from ncutroii scattering7' aiitl Fararlay rotatiori 
c ~ ~ e r i i n c i i t s ~ ~ ~ ~ ~  tliat tlie doiilain walls do not move 
macroscopically evcii afier tlic field is rcmoved. A com- 
mon nisconception is tliat tlic width of tlic ncutron 
scattering profilcs yields dircct ly tlie size of nictastable 
dornains. Coinputcr s i inu la t io~is~~ demonstrate, liow- 
cver, tliat tlie magnetic systein forms essentially oiily 
two domains tliat are incrcdibly iiitcrtwined, as sliown 
i11 Fig. 4. A ,  bcst, tlie noli-Lorciitzian widtli rcpre- 
sciits tlie typic a1 distance necded to pass from onc do- 
iiiain to tlie otlier. Nowak and Usadel" suggest tliat 
tlic doinaiiis are fractal iii structure. Tlic line sliape lias 
bccn studied witli Rloiite Carlo simulations" and lias 

soine uilusunl propertics associatcd witli tlic fractd- like 
striictiire. 

Tlie fact tliat tlie domain structure does not evolve 
oii a macroscopic scale at low tcmpcratiircs iriclicatcs 
tliat tlie tlicrmal fliicluatioiis are iiot stroiig cnoiig11 
to ovcrconic tlie vacancy piiiniiig. Slic w l l s  cvolve 
on a iiiicroscopic scale, lio~vevcr. Early ~ s p e r i m c i i t s ~ ~  
slio~ved a tiiiic dependeiice to tlie reinaiiciit inagnetiza- 
tioli aftcr tlie ficld is turncd olf at  low tempcraturcs. 
Tlie rcmanciit iiiagiictization originates from tlie do- 
iiiaiii walls forincd iipon FC. Tlie donlaiii ~v\.r\lls liave 
inagiictizatioii siiice, iipon cooling in a íiclíl, tlie spins 
on eitlicr side of tlic domain wall are parallcl to tlic 
ficld to rcduce tlic local raiicloni-íield frce cncrgy. Oiicc 
tlie field is rcmovcd, tliere is no energctic ad\riiitage to 
aligiimeiit witli tlic ficld. Tlie doniain walls tlicn cvolve 
in sucli a way as to  locally iiiiiiiiiiize tlie escliaiigc en- 
crgy, i.e. tlic siirfacc arca of tlie walls is rcduccd. Spiiis 
along tlic wall wliicli wcre prcdoiniiiaiitly aligncd witli 
tlic ficltl will flip as tlie 1vall traiislatcs by oiie lattice 
spacing. Tliis providcs tlie iiicclianisiii Ily wliicli niicro- 
scopic \\-a11 niovcinciits, drivcn Ly tlie escliangc cnccugy, 
rcducc tlic iict inagnctizations'. 

Kattcrmaiin and \lillain6~s3 initintccl tlie idca tliat 
iiiicroscopic ~vall movenlcnts aiid not macroscopic mo- 
tion constitutcd tlle mecliariism for tlic dccay of tlie rc- 
mawiit inagnctizntioii alid attcii-ipt to esplaiii tlic orig- 
iiial cspcriii~eiital rcsiilts. Tliey proposcd tlic dccay 

AI, = 11i(ltl)-~ + B , (15) 

wlicre S z 0.4 aiid B is a constaiit v o l u ~ n ~  ter111 
wliicli is sinall, to describc tlie cspcrimciital rcsults7" 
for Feo.47Zno,53F2. Latcr i1Ioiite Carlo siiiiululion data 
oltaincd by Nowak and Usadcls" usiiig a siinplc-cubic 
latticc slio~ved bcttcr agrecincnt mitli tlie p o w r  law h- 
liavior 

ltl-x (16) 

aiid a ttribiited tlic beliavior to a lack of a cliaracteristic 
lciigtli scale associated witli tlie fractal doniaiiis. 

Fiirtlier espcriiiiental studies" and AIoiitc Carlo 
siinulatioiis" indicate aiiotlicr expression wliicli does 
an cxcclleiit job of dcscribing tlie data for tlie body- 
ccntcred tctragoiial lattice of dilute Feo 47Zno !j3F2 and 
a siniulated body-cciitered cubic lattice. Tlie esprcs- 
sion, 

A I s  = A& csp[(-A 111 11 I)$] , (17) 
yiclds cxccptionally good fits of tlie data witli y iiide- 
pcndent of tlie ficld aiid temperature. A suitable tlieory 
for tliis foriii is Iackiiig. 

