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1

ntroduction

In recent years there has been an upsurge of interest in the research

an the spin-glass phenomenon b The term "spin glass" was introduced

in 1968 ; now about one paper per day is published uhich uses this

Word in its title or abstract (For recent reviews see : Fischer, 1983a

and 1985 ; Binder and Young, 1986 ; Huang, 1985).

There is now general agreement an the "definition" of a spin glass:

Spin glass refers to a magnetic state of a system in uhich interactions

between the magnetic moments are "in conflict" with each other due

to disorder so that the spins order in a non-periodic fashion - they

"freeze" into random directions . Additionally, the state is characterized

by very slow equilibration after perturbation and significant history-de-

pendence o Taking these features tagether means that we are going

to apply the term "spin glass" here in the restricted sense, as mostly

dune, and not to all random non-collinear ordered magnets, e .g . not

to systems with random anisotropy axes (see section 9) or to systems

wich random Fields . The new type of magnetic order is represented

schematically in Fig . 1 where its magnetization measured in a Small

applied Field is compared (in its magnitude and temperature dependences)

with that of tue wellknown types of collinear magnetic order, tooo

The increasing interest in spin glasses may have the following reasons;

(i) Spin-glass properties are fairly universal e They have been

observed in a wide variety of different systems with competing

interactions between the spins e .g, in crystalline metals

FexAu
l-x (Cannella and Mydosh, 1972), in crystalline insulators

EuxSr1-xS (Maletta and Crecelius, 1976) as well as in amorpheus

alloys GdxA1.
1-x (Mizoguchi et al ., 1977).

(ii) Spin glass behavior is novel ; it is an intrinsic effect of

disorder and competition of the magnetic interactions . Attempts

to understand the origin and behavior of the spin-glass state

haue . led.tothe appreciationof several neu concepts ..and

to the recognition that the fundamental ingredients for these

concepts are much more widespread in occurrence than .spin

glasses . The study has had important Impact in statistical

mechanics, and recently also applicatianson .camplex optimation
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problems (Kirkpatrick et al ., 1983) and biological problems

(memory (Hopfield j 1982), prebiological evoluation (Anderson e

1983)) have been discussed.

(iii)

	

In spite of more than 2000 publications with many important

results and in spite of a dose interaction betueen experiment,

computer simulation and analytical model calculation the

essential questions for instanee about the nature of the

spin-glass transition and the spin-glass state are still

controversially discussed . Spin glassec are still a challenge

to solid state physics.
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Fig . 1 : . Comparison of the magnetization measured in a small applied

field for (a) a ferromagnet (FM), (b) an antiferromagnet (AFM),

and (c) a spin glass (SC) . The dashed line indicates the zero-

field-cooled behavior of the spin glass . The curves are schematic

and the'units arbitrary, but the same average magnitude of

the exchange interaction is choosen for allthree . Values of

theparamagnetic Curie-Weiss temperature 8
P
are indicated.

At the bottom the corresponding ordering of the magnetic moments

is sketched schematically (From .Moorjani and Coey, 1984)
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The present review attempts to give a survey of the field 9 including

discussions of the most exciting questions which have come up . Obviously,

it is nearly impossible to cite all the papers an spin Blasses, hence

the authors apologize at the outset to those whose werk is not explicitely

referenced . Additional references are found in other reviews (Fischer,

1983a and 1985 ; Binder and Young, 1986 ; Huang, 1985).

The organization of this chapter is as follows : First, two questions

are discussed in sec . 2 : How to classify any material as a spin glass?

What are the ingredients a system needs to be a potential spin glass?

Sec . 3 is concerned with some basic requirements for any type of

magnetic Order such es interactions and anisotropies, and an introduction

of some typical systems out of the lange variety of rare-earth spin.

glasses . We then summarize in sec . 4 the present understanding of

the mean-field model of spin glasses, and present very briefly numerical

results on short-range models, because no analytical results are

available for realistic models . Sec . 5 is devoted to the unusual

properties of spin glasses at low temperatures, including irreversibi-

lities, anisotropy and excitations . The upsurge of interest in spin

glasses in recent years is related to the "spin-freezing" process

near the spin-glass temperature T f , which is discussed in sec . 6

and 7 . Experimental werk an the dynamics of spin-glass freezing is

reviewed in sec . 6, while attempts devoted to analyzing the data

in terms of a phase transition at T f are discussed in sec . 7 . We

then give in sec . 8 recent results of studies concerned with the

magnetic behavior in the. crossover regime from spin-glass to long-range

ferro- or antiferromagnetic Order . A brief discussion on systems

with random anisotropy axis is included in sec . 9 . Finally, sec.

10 .contains some concluding remarks .



-4

2 . Characteristics of a s in glass

Before beginning a survey of experimental results an rare earth spin

glasses and their interpretation by model calculations, we would

first suggest a brief discussion an two questions : How to classify

any material as a spin glass? What are the ingredients a system .needs

to be a potential spin glass?

2 .1 Classification of a spin Blass:

There is no unique experiment which is able to definitely identify

a sample as a spin glass . Seme of the characteristic properties of

spin glasses which will be discussed below also cccur for other sorts

of magnets, so in practice it is necessary .t.o observe several characteri-

stica before classifying any material as a spin glass . As an example,

we present experimental data in Fig.

Eu0 .40 Sra .605, which may be taken as

properties :

2 an the spin glass sample,

a possible collection of defining

(a) In the ac-susceptibility : A peak in ,(T) at low magnetic fields.

It defines the spin-glass temperature T f , not necessarily the

phase transition temperature T c (if it exists at all) because

T f is often dependent an the measuring frequency.

(b) In the neutron diffraction spectrum : No magnetic Bragg peaks.

That means, the spin "freezing" (associated with feature (a))

is accompanied with no periodic lang-Tange order at T e Tf.

(c) In the magnetic .specific heat : no anomaly. in C(T) at T f . A broad.

peak exists at higher temperature (at about 1 .3 T f ).

(d,e) In the magnetization : Below T f severe history dependency (the

magnetization measured after zero-field cooling, ZFC, is different

from that in field cooling, FC), remanence (TRM measured after

FC, IRM measured a lter ZFC) and slow (non-exponential) relaxation

exist after magnetic perturbation (TRM denotes the thermoremanent

magnetization, and IRM the isothermal remanent magnetization) .
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Eu04o
Sro.60 S

Fig . 2 :

	

Collection of defining properties of a sein-glass . Data of

Eu0
.40Sr0

.60S are Laken from measurements of (a) ac-suscepti-

bility %(T) (Maletta and Felsch, 1979b), (b) neutron diffraction

I(T

	

1 .3 K) - I(T

	

10 K) (Maletta and Felsch, 1979b), (c)

magnetic specific heat C(T) (Meschede et al ., 1980),-(d) slowly

decaying remanent .magnetizations, TRM and IRM, for• .different

values of the acquisition time 't , as .ndicated,at T

	

1032 K

and H

	

40 0e (Ferrä et a1 ., 19.81), and (e) magnetizat.ions

M aller field-cooling (FC) or .: zero-field-cooling (ZFC) (Maletta

and Felsch, 1979b) . The insert showsthe.corresponding dc-sus-

ceptibilities,._lim dM/dH.
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2 .2 Ingredients for a s in 	 lass:

In order to answer the second question above, we compare the magnetic

phase diagrams of two systems, EuxSr l-x 0 and EuxSrl-x S (see also

Westerholt et al ., 1977), displayed in Fig . 3, .Both insulating systems

are based upon a ferromagnet, Eu0 (T c = 69 K) and EuS (Tc = 16 .6 K),

and are magnetically diluted with Sr . These two Eu-monochalcogenides

are rather similar chemically, and crystallize in the NaCl structure.

