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Introductionn to spin glasses 

Duringg the last decades a lot of effort has been devoted to understand the physics 
off  spin glasses. This development was not only interesting to better understand this 
typee of materials, but it also served to bring new insights in the field of complex sys-
temss as a whole, including applications to amorphous systems in condensed matter 
physics,, computer science, biology and economy [MPV87, FH91]. 

Spinn glasses are materials whose ground state at low temperature 
iss a frozen disordered state instead of an ordered one, as it is the 
casee for ferromagnets, or a periodic one, as it is the case for antifer-
romagnets.. This is a consequence of a feature in this systems called 
frustration.frustration. Frustration means that the different interactions are in 
conflict,, so not all of them can be mutually satisfied. For instance, 
inn figure 7.1 a sketch of a square lattice in 2D is given, with spins 1 Figure 7.1: 
onn the edges. 3 of the couplings among the 4 spins are ferromagnetic Example of 
andd the fourth coupling is antiferromagnetic. In this situation, there frustration 
iss always one coupling which is not satisfied. 

Inn spin glasses, frustration is usually a consequence of the randomness in the 
interactions,, i.e. quenched disorder. In spin glass literature, quenched disorder means 
thatt the interactions between spins and/or their locations have constrained disorder. 
Thee spins are free to move, however, due to this disorder in the interactions, the spin 
glasss phase is an example of spontaneous cooperative freezing of the (random) spin 
orientations.. This freezing in random orientations can be seen with NMR or neutron 
scatteringg measurements. Physically the fact that the disorder in the interactions is 
fixedfixed results from the fact that changes in such quantities happen on a time scale 
whichh is infinitely larger than the time scale characterizing changes in the spins. 

Inn chapter 8, the transition temperature of metallic spin glasses is studied. Metal-
licc spin glasses are composed of noble metals (Cu, Ag, Au) having a small concen-
trationn c of transition metals (Mn, Fe). The magnetic transition metal atoms are 
randomlyy distributed throughout the non-magnetic host, the noble metal. These 
magneticc impurities interact via the RKKY interaction. The spin glass behavior 
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Figuree 7.2: Field cooled [(a), (c)] and zero field cooled [(b). (d)J magnetizations 
(x(x = M/6 gauss for CuMn (1 and 2 at. %) as a function of temperature; from 
[NKH79] ] 

appearss due to the fact that this interaction has an oscillatory behavior, for some 
spinss it is positive while for others is negative. In this chapter we study how the 
transitionn temperature to the spin glass phase depends on the concentration c of 
magneticc impurities. The study is performed by means of a cut-off in the range of 
thee RKKY interaction due to thermal fluctuations. 

Otherr types of materials also display spin glass behavior. Examples of that 
aree compounds with magnetically ordered host metals (PtMn). compounds with 
raree earths (YDy, ScTb) and ternary systems (Lai_xGdxAl2) . All of those can. in 
principle,, be described with RKKY interactions. There are other materials, called 
substitutionall  spin glasses, that show spin glass behavior and are not describable 
viaa RKKY interactions. Examples are magnetic insulators, such as EuxSri_j,S, and 
amorphouss alloys, such as Ali_ xGdj. and FexNii_ x. 

Experimentallyy there are few properties which are common to all spin glasses, 
noo matter what is the precise physics underlying the disordered interaction among 
spins.. We have to experimentally see that all the magnetic moments freeze in a 
disorderedd configuration in the spin glass phase. To this end, one can study the 
dynamicc magnetic susceptibility X(UJ), i.e. the the response of the system to an 
externall  AC field perturbation of frequency UJ. In presence of weak external fields, 
thee magnetic susceptibility displays a peak at the critical temperature due to the 
factt that the system freezes in a given configuration in the spin glass phase. 

Thee magnetic susceptibility depends on whether the system has been cooled down 
inn presence of a magnetic field or not. The zero field cooled (ZFC) susceptibility is 
measuredd by cooling down the sample in zero field and heating it up in a small field, 
whilee the field cooled (FC) susceptibility, the measurement is performed by cooling 
downn in a field and repeating this for a slightly different field, these results can be 
seenn in Fig. 7.2. 
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Manyy other experimental facts are exhibited by spin glasses, for a complete 
descriptionn the reader is referred to Ref. [Myd93], One last remark about all ob-
servabless in spin glasses is that they are self averaging. In spite of the fact the 
spinn glass phase is disordered, the observables given by different samples are the 
same.. Therefore, any theory aiming to describe spin glasses has to give self aver-
agingaging observables. Self averaging means that sample to sample fluctuations vanish 
inn the thermodynamical limit 1, then any intensive quantity does not depend on the 
realizationn of the quenched disorder [FH91]. 