Tlie clynamics associated witli domaiti wall piiiiiing 
Ly randoin fields liave been studied" by employing tlie 
FC proccdure at tcniperatures not far bclow Tc(lI) and 
measuring tlie time dependeiice of tlie uniform niagne- 
tizatiori iii tlie prescrice of tlie field usiiig SQUID tecli- 
niqucs. Appareiitly, a t  sucli temperatures tlie randonl- 
field pinning dominates over tlie vacancy pinning aiid 
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many of the observations are consistent witli the the- 
oretical nlodels for low-temperature random-field ac- 
tivated dynamicss7. This implies that there must be 
many smaI1 activated domains as opposed to the fractal- 
like, two-dnmain, frozen structure existing at low tem- 
perature. 

VI. Tlie Pcrcolat ion Tliresliold iii the Isixig 
Mode l  

The d = 3 Ising model system FexZnl-,F2 near tlie 
percolation threshold provided some experimental sur- 
prises. Earlier experimentss%n the weakly anisotropic, 
isomorphic antiferromagnet A/ínxZni-,F2 were inter- 
preted in terms of a geometric correlation lengtli, K G ,  

aiid a thermal correlation lengtli. For a11 concentra- 
tions above the percolation threshold in the wealrly 
anisotropic system, long-range order was observed and 
equilibrium behavior seemed to prevail for a11 tempera- 
tures. Such is not the case for tlie Ising system. In 
zcro field, even a few percent above the percolation 
tlireshold, long-range order does not develop. Instead, 
near tlie percohtion threshold a spin glass-like pliase is 
e~ i coun te red~*"~~~ .  Yet tliis system cannot be consid- 
ercd a canonical spin glass wliicli requires two ingredi- 
ents, randomness and frustration. In zero feld, there 
is little or no frustrationlg in FexZnl-,F2. Nevertlie- 
less, in tlie H - T phase diagram there is a bound- 
ary wliicli is completely analogous to tlie spin glass de 
Alnleida-Tliouless (AT) boundarygl including tlie scal- 
ing exponent 4 w 3.4. This was first observed in mag- 
nctization studies by RIoiitenegro, et al. "9190. Even in 
zcro field no long-range order d e ~ e l o ~ s ' ~  for x _< 0.27 
and unusual line sliapes are evident for T < 12Ir'. A bit 
furtlicr above tlie percolatioii threshold, at x = 0.31, 
botli tlie usual random-field beliavior a t  low 11 and tlie 
spin glass-like beliavior at Iiigher H e x i ~ t ~ ~ ~ ~ ~ ,  as shown 
in tlie H - T phase diagram in Fig. 5. Tlie random- 
field beliavior a t  low 11 is tlie same as that seen for 
a11 If a t  higlier concentrations x 2 0.46. At higher 
fields, tlie equilibrium boundary scaling with q3 x 3.4 
appears. No long-range order persists in the region at 
liigli field. It has been shown7' in Monte Carlo simula- 
tions, in wliich it is assured that there are no frustrat- 
ing interactions, that a phase diagram very much like 
tliat seen in Fe,Znl-,F2 emerges. It  is interesting to 
note that the observation of such behavior may be in- 
dicative of quenclied randomness rather tlian simply a 
manifestation of a spin glass systeni, as is commonly as- 
sumed. The underlying pliysics causing the spin glass- 
like behavior in Fe,Znl-,F2 must be related to tlie 
extrernely slow dynamics associated with tlie Ising per- 
colation thresholdg3. A complete understanding of the 
behavior in this system is important in itself and may 
shed light on the spin glass problern as well. 

Figure 4: A coniputer simulation of a dilute (x = 0.5) 
antifcrromagnet cooled in a magnetic freld to low tem- 
perature. Tlie lattice size is 99 x 09 x 98 and it \vas 
FC witli H = 35. Tlie liglit and dark sliades rcprcscnt 
spins bclonging to the two connected domains wliicli in- 
terwea~e iii a fractal-like structure. (Nowak and Usadel 

, .., A T, (H) (Faraday) 

1 o 15 20 
Temperature (K) 