The magnetic moments at the divalent Eu ions are coupled via short_range

exchange interactions to the first (Jl ) and second (J 2 ) nearest Eu

neighbors . Thus, in both dilution systems the percolation threshold

(depending an the crystal structure and range of interaction only)

is the same and equal to xp - 0 .13 . It means that for Eu concentrations

x < xp the System consists exclusively of independent finite magnetic

clusters (superparamagnet), whereas from geometrical arguments within

percolation theory lang-range magnetic order may be possible for

all x > xp (i .e . as lang as there exist infinite continuous exchange

paths joining magnetic Eu ions) . Fig . 3 demonstrates, however, that

the systems do not exhibit the same type of magnetic phase diagram.

EuXSri_x 0

J2 >0

P v

Fig . 3 :

	

Schematic magnetic phase diagrams for EuxSr l_x 0 and ..EuxSrlrx S.

PM

	

paramagnet ; FM = ferromagnet ; SG _ spin glass . x

	

percolation
P

threshold . The exchange interactions tothefirst (J,) and

second nearest neighbors (J2) are of equal or ofopposite sign

in EuxSrl_x0 or EuxSrlmxS,respectively . .
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Fig . 4 : (a) Simulated Curie temperatures T c (triangles) of e Fee Heisen-

berg ferromagnet with J 2/J 1 = -1/2 plotted vs . concentration x

of magnetic ions (Binder et al ., 1960) . Circles denote experimental

date for Eu xSrl-xS (Maletta and Convert, 1979a).

(b) Ground-state magnetization of a classical fee Heisenberg

ferromagnet es a function of concentration x for various ratlos

J2/J 1 of exchange interactions, es obtained from Monte Carlo

simulations (From Binder et al ., 1979).

By dilution of a ferromagnet one expeets the Curie temperature T c (x)

first to decrease linearly with (1-x) due to the linear decrease

in the effective exchange field,and, as x is further decreased,

ferromagnetism to persist down to the critical concentration x p where

Tc has to .go to Zero . This happens in the dilution series Eu xSrl-x0.

The origin of the fundamental difference in magnetic ordering observed

in Eu Sr S has been proposed (Maletta and Convert, 1979) to lie
x l-x

in the presence . •of competing, : exchange interactions . .Both exchange

couplings,J1 and

	

are positive in EuO, whereas in EuS they are

of opposite sign, with ratio J 2/J1

	

-0e5 (Zinn, 1976, Jachter19.79).

The important role played by the competing exchange is confirmed

in Monte Carlo simulations by Binder et al .( :'1979, :1980) . In a realistic
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model for Eu x Sr l_xS, considering an fcc lattice with J 2/J1 = -0 .5,

they even find quantitative agreement with experimental results without

adjustable parameters by calculating the concentration dependences

of . the Curie temperature T c (x) and the magnetization (Fig . 4) . 0bviously,

the ferromagnetic state in EuS is unstable against dilution with

SrS already at x c	0 .50, far above the percolation threshold x p = 0 .13.

To understand this behavior, we consider in Fig . 5 as a simple model

the ground stete of a diluted square lattice with 3 1> 0 and J 2 < 0.

ISING : XY ,
HEISENBERG:

R < -114

Eose=-(1+3R12)IR

o ,e

	

o

oy
q

R(-114-

Fig .

	

Spin configurations near nonmagnetic atoms(circles)of a diluted

ferromagnet with competing nearest (J1) : and next_nearest : (J2)
neighbor interactions, R J

2
/, l <0 . Only the spins which äre

not alignedin the direction of the spontaneous magnetization

(pointingupwards) are indicated by arrows . Themost simple

Gases of both the Ising and XY or Heisenberg model are shown

(From Maletta, 1981b) .
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Due to the competition between positive J 1 (full lines) and negative

J2 (broken lines) there occur spins or spin clusters near the non-magnetic

atoms (open eirelee) which are aligned antiparallel to the ferromagnetic

environment (in the.Ising model), or which are turned away from the

spontaneous magnetization direction by an angle (f (in the XY and

Heisenberg model) which is dependent an the ratio of the exchange

interactions F~

	

J2/J1 . Even more interesting is the behavior shown

between the double arrows in Fig . 5e For instance in the lower left

part it is favorable to haue either one of tue spins (in the middle)

antiparallel to the ferromagnetic network but it is undecided which

of them, and hence the states with these two spin confiqurations

are Ihgenerate . As a result, bulk magnetization is reduced, this

two spin cluster is only weakly coupled to the ferromagnetic environment,

in both states some interactions are unfavorable ('"frustrated" bonds).

Systems with frustration (Toulouse, 1977) cannot minimize simultaneausly

the energy because of campetition between different requirements e

This high ground stete degeneracy due to frustration is a basic feature

of spin glasses.

Similar frustration effects occur in XY- and Heisenberg-spin systems

(Kinzel and Binder, 1981 ; Dunlop and Sherrington, 1985) as illustrated

in Fig . 5 . Thus, as dilution proceeds, we expect that more and more

spins are effectively decoup.led from the ferromagnetic alignment

within the long-range ferromagnetic order, until ferromagnetism breaks

down completely already above x, as observed experimentally in Eu x Sri_xS

(Maletta and Convert, 1979) . A neu type of Order, the spin glass,

occurs instead characterized by these two ingredients ; disorder and

frustration . Disorder in the Eu ions alone as •induced in the dilution

series by substitution with Sr will not destroy ferromagnetic order

for x> xp (EuxSrl-x 0), unless competition in the exchange coupli,ngs

comes into play (Eux Srl_xS) . Dn the other hand, frustration alone

is also not sufficient to create a spin glass ; for example a system

an a triangular lattiee with .antiferromagnetic Bonds to nearest neighbors, . ..

or the Mattis model (Mattis, 1976), both are . frustrated systems but

without disorder, :,i .e . no spin glasses
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3 Rare-earth span-Blasses

The basic requirements for any type of magnetic order in a solid

are the existence of magnetic moments associated with unpaired electrons

an the atoms, and interactions to couple them . together a

3 .1 nteractions:

In systems with lanthanides the 4f shell builts . up a well-localized

moment gg BS i which may be coupled to neighboring moments by the isotropic

Heisenberg exchange ,

-~ -

	

`

	

-2J . .S .