7.11 Theory and mean field models 

Ann Ising ferromagnet. below the Curie temperature, can take two opposite magne-
tizations,, separated by an overall spin flip. These two minima of the free energy are 
separatedd by an energy barrier that is infinitely large for an infinitely large system, 
thuss the ergodicity has been broken. In spin glasses, on the contrary, there are not 
onlyy two of these minima, there are many. Furthermore, inside these minima, or val-
leys,, there can be many metastable states or sub-valleys. Each of these (sub-)valleys 
bringss a different time scale. 

Thee properties given by each of these valleys will , in principle be different, and 
differentt from the equilibrium ones. The equilibrium properties will involve, in the 
end,, an average over all possible valleys with the appropriate thermal weights. In 
orderr to know the properties of each valley one should be able to apply infinitesimal 
magneticc fields ht proportional to the m, of that single valley. Since, of course, we 
doo not know a prion these m, the task becomes extremely difficult. Due to that, 
thee study of spin glasses is very difficult even in the mean field approximation. 

Thee first mean field model of spin glasses appeared in 1975 by Sherrington and 
Kirpatrickk [SK75], the SK model. The SK model is a fully connected Ising spin 
systemm with quenched random interactions. In spite of being mean field, it gives a 
goodd insight in the understanding of the spin glass phase. To solve it. the use of 
neww theories was needed, the most known is the1 Replica Theory. A few years later. 
Parisii  proposed [Par79] a marginally stable solution for the SK model which is still 
nowadayss accepted by means of the Replica Symmetry Breaking [MPV87]. 

Inn ferromagnets the order parameter is the magnetization m,; = {Si). In spin 
glassess however the magnetization stays at zero value in the low temperature phase 
forr symmetric bond distributions, i.e. random couplings symmetrically distributed 
aroundd zero. Higher order moments are needed. Edwards and Anderson proposed 
[EA75]: : 

qqEAEA==  lini lim [($(*(,)$(*(> + *)>]„ „  (7-1) 

wheree the average is over a long set of reference times t0 [FH91]. This quantity 
iss zero if the system is ergodic and non-zero if the system is trapped in a single 

'Wi t hh sample to sample fluctuations we mean: ({x) — (x)) . where ... stands for quenched 

disorderr average and (...) for thermal average. 
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Figuree 7.3: Comparison of the overlap distribution P(q) in ferromagnets and spin 
glasses s 

phase.. Since the Ar —> oc limi t is taken first, #EA measures the mean-squared single-
valleyy local spontaneous magnetization, averaged over all possible valleys. Then as 
thee equilibrium or statistical mechanics order parameter one takes the mean square 
locall  equilibrium magnetization: 

W W (7.2) ) 

Sincee there are many phases, it can be interesting to know, apart of this mean 
value,, the correlation between states, the overlap, between two states a and b. 

(lab (lab -Y,-Y,mm>" >" 
and d isiderr also its distribution 

Pj{q)Pj{q) = (8{q-qab)) = Y,PaPb5(q Qab) Qab) 

(7.3) ) 

(7.4) ) 

wheree P„,  P\, are the probabilities of the states a and b respectively. 
Thiss distribution in a ferromagnet will be composed by two deltas at the cor-

respondingg two possible values of the magnetization ) because there are two 
phases.. In spin glasses however it might have a continuous part showing the large va-
rietyy of phases involved in the spin glass phase. A sketch of these phases is depicted 
inn figure 7.3 

Inn the SK model, the order parameter grows continuously from zero as the tran-
sitionn is crossed. It is described by a Full Replica Symmetry Breaking (FRSB) 
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solution.. In other models, like the p-spin model [Gar85, CS92], the order parameter 
iss a step function taking two values QQ and q\ > qo< with q\ — qo jumping discon-
tinuouslyy from zero to a finite value as the transition is crossed. No discontinuity 
appearss in the thermodynamic functions however. These models are described by 
onee step of Replica Symmetry Breaking (1RSB). This last scenario has been used in 
thee last years for the study of structural glass transition observed in fragile glasses. 

Inn chapter 9 a numerical simulation of an Ising spin glass on a hypercubic cell 
iss presented. This model has finite connectivity (not all spins are neighbors) but it 
iss expected to converge to the SK model in the thermodynamic limit . By studying 
it,, we can get information on the finite size effects in spin glasses by analyzing how 
thee simulation tends to the known mean field limit . Moreover it provides a tool to 
analyzee whether the mean field picture given by Full Replica Symmetry Breaking 
theoryy holds for finite systems, a strongly debated question in literature. 