Figure 5: 11 vs. T phase diagram for F ~ o . ~ ~ Z ~ ~ . K + F ~ .  
For H < 1.5T, Tep(II) and Tc(H) scale witli 4 = 1.4, 
tlie RFIM crossover esponent. For II > 2T, T,,(E-I) 
cliangcs curvature and scales witli 4 = 3.4. Tlie region 
below Tc(II) exhibits aiitiferromagnetic long-range or- 
dcr. Tiie region below T,,(II) and above T,(II) is not 
aiitiferromagnetic. (Montenegro, ct aI.[92]). 
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Figure 6: The x - T phase diagram for the spin glass 
system Fe,.Mni-,TiO3. For concentrations 0.4 < x < 
0.6, a spin glass phase is encountered as T is lowered. 
Just to eitlier side of this region, upon lotvering T,  a 
transition from paramagnetism to antiferromagnetism 
occurs and, a t  lower T, a mixed antiferromagnetic/spin 
glass region is entered. (Yoshizawa, et a1.[96]). 

Temperature (K) 

Figure 7: The H - T phase diagram for the spin glass 
systein Feo.65 Mn0.35Ti03. At H = 0, the system un- 
dergoes a trar sition to antiferromagnetic long-range or- 
der and then, at lower T enters the mixed region. At 
liigh H, a spin glass region separates tlie mixed re- 
gion from the paramagnetic region. There are signifi- 
cant similarities and differences between tliis spin glass 
phase diagrani and the one for near the Ising percola- 
tion threshold shown in Fig. 5. (Yoshizawa, et a1.[96]). 

VII. Isiiig Spin Glass iii Mixed Autiferromagnets 

Finally, we discuss an example of an Ising spin 
glass system, Fexh.rlni-,Tio3, formed by the ran- 
dom mixing of two Ising a n t i f e r r ~ m a ~ n e t s ~ ~ - ~ ~ .  The 
pure systems FeTiOs and MnTi03 are both Ising an- 
tiferromagnets with spin alignments along the same 
crystalline axis but witli very different spin arrange- 
ments in the ordered state. In the mixed system, each 
spin encounters a random environment of ferromagnetic 
and antiferromagnetic interactions with its neighbors. 
Hence, interactions in tlie mixed system possess botli 
randomness and frustration, tlie two essential ingredi- 
ents for a canonical spin glass. This is perhaps the 
finest example of an insulating antiferromagnetic Ising 
spin glass. 

Mean-field tlieories for spin glasses yield a phase di- 
agram in wliich tlie spin glass transition is encountered 
as the temperature decreases in the prcsence of a large 
amount of randomness. For the case of less random- 
ness, the sample undergoes a transition to antiferro- 
magnetic long-range order and then, at lower tempera- 
ture, a mixed region is entered as the AT boundary is 
crossed. Tlie mixed region corresponds to ùoth long- 
range order and a spin glass order. Between the mixed 
region and the spin glass region is a vertical boundary. 
In the Fe,Mni-,Ti03 systemg4, the spin glass region 
occurs for concentrations between x N 0.4 and 0.6 as 
shown in the x - T phase diagram in Fig. 6. This is 
the region of greatest randomness. Antiferromagnetic 
regions, with rnixed regions at lower temperatures, ex- 
ist to either side of the spin glass region, consistent with 
the mean-field diagram. 

Elastic scattering measurements at the antiferre 
magnetic scattering point in sample a t  a concentra- 
tion x = 0.60 in the antiferromagnetic/mixed region 
show an abrupt increase in intensity a t  the Bragg point 
upon lowering the temperature through the antiferrc- 
magnetic transition, as would be expected for a transi- 
tion to antiferromagnetic long-range order. Then, upon 
crossing the AT line, tlie intensity sharply decreases. 
In the mixed region, the width of the Bragg scattering 
peak remains resolution limited and no sign of hystere- 
sis is observed. This indicates that the observed behav- 
ior is the equilibrium behavior and, therefore, the long- 
range antiferromagnetic order decreases upon entering 
the mixed region. Concomitantly, the short-range an- 
tiferromagnetic order increases as the mixed phase is 
entered. The correlation length for antiferromagnetic 
fluctuations appears to diverge at the antiferromagnetic 
transition and shows another maximum at the crossing 
of the AT line. At low temperatures, the diffuse scat- 
tering profiles have a width reflecting a geometric dis- 
order which appears to vanish a t  the boundary between 
the mixed and spin glass phases. Sharp excitations are 
supportedg5 by the system only for q < tcc. 