	

S.

	

ij

	

1J 1

	

J

where J ij is the exchange parameter betueen spins at site i and site j.

lt is positive for ferromagnetic coupling and negative for antiferro-

magnetic coupling . The insulating Eu-monochalcogenides Eu0 and EuS

are be lieved to be some of the most ideal realizations of the isotropic

Heisenberg model of ferromagnetism (Zinn, 1976 ; Wachter, 1979).

In metallic systems uith 4f atoms the .most prominent source of long-range

interaction between magnetic moments is the mechanism first described

by Ruderman and Kittel (1954), Kasuya (1956) and Yosida (1957), which

involves the conduction-electron sea as mediator of the interaction.

Distinctive features of the RKKY-interactions are its lang range .

and oscillatory nature:

cos(2k R + 0)
	J(R)

	

k R»l

	

o

	

(kFR) 3

The effective exchange parameter J . between spins of distance R falls

off as R -3 and oscillates in sign and magnitude with R, so the coupling

cangive ferro- as weil as antiferromagneticalignments . Here, kF

is the Fermi wave number, 0 a phase factor, and V a is proportional

to J2s where J fs is the exchange interaction between the lacalized
f

f-electrons at the lanthanide and the conduction electrons of the

hast metal . The oscillations arise when the Fermi surface is sharply

defined . For further discussions an the RKKY interactions in disordered

(1)

(2)
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systems ure refer to the literature (de Gennes, 1962 ; Kaneyoshi, 1975;

de Chätel, 1981 ; Levy and Zhang, 1986)0

3$2 Anisotr2p1e2 :

The interactions discussed so far are isotropic in nature . Anisotropy,

however, may influence the magnetic ordering substantially . Here,

we are going to distinguish between three main sources of anisotropy:

(i) Magnetic dipolar interaction

-e -e

dip

	

pi

	

4 .	3(µi • • ) (

	

•)
(3)

ij

	

r

	

3
5ij

tends to align the twa moments

riJ

and j parallel, along the

line joining their sltes,

	

r j o

This anisotropy is of order 1 K anly and probably not important

for typical metallic spin glasseso lt may be relevant for insulating

spin glasses Eu x Sr l-xS (Binder and Kinzel, 1983)®

(ii)

	

aloshinskii-Mor ya (DM) interaction

(Dzyaloshinskii, 1958 ; Moriya, 1960):

DM- - D .

	

(s . x 5 )
ij

	

iJ

	

1 J

-p
wich vector D ij

	

-Djr Here, a conduction electron of the

hast metal is first scattered by the spin S1, then ..via spin-©rbit

interaction by another (nan-magnetic) impurity T (where D is

proportional to the spin-orbit coupling constant), and finally

by a second spin 5 The same mechanism,•but without the process

at T, .leads to the RKKY interaction, thus the DM interaction

is of third order in perturbation theory .

(4)



-12-

Fort and Levy (1980, 1981) propose this DM interaction to be

responsible for observed anisotropy effects in metallic spin

glasses . The anisotropy field D is randomly distributed (Ilke

the T atoms.), i .e . there is n	 lobal anisotropy axis, but

with eq, 4 one gets a macroscopic anisotropy energy of unidirectional

character

EDm

	

-K . cos

	

with K ,-•D2	(5)

EDm is only dependent an the angle 0 of spin rotation from

any axis, there is no preferred directiona In this sense the

DM interaction in spin glasses leads to an "isotropic anisotropy".

(iii)Single ion anisotr py

si

	

-D(Sz
i

	

i)
2

in uniaxial crystals where z being the easy-axis directiono

This anisotropy is also related to the spin-orbit coupling

which is rather strong in 4f atoms . lt occurs in systems containing

non-S state Ions, mostly from interaction between the non-spherical

electronic charge distribution and the local crystalline field

created by the surroundings . Due to the uniaxial character

of this type of anisotropy one expects to observe .a preferred

direction.(z)in magnetic proper.ties .of.such crystals.

3e3 Spin-glass systems:

Let iss consider ingredients of typical systems out of the lärge variety

of substances. containing rare earths, for which .some .spin-glass prop.arties

haue been reported (see also Durand and Poon, 1979) .

(6)
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Jslk = 0.221K
- J21k =-0 .100 K
J31k = 0 .006K
Jclk =-0 .007K
J5lk 2-0 .004K

4--

Eu S

0.S

6

	

8
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18 0
q [nm- 1 ]

4

0.8

4
7 4 0 .6

0 .8

t
0.6

0 .4

Eu0

EuS

Eu Se
EuTe

Fig .

	

(a) Spin-uave dispersion in EuS, measured by inelastic neutron

scattering at T

	

1 .3 K(Tc = 16 .6 K) . The_solid lines represent

the best fit using up to fif'th neighborsexchange interactions.

The arrousindicate the boundary of the First Brillouinzone

in the various symmetry directions (From Bahn et al ., 1980).

(b) Dependence of the•exchange interactions,

Eu-Eu distance R r in the Eu-chalcogenides .
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Insulating crystals : The system Eu xSr l-xS has been studied in great

detail in recent years (Maletta, 1982a) and is nowadays regarded

as the standard system for spin-glass properties in insulating compounds.

Its model character is due to the stable, well-localized, spie-anly

magnetic moment of i . = 2 gB S i = 7 gB carried by the 4f7 - 857/2

groundstate of the Eu2 ion at a site i of the NaC1 lattice of EuX,

which is coupled to each of the z r Eu spinn Sr in the r-th neighbor

shell by the isotropic Heisenberg interaction yielding the sum

R
<

	

r	 	 -

	

.
	2 zr Jr S . . S r

	

.

	

(7)

r = 1

Recent detailed study of the spin-wave dispersion by Bohn et al.

(1980) in a single crystal of EuS (enriched with 153Eu) by inelastic

neutron scattering technique (Fig . 6a) confirms previous assumption

that the range of the exchange interactions is essentially limited

to the second nearest neighbors : J 1/k8 = 0 .220 K and J 2/kB = -0 .100 K,

while the exchange interactions to more distant neighbors decrease

to a few percent of J 2 only . The dependence of J 1 and J2 an the Eu-Eu

pair distance R r = a/' 2 (a _ lattice parameter) for each of the

Tour members of the EuX series is summarized in Fig . 6b . Eu0 with

the shortest R r values obviously is a special case where both J 1

and J 2 are positive, otherwise J1 and J2 are opposite in sign . obviously,

going from Eu0 to.EuTe, i .e, in the direction of increasing lattice

constants and covalent character of the chemical band, J r shifts

to more negative (or smaller positive) values . In the theory of Kasuya

(1973) the following exchange mechanisms for J 1 and J2 are proposed:

An Eu-Eu superexchangewith virtual transfer of a 4felectron

to the5d-t2g excited state ..o•f a Eu nearest neighbor (J l ; , z1	12).

An indirect superexchange betweenEu next-nearest neighbors

involvingthe antibonding 5d_eg orbitals of the Eu and the

p orbitals of the anion(J2 ; z2	6).

For further discussions an EuX see.Wachter. ; . ( 1979) .
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A careful analysis of the high-temperature susceptibility of Eu xSrl-xS

versus Eu concentration by Köbler and Binder (1980) has been used

to search for possible deviations in the atomic arrangement from

the ideal random mixing (see also Binder, 1982) . No indication for

chemical short-range order in Eu xSr l-xS is found . The experimental

data can be quantitatively understood over the whole Eu-concentration

range by taking only into account the weak dependence of the exchange

parameters an concentration and temperature via lattice expansion

(EuS : ao = 0,597 nm, SrS : ao - 0.602 nm).

The presence of well-known competing exchange interactions of short

range, 01 and J 2 , in EuxSrl-x S over the whole x-range has made this

system a famous spin-glass material where the conditions for spin-glass

behavior discussed above are realized very clearly . Eor this reason

a lot of different experiments has been performed an this material,

and experimental results an this rare-earth system will be somewhat

emphasized in this review.

Fig . 7 : Magnetic phase . diagrams for the diluted ferromagnet Eu x Srl-xS

(Maletta and Welsch, 1979b) and the diluted antiferromagnet

EuxSriyxTe (Börgermann et al ., 1986b) . PM

	

paramagnet ; FM

ferromagnet ; AFM antiferromagnet ; SG w spin glass . Notethat

the boundary between SG and AFM in EuxSrl-XTe is not yet studied

by neutron scattering technique .
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In EuS the dominant interaction (J i ) leads to ferromagnetism, in

EuTe the dominant interaction (J 2 ) to antiferromagnetism, both possessing

competing"exchange, J1 and J 2 . Thus, as expected from discussions

above, spin-glass behavior is cbserved in both dilution systems,

in the diluted ferromagnets Eux Sri-xS (Maletta and Felsch, 1979 b)

and in the diluted antiferromagnets Eu xEr 1-xTe (Börgermann, Maletta

and Zinn, 1986a, b) . Their magnetic phase diagrams are displayed

in Fig . 7).

Westerholt et al . (1981a,b) started by mixing the ferromagnet EuS with

the metastable antiferromagnet EuSe together, EuSySe1-y . From ac

susceptibility and specific heat measurements they claim to obtain

a narrow concentration regime around y = 0 .10 with spin-glass or

"mictomagnetic " properties (Fig . 8a) . Theoretical work often predicts

in such a phase diagram an intermediate region with mixed ferro-

and antiferromagnetic order, instead (Fishman and Aharony, 1980).

As long as neutron diffraction studies have not yet been performed,

a finite decision an the type of magnetic order is still open in

that Gase . The same authors proceed by diluting this system with

EuSySe 3_y Eu x Srj x SYSe 1 y

.o

	

T

	

T

y=0.2

0 .5
0.5

	

x

	

o.o

Fig . Magnetic phase diagrams for EuS y Se l-y for 0y < 1, and EuxSr i-xS y Se l-y

with y = 0 .2 and y = 0 .5 for 0

	

x . 1 . FM w ferromagnet ; AFM

antiferromagnet ; 5G p spin glass (From Westerholt and Bach, 1981b) .
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Sr which stabilizes the spin-glass ordering, and broad spin-glass

regimes versus Eu concentration are observed (Fig . 8b) in Eu xSrl-x S y Se l_y ,

It can be understood by systematically changing the ratio J 2/J 1 with

concentration y, for instance they estimate J 2/J 1 .0,75 for the

system with y = 0 .2, and J2/Jl h -0 .6 for y - 0 .5 . This feature is

in qualitative agreement with model calculations in 2 dimension by

Binder et al . (1979) where just this behavior has been predicted o

12

	

Eu, Sr,_ ; As 3

_ TmaY :
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o xsia

x ;flb
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	 r	 n
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0.4

	

0 .5

	

0.3

x

Fig . 9 : Magnetic phase diagram for EuxSrl-x As3 . PM

	

paramagnet ; AF

antiferromagnet ; IC = incommensurate antiferromagnet ; LSG =

longitudinal spin glass (freezing only for %lib) ; SG = spin

glass (additional freezing of transverse components) . Triangles

denote specific-heat results, other symbols denote the temperature

of the maximum in the ac susceptibility % The Grosses denote

-measurements in unspecified directions . Note that the "re-

entrant" phase boundary (dashed line) is anly tentative, neutron-

scattering studies are in preparation (From Schröder et al ., 1986) .
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Semimetallic crystals : The next system being introddced in this section

is the dilution system Eu xSrl^xAs3 based upon the semimetal EuAs 3 .

EuAs3 and SrAs 3 are.again isostructural, namely monoclinic, with

nearly equal lattice parameters (Bauhofer et ei ., 1981) . The anti-

ferromagnet EuAs 3 undergoes two successive magnetic transitions (Bauhofer

et al ., 1985 and 1986 ; Chattbpadhyay et al ., 1986) at 11 .2 K and

10 .3 K . First, a transition to an incommensurate magnetic structure

occurs Kuhich is followed by a lock-in transition to a commensurate

antiferromagnetic phase at 10 .3 K where the magnetic moments are

oriented in the crystallographic b direction . Together with a careful

neutron diffraction study, a detailed theoretical investigatian of

the incommensurate state has been performed (Thalmeier, 1986 ; Chattopadhyay

et al,, 1986), suggesting that there exist competing exehange inter_

actions to the nearest and next-nearest Eu 2± neighbors,

Therefore, it is not astonishing that Lecomte et al, (1984 1986a)

observe a spin-glass regime in Eu xSr l'xAs 3 . Very recently, a study

of the directional dependence of the ac susceptibility (Schrbder

et

	

1986) reveals anisdtropic spin-glass behavior : By lowering

the temperature longitudinal (i .e, for the ac driving field parallel

to the b direction) and subsequently transverse freezing occurs at

different temperatures, Fig . 9 shows the magnetic phase diagram of

Eux Sr lmxAs3 .

Metallic crystals : Metallic systems, like Fe impurities in Au, are

often cited as "classical" spin glasses, referring to the pioneering

experiment by Cannella and Mydosh (1972) where a "cusp" in the ac

susceptibility, '(T), in low-magnetic fields is cbserved in these

dilute alloys . In such systems, however, the interactions are ratbar

complicated and nat precisely known:

Magnetism created by 3d el .ectrons are not properly described

by localized moments, ,at_least for concentrations up ; to about

10 at% or even more, as often used in experiments . Madifications

of the far too idealized RKKY interaction and additional direct

overlap of the d electrons have ...to be included in .realistic

model calculations.