The H - T phase diagrams of this material for 
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z = 0.6, 0.65 and 0.75 Iiavc bccn mcasiirecl". Aii cs- 
amplc is slio\vn in Fig. 7. At low ficlds ali aiitiierromag- 
iietic region esists but a spiii glass rcgioii Joiiiiiiatcs nt 
Iiiglicr ficld. Some aspccts of tliis pliasc diagraiii rc- 
sciible tliat of Feo 3iZno ,j9& s11on.n i11 Fig. 5. Tlicre 
is a transitioii from parainagnctisni to antifcrroniag- 
iictism at low ficlds aiid at Iiigli ficlds tlicrc is ali I\?'-Iikc 
borindary bctn.ccn tlie paramagnetic antl spiii glass rc- 
gions. IIotvevcr tlicrc are significaiit diíikrciices. Ko 
clcar rccntrancc regioii is deíined iii tlie Feo 3 i Z ~ ~ o  ,j9F2 
s y d ~ ~ i  as tlicre is iii Feo.tiç~llno saTiOd. Tlic Bragg 
scattcriiig sliows no 1y.stcresis in Feo ,j5111 no 35Tio3, 
wlicrcas it is cvidciit i11 Feo 31z110 69F2 L ~ r ~ n t ~ i a i i  liiie 
sliapcs are adeqiiatc for Feo 65i11 120 35Ti03 for II = 0, 
Lut iiot for Feo 31Z~io.s9F2 at low tciriperatiircs. Tlic 
diflcrcnccs arid siinilaritics are intcrcsting antl iicctl to 
bc undcrstood for a coiiqdcte undcrstaiiding OS botli the 
spiii glass aiid Isiiig pcrcolation tliresliold modcls. 

VIII. Coiiclucliiig Rcniarks 

\\'C have sccii scvcral esatnples of motlels o i  ran- 
cloiili~css rcalizcd l>y siiiiplc iiisiilatiiig aiitifcrroi~~agiicts. 
SIlc cxpcrimciits dom oii tliese aiid otlier antifcrromag- 
iiets witli quenclictl randomncss liave Iielpcd trcmcn- 
dously iii tlic understaitdiiig of tlie gencral rolc ran- 
do~imess plays iii j>liase traiisitions and tIic beliavior of 
ordcrcd systeins. Tlie siinple nature of tlic iiiteractioiis 
lias allowcd tlieorctical treatinents aiid compiiter siim- 
lutioiis to  cliicidate tlie observcd beliavior. Experiiiieiits 
o11 d = 3 REI11 systciils coiifirn~cd tlie prcdiction o i  a 
crossovcr to a ncw iinivcrsality class. Only niinor prob- 
1~111s still nced to be solvcd to bririg REIM cxpcrimciits 
aiicl tlicory iiito complctc agreeinent. Strong cvidciice 
for tlie d = 3 RFIbI transition was obscrved ir1 some 
cspcrimciits long bcfore tlieorists finally provcd its cs- 
istcnce. Tlicorics, siniulations and esperiiiiciits are now 
dircctcd a t  undcrstanding tlic pliasc transitioii iii dctail. 
Ncar tlie percolation tlircsliolil tlic observation of spiii 
glass-lilie bcliavior in Ising aiitifcrroinagiiets Iias bccn 
corroboratcd by compiiter siinulations aiid is iildicatcd 
by some tlicory, birt a complcte undcrstaiiding is still 
lackiiig. A bettcr undcrstaiiding of tlie coinrnon appcar- 
aiicc OS a 11T line in canonical Isiiig spiii glusses and 
iii dilute Ising antifcrroiiiagncts mar tlie pcrcol a t ' ion 
Illrcsliold is necded. Tlie dccay of tlie rc~nanciit 121ag- 
iictization in dilute Ising aiitifcrromagii~ts for T < TN 
may lead to a bettcr uiiderstaiiding of noncqiiilibrium 
proccsscs if propcr tlicories can be dcvelopcd to csplaiii 
tlic obscrved Lieliavior. Tlie Isiiig spiii glass lias 1)ccii 
wcll rcalizcd in a mised Ising antiferromagnet. Alosl of 
Ilie predicted spiri glass beliavior Iias becn verified ljy 
Llic expcrimcnts. Antiferromagnets rrill surcly continue 
to play a crucial role in future invcstigalioiis of systcins 
witli qucnclicd disordcr. 

ror tliosc csperimciits describcd Iicrc iii wliicli I 
particjpated, I woulrl lilíc to tliaiik Vjiicciit Jaccariiio 
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