The situation is even more complicated as sometimes an interplay

with atomic short-Tange Order occurs .
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A careful anelysis of the paramagnetic susceptibility by Morgownik

and Mydosh (1983a,b) confirms both complications being present in

'3d systems, e .g, in Cu, Au and Pt host-metals with even low (g'8

at 26) Mn and Fe impurity concentrations . Nevertheless, there exist

competing interactions which are responsible for the appearance of

the spin-glass state in such systems.

Here we will concentrate an rare-earth systems which built up well-

localized moments . In the class of dilute rare-earth metals and inter-

metallic compounds for which spin-glass behavior has been reported,

one topic involves 4f-impurities in superconducting hosts . Already

a small amount of paramagnetic impurities, as example 1 at% Gd in

La, destroys superconductivity . Above this critical concentration

Hein et al . (1959) have observed the first striking Iow-field sus-

ceptibility maxima (Fig . 10) already in 1959 which today we take

as characteristic of spin-glass freezing (see also Finnemore et al .,

1968, for an additional neutron diffraction study) . In rase of a

very weak depression of the superconducting transition temperature

Tc with magnetic impurity concentration x, as in Nd x Th l6x Ru 2 , Hüser

et al . (1983a) have given experimental evidence for even a coexistence

of the spin-glass and superconducting state . Its phase diagram is

shown in Fig . ii, For recent reviews on the competition between super-

conductivity and magnetic order, with more complete references on

experimental systems studied, we refer to the literature (Maple,

1976 ; Roth, 1978).

Another subject class is concerned with diluted 4f metals . Sarkissian

and Coles {1976) have tried to distinguish between spin-glass freezing

and helical ordering in solid solutions of Gd, Tb and Dy in Y and

Se by means of resistivity and susceptibility measurements (Fig.

12) . These materials have attracted recent interest again, because

some are candidates for anisotropic spin glasses (Baberschke et al .,

1984) . lt also turned out that spin-glass behavior in yttrium based

alloys occurs at much lower concentrations than previously claimed .
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Furthermore, diluted intermetallic compounds with 4f etoms also reveal

spin-glass properties, for example (Gd, La)A1 2 (v . Löhneysen et al .,

1978b), (Gd,Y)A1 2 (Besnus et al ., 1980), (Gd, La)B6 (Feisch, 1978),

and (Er, Y)A12 (Bruss et ah, 1979).

Amorphous all2ys : This class of structural disorder contains for

instance a-GdxAl
l-x where detailed studies provide evidence for span-glass

behavior in the concentration range 0 .30 ,ex e 0 .40 (see phase diagram

in Fig . 13 ; McGuire et als, 1978).

On the other hand, amorphous systems like a-DyCu whose magnetic Orders

are highly influenced by the random distribution of local anisotropy

axes (due to single-ion anisotropy of non-S- .state rare-earth atoms)

will be called "speroma nets" (Moorjani and Coey, 1984) and not discussed

here, but in section 9 . Remember that we decided to adopt the term

"sein glass" to denote disordered magnets whose magnetic properties

are due to a broad distribution of positive and negative interactions .
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4 . Model calculations

7o diseuss this new type of ordered phase in spin glasses, one would

like to haue a microscopic model rohere the actual interactions and

anisotropies are considered and the average over a realistic de-

scription of the site dilution disorder is performed . Clearly this

is a difficult task and up to now no realistic model of a spin glass

has been solved analytically . In addition, there exists another

difficulty because a proper treatment of systems with quenched disorder

like spin glasses involves averaging the free energy f rather than

the partition function Z

kB T

f m[ f
f x

]av
e

	

[inz

	

x

	

av

	

(8)

rohere f depends an a large set of variables

	

x ' describing the randomness,

4 .1 Eduards-Anderson model:

In 1975 Eduards and Anderson (EA) published a paper (Eduards and Anderson,

1975) which revolutionized the statistical mechanics of disordered spin

systems . Stimulated by Cannella and Mydosh's observation of a cusp in

the temperature dependence of the ac magnetic susceptibility of dilute

alloys such as Aufe and CuMn (Cannella and Mydosh, 1972), EA propose

a model to study this problem and a method of solving it . They consider

the Hamiltonian

whereclassical spins S i are ..put onto the sites of a regular lattice,

and disorder is introduced by a suitable .distribution P(3 . .) of exchange

interactions . H is an external magnetie fiield . for instance a Gaussian

distribution of the J . . can be taken
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For Ja < e J there are ferromagnetic (J ij > 0) as well as antiferro-

magnetic (J 3. < 0) couplings.

EA present the following picture of a spin glass below the "freezing

temperature" : If one observes a given spin pointing in a certain direction,

then there is a finite probability for a long period of time to find

the spin pointing in the Same direction . They propose a new type of order

parameter which describes lang-time correlations (instead of lang ..range

patial spin correlations)

%A - tim E< Si tS i 0 >T ] av
te09

where < . . . > T denotes a statistical mechanics average for a given

set of interactions and E. . .

	

av
is an average over the distribution

of interactions (_configurational average) . It should be emphasized that

what differentiates the spin-glass phase from the paramagnetic stete

is precisely the non-vanishing value of the local autocorrelation function

in time . Thus a "memory" .effect prevails in the spin-.glass .state.

In order to avoid averaging lnZ, EA use the so called replica trick,

where one averages quantities such as Z n when n is an integer . The relevance

of averaging Z n instead of lnZ lies in the relationship

lnZ 7 lim 1 (Zn -1)

	

(12)

n°e0

Another way of getting around this difficulty is studying time-dependent

phenomena in spin glasses (de D.ominicis, 1978).

The EA model contains the two essential ingredients for a spin glass -

disorder and competition as discussed above - but it is a . crude approximation

to real spin glasses . Therefore at the beginning :we haue to discuss how

well this model reproduces spin-glass properties . Up to now there is

no analytie solution available for the short-Tange EA model . Even modern

methods like real space renor.malization yield ineonclusive results (Kinzel

and Fischer, 1978 ; Tatsumi, ..:1978) . Hence numerical methods like the Monte

Carlo simulation haue been applied to answer this question the results
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of which will be briefly summarized now, Then the mean-field analysis

of the EA model will be discussed, and finally the question about the

'existence of a phase transition in real spin glasses is taken up in the

last part of this section . We restrict ourselves, however, to describing

always some typical results only ; further details of the model calculations

are deferred to the following sections where they are presented in direct

comparison with experimental data,

4 .2 Monte Carlo simulations:

Extensive studies of the 2-dimensional EA-Ising model with Gauselan distri-

buted nearest neighbor bonds by Monte Carlo simulations (Binder and Schröder,

1976 ; Kinzel, 1979 ; Kinzel and Binder, 1984) provide evidence that the

EA model reproduces many experimental findings an real spin glasses re-

markably well . For instance

- A peak in the time dependent susceptibility 7,( T ) at T f (Fig . 14b).

- A broad maximum in the magnetic specific heat C(T) above T f (Fig . 14a).

- A plateau in the field-cooled magnetization M(T) (Fig . 14c) and an

	

S-shaped curve

	

of MZFC(H) (Fig . 14d).

- The existence of different remanences, TRM and IRM, and their dependence

an temperature, field and time (Fig . 27).

Some of these results are shown in Fig, 14 and Fig, 27 which can be com-

pared with Fig . . . 2.

	

4 .3 Meän-field the	 (Sherrington-Kirkpatrick model):

4.3 .1 Ising eins : The infinite-Tange model of Sherrington and Kirkpatrick

(SK) (1975) was originaily introduced as a model f or uhich the mean field

analysis of EA would be exact . Hera, each spin. couples equally with

every other spin in the systEm . One takes in eq . 10 the mean • J ij 3av
J
o
/N and the variance AJ ._ J/

	

in order to geta non-trivial :thermo-

dynamic limit (N is the number ofspins in the system) .
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But while the formulation of mean field theory e .g . for an infinite-Tange

ferromagnet is rather trivial, the formulation for spie glasses has been

- a major challerge of theoretical physics . It has taken eight years to

achieve an essentially complete understanding of the thermodynamics of

this model . In fact, this model starts from an unphysical assumption,

but equally as for conventional pure problems it has proven very instructive,

and many experimental results are in remarkable qualitative agreement

with the SK model's predictions.

lt has been shown that the SK model has a true phase transition in thermal

equilibrium at a finite temperature T f , with a cusp both in the magnetic

susceptibility ,(T) and the magnetic specific heat C(T) . The latter prediction

is in serious disagreement with experimental specific heat data . In magnetic

fields the cusp in w(T) does get rounded, however the fields required

for the rounding are approximately twenty times stronger than the ones

observed experimentally.

In the original solution of this model by 5K the low-temperature phase

is characterized by a single order paremeter, q SK , defined by

qSK

	

(S i > T2 ] av

	

(13)

gSK(T) vanishes at T f as qSK

	

I-T/T f and is unity at T = 0 . The cusp

in %(T) at T f is given by

1P. ) i (1-qSK )

This solution was subsequently shown'by de Almeida and Thouless (AT)

(1978) to be unstable below a line in the H-T plane terminating at T T f

for H

	

0, and varying forsmall fields as

gTKA'
)/I

	

( 3/4) 1/3 • (H )2/3

(H) .
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lt turned out ' that this instability is not an artifact of the method

employed, but it represents an inherent difficulty of the spin-glass

problem, and its study has pointed the way to the essential physics.

Below the AT line (at which the symmetry between replicas is broken)

a single order parameter description is no langer correct, but a whole

order parameter function q(x) is necessary, monotonic in the Tange 0 ~ x � 1,

to describe the static properties (Parisi, 1979) . The meaning of this

function q(x) was initially obscure . lt has been obtained by the replica

method together with a selfsimilar replica symmetry breaking (fractal

structure ; see e .g . de Dam inicis, 1983), but q.(x) is also given by a

dynamical formulation where the parameter x is related to a set of time

scales (Sompolinsky and Zippelius, 1981) . There have been various discussions

of the relation between the two approaches (Houghton et al ., 1983 ; de

Deminieis and Young, 1983a) . These considerations clarified the characteristics

of the phase below the AT line in the SK model.

Sompolinsky (1981) shows that there are relaxation times which diverge

exponentially in the thermodynamic limit (N-› Dz) . This idea is connected

with the fact that the mean-field equations of Thouless, Anderson and

Palmer (TAP) (1977) which describe the magnetizations for a particular

set of 7 i , have many solutions (Bray and Moore, 1980 ; de Dominicis et

ah, 1980) : For a system of N spins the number of states metastable against

single spin flip scales as N s (N) - exp( e(T)• N) where «(T) is non-zero

for T below the AT line . These minima in phase space ("valleys") are

stable at finite temperatures if they are separated from each other by

an energy barrier whose height diverges when N e . Sompolinsky's diver-

gent times scales presumably correspond to the rare fluctuations over

these barriers uhich can occur for finite N.

Thus spin-glass ordering is non-uniquer there exists a large number of

equivalent states with the saure macroscopic properties but with different

microscäpic spin configurations - contrary to usual periodic erder where

only one state occurs (up to rotation or S iö ± 1 Ising symmetry) . In

Fig . 15 a schematic pieture of the free energy is shown as function of

one coordinate in phase space, with many '"valleys'! separated by high

free energy barriers .



SPINGLASS

t' c N-e- 29

FERROMAGNET

(P-

Fig . 15 : Schematic plot of the free energy F of a spin glass as a function

of a phase-space coordinate O which measures the projection

of the considered stete an a particular ordered state . The insert

shows the Situation in an Ising ferromagnet for comparison m

Now the meaning of the Order parameter function q(x) can be understood

for instance in terms of dynamics : If one takes N4

	

before the time t

tends to infinity, the system will stay in a single valley and one will

measure %A . However, if we study the infinite time limit of a finite

system then the system will move between different valleys in phase space

and the time average will be equivalent to the average from equilibrium

statistical mechanics e q:

%A = lim lim q(t)

q

	

lim lim lim q(t)

H40

	

t

Here in the time dependent .autocorrelati.on function

(16)

(17)
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the time average ~., . > t, is performed over the observation time . The
0,0

canonical Gibbs average must be evaluated with a small field H which

breaks the spin reversal symmetry (Si-›

	

for all i) and which is taken

to zero after taking N *e.

The parameter x labels a speetrum of relaxation times e(x) where 'C(x)

deereases with x : The shortest time marked by x = 1 defines

q (x = 1) = q EA

	

(19)

for which the system remains in a single valley, whereas the statistical

mechanics order parameter q is assoeiated with the langest time (marked

byx0)

(20)

which leads to an average over all valleys.

Fron the monotonic increase of the lifetimes with N it feilows that in

the thermodynamic limit the SK model is non-ergodic (Palmer, 1982) below

T f (H) : The time average of the order parameter
qFA

does not agree with

the ensemble average q . Monte Carlo simulations yield for the time average

1-q [A (T)

	

T 2

°X,(T) = T (1-q

Fbrthe ensemble average one cbtains

1-q(T) eg T

eq (T ) _ ,Cr- • (l-q)

	

const.

These twolimiting processes in 7 (T) are sketched in Fig . 16 .
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T

Fig . 16 : Susceptibilities, eq . 21 and 22, vs ® temperature as obtained

for the SK model with infinite-range interactions,

The Parisi order parameter .function q(x) ... with Q 2 xe.;1 is shown to be

related to "overlap functions' o between different valleyso Defining an

overlap

X 12

	

`

	

'
5i= L

	

< S i
i

between two stetes . ‹S .'> and <' .S3 ! (er two valleys), then the probabi-

lity distribution P(q) of phases•.having overlap equal to q is just the .

derivative. of the inverse funetion :x(q):

P(q) e dx/dq

	

(24)

(Parisi, 1983 ; Young, 1983b ; de Dominicis and Young, 1983b).

Looking st overlaps between three valleys (Mäzard et a1e, 1984) it turned

out to ones sorprise thatthere are restrictions an the values these overlaps

can take : There is no probability associated with all three overlaps . different.

Such restrictions characterize an ultrametric spacee Physically it arises

from a hierarchical structureof "valleys withinvs .ileys within .e®" .

(23)
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Sunmarizing the theoretical picture of the 5K model of a spin glase,

there are many thermodynamic states below the phase transition at T f

which can be characterized by a erhole order parameter function q(x).

In a single thermodynamic state ("valley") the order parameter is the

largest value of the Parisi function, i .e . q(x = 1) = %A . The many valley

structure of phase space leads to diverging relaxation times and to non-

ergodic behavior . The freezing temperature T f Signals the onset of irrever-

sibility (_ replica symmetry breaking).

These properties are also found in an external magnetic field H below

the AT line (see eq . 15 and Fig . 17) . There is an analogous transition

ruhen H = 0 but the mean of the exchange distribution J o? 0 : As shown

in Fig . 18, then the AT line is the boundary between the ferromagnetic

phase FM and a modified ferromagnetic phase F' with irreversibility (often

called a "mixed" phase) . The F'-SG phase boundary is vertical in the

T-30 phase diagram in the Parisi theory.

4 2,32 2 Heisenber spin glasses in magnetic field : Up to now we always

considered Ising spins in the SK model . Let us now discuss very briefly

the generalization to m component vector spin glasses (m _ 3 : Heisenberg

spins) (Sherrington, 1983) . It turned out that isotropic vector spin

glasses within the SK model are rather similar to the Ising Gase . Interesting

neu features, however, occur in the presence of a magnetic field H, as

first discussed by Gabay and Toulouse (1981) (see also Cragg et al .,

1.982a).

The FA-Hamiltonian in eq . 9 is now written for classical vector spins

S i with m components S ip ',

	

1, . . ., m . The 4 = 1 component is defined

to be parallel to the field H . The SG order parameter is then a tensor

in spin space with
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Fig . 17 : Plot of the deAlmeida-Thou1ess (AT) line for the SK model (Ising

spins) with J 6 - 0 (eq . 15) . To the right of the AT line (P)

the SK solution with a single order parameter is correct, while

to the left of the AT line (SG) the Parisi'sorder-paremeter

funetion is believed exect . The AT line signals the onset of

irreversibility.

T~/J

1

1

	

J.o .iJ

Fig . .1S : .Magnetic phase diagram for the SK model (EA) model for Ising

spins with infinite range couplings) . J . and J. denote the width

and mean of theexohange distribution- P paramagnet ; FM

ferromagnet ; SG sein Blass . F' is a ferromagnetic phase with

replica symmetrybreaking, i .e . irreversibility("mixedphase")

and is separated from FM by an AT line
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SG

1

	

TIT
Fig . 19 : Plot of the Gabay-Toulouse (GT) line (solid line) for an infinite- .range

vector-spin glass (eq . 27) . The low-temperature phase (SG)

has nonzero transverse spin-glass ordering . The deAlmeida-Thouless

TAT) line (dashed line) strictly no langer oceurs but there

is a well-defined erescover region which follows a similar curve.

Jo/J

Fig . 20 : Magneticphase diagram for . an infinite-Tange vector-spin glass

with nonzero meane dos in the exchange distribution . P =_paramagnet;

FM = ferromagnet ; SG spin glass . The"mixed phase" F' where

ferromagnetism coexistswith transverse spin-glass order is

separatedfrom FM by aGT line {solid live) ., The dashed live

indicates acrossover region as in Fig .
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In the presence of a field one always have M = [ '
51 > T au

	

0 and

qu

	

0, but Gabay and Toulouse (GT) predicted a transverse freezing,

with q1 � 0, below the GT line (for small H):

T f(H)

~°

	

-

	

2 (m+2}

	

( H )2

	

(27)

This feature is sketched in Fig . 19 . Thus, a vector spin system in a

field H within the 5K model exhibits a phase with spin-glass order trans-

verse to the field, reminiscent of a spin-flop phase of a pure antiferro-

magnet . Just below the GT line, only weak irreversibility occurs in the

longitudinal component q fl , but there is a crossover to streng irreversi-

bility in q f1 at a region which goes as H2/3 like the AT line (indicated

by the dashed line in Fig . 19).

Again we also report an the corresponding behavior in the T--J o phase

diagram, as sketched in Fig . 20 . There is an analogous GT-transition,

when H

	

0 but Jo> 0 , from a collinear ferromagnet FM to a P4 canted FM

state FF F', .where ehe spins are not all parallel because q1 0 as well

as M

	

0 . Thus, in vector spin glasses with J o > 0 a 16mixed" phase F'

is predicted in the 5K model where ferromagnetism caexists with transverse

spin-glass ordere The F'-SG phase boundary is again vertical.

403 .3 Rnisotro ic s in

	

assen : Neu we turn to the effect of single-ion

uniaxial anisotropy which in general leads to a preferred "easy" axis

of magnetization . Recent mean-field calculations (Cragg and Sherrington,

1982b ; Roberts and Bray, 1982) haue predicted a rather rieh magnetic

phase diagram (Fig . 21) für such uniaxial anisotropic spin glasses . The

Hamiltonian is given by .

(28)

where the anisotropy ener.gy D is allowed any magnitude or sign . The
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limiting models are ( i ) D T

	

Ising ; (ii) D

	

® 00 , planar

XY ; D w 0, Heisenberg, Let us consider the rase J o	H = 0.

If the anisotropy D > 0 is weak compared to the exchange J, two successive

transitions are expected (Fig . 21) : As the temperature is decreased,

spin components along the easy axis ("1"-direction) freeze at T f (longitudinal

spin-glass phase L-SG, with q i 4 0 and q ~- 0) . Then, at a lower critical

temperature T 2 the transverse components freeze as well (LT - SG, with

qit 0 and ql 0) . This second transition does not exist for sufficiently

strong anisotropy . Corresponding features are found if D < 0 which favors

transverse freezing (T - SG, with q2 0).

Fig . 21 : Magnetic phase diagram for an infinite-ranae vector spin glass

with uniaxial anisotropy D(Cragg and Sherrington, 1982b ; Roberts

and Bray, 1982) . Longitudinal (L) and transverse (T) spin-glass

Order occur .as well asboth together (L + T).

D/J

2

0
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4m3 . Dynamits : The non-ergodicity of the spin glass as described by

the SK model suggests that an understanding of spin-glass dynamics is

essential . lt has been studied for Ising spins in mean-field theory either

in the Glauber model or in the "soft spin" version (in which the length

of the spins is not fixed) (Kirkpatrick and Sherrington, 1978 ; Sompolinsky

and Zippelius, 1981 and 1982) . We have already discussed above the central

feature of Sompolinsky's theory which introduces time-dependent order

parameters and obtains a spectrum of timescales which die in the

thermodynamic limit belauf the AT line.

For temperatures above T f one has exponential decay of the spin correlations

with a characteristic time % and critical siowing down wich a divergente

oft at Tf, as expected from dynamical scaling (Hohenberg and Halperin,

1977) :

T -r
T f

with z

	

2 .

	

(29)

is the correlation length and z the dynamic exponent.

Below Tf, however, the analysis predicts algebraic_ decay of the correla-

tion function q(t) (see eqa 18)

q(t)

	

(t/er ) -3"

	

for T

	

T f	(30)

That means one has a marginal spin-glass transition in the SK model (Bray

and Moore, 1979), and the marginal.stability of the spin-glass phase

holds for all temperatures below Tf (Sompolinsky, 1981) ° Sompolinsky

and Zippelius (1981 and 1982) obtain an exponent

	

which decreases with

temperature below T f :
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Fischer and Kinzel (1984) calculate the dynamic susceptibility (C7,T,H)

near T f and determine the crossover for low frequencies from the expected

analytic behavior at high temperatures

Im !"
(tes)

	

- ( 3

to the behavior an the AT line:

Im

	

'(Gü)

	

1/2

at T > T f	(32)

at TTf

	

(33)

uhich is consistent with the critical exponent

	

- 1/2 at T f from eq,

31 . The crossover relations also reproduce the sharp increase of Im 1A(T)

as measured in spin Blasses,

4,4, Transition in real spie Blasses ;

We sau' above that the 5K model has a transition at Tf > 0 with a com_

plicated ordered state below T f . lt is of great interest to know how

many of these features of the meant.field theory are confirmed in

real systems in three dimensions (d

	

3), This will be discussed in the

next sections uhere you will see that despite extensive experimental

and theoretical studies several problems are still unsolved.

The question about the existente and nature of a spin-glass transition

in d W 3 has remained controversisl .. The 5K model does not answer the

question since it is a mean.-field theory, and the upper critical dimension d

for spin glasses is d u = 6 or for certain exponents even du = 8 (Eisher

and Sompolinsky, 1985)

Suggestions for the lower critical dimension d l for Ising spin glasses

range from d l 2 2 (Southern and Young, 1977 ; Änderson and Pond, 1978)

to dl = 4 (Fisch and Harris, 1977 ; Sompolinsky and Zippelius, 1983)0

In pure systems d 1 for Ising spins is known to be lower than that for

Heisenberg spins (d l = 1 for Ising ferromagnets ; d l - 2 for XY or Heisenberg

ferromagnets) . Below d l no transition occurs at finite temperature due

to thermal fluctuat.ions, and for d

	

d l one expects e .g . a divergente

f the exponent g with 1/U z 0.
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The absente of a finitemtemperature equilibrium transition of EA®Ising

spin glasses in tuet dimensions has been inferred from transfer matrix

calculations by Morgenstern and Binder (1979) which has been supported

later by fitting the high .T Monte Carlo data (Young, 1983a ; McMillan,

1983) . Thus, Ising spin-glasses for d = 2 are nou generally believed

to have Tf = 0 and 1/17> 0 (i.e . dl	2).

A similar concept of "T f =0-freezing" has been assumed to be valid in

three dimensions as gell (Kinzel and Binder, 1983 and 1984 ; Binder and

Young, 1984) . Hore recently, hovever p finite-size scaling for "defect

energies" for small lattices by Bray and Moore (1984 and 1985a), McMillan

(1984a), and Bhatt and Young (1985) has been interpreted as an indication

for a finite T f in d = 3 . Monte Carlo simulations an a very fast special®pur ..

pose computer by Ogielski and Morgenstern (1985) and Ogielski (1985)

urhich exceed the previous ones by several orders of magnitude tonfirm

the nonzero transition temperature for Ising spin glasses in d = 3 . They

obtain T f/31.2 and the following values of the eritical exponents;

= 1 .3 +- 0 .1

	

for the correlation length !eN‹.IT

	

T f 1
R

	

e

T = 2 .9 ± 0 .3

	

for the nonmlinear susceptibility

	

SG

e4

I T

_ -0 .22 ± 0 .05 for the decay of correlations

	

(34)

G(r)

	

r`B oB r . > 2 ]av

	

_d+-2-2 g(r/ ) o

-
z1r= 7.2 t 1

	

for the correlation time

	

m4, 1 T - Tf

	

z 7
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The exponential decay of spin correlations at high T changes to en algebraic

(Power-law) decay as the System goes through T f . There is a divergence

of e at T f folloving the dynamical scaling hypothesis . The magnitude

of critical exponents, and the rather unusual behavior of the spin- .glass

phase below Tf are not typical for a conventional phase transition to

a state with long-Tange order . This suggests that d _ 3 is dose to the

mar final dimension (i .e . d l	3). So far, the data are consistent wich

the hypothesis that the spin-glass phase is always eritical et all T < T f ,

i .e . that there is no true long-range order but rather that static and

dynamic correlations decay algebraically (Bhatt and Young, 1985 ; Ogielski,

1985) - just as in the rase of the Kosterlitz-Thouless (1973) transition.

in the two-dimensional XY ferromagnet, However, much greater lattice

sizes and lower temperatures are required to clarify this last point e
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5o Spin glasses at low temperatures

In this section characteristic properties of spin glasses at temperatures

well below the freezing temperature T f are discussed, T f being determined

e .g . by the maximum of the low-field, low®frequency ac-susceptibility.

A number of fascinating phenomena are known to occur in spin glasses

at low temperatures and they had been well documented in dilute alloys

such as CuMn and AuFe (Owen et al ., 1957 ; Schmitt and Jacobs, 1957 ; K ouvel,

1961 ; Tournier and Ishikawa, 1964) lang before these systems became ob_

jects of such intense and systematic studies.

5 .1 Irreversibilities:

In thermal equilibrium the magnetization of spin glasses is zero since

the magnetic moments point into random directions (see e .g . property

(b) in sec, 2.1 .) . However, there exists a finite magnetization, called

remanent magnetization, Mr , after an external magnetic field has been

switched off at low temperature . The Mr value and the magnetization M

in smali fields are found to be dependent an temperature, field, time

and an the "magnetic history" of the sample . Observations of such irrever-

sibilities provide potentially useful information an low-temperature

properties of Spin glasses which will be discussed now.

The two most commonly "magnetic histories" used in experiments are the

following (Tholence and Tournier, 1974) : The zero®field-cooled (ZFC)

magnetization is obtained by cooling the sample to the measuring temperature

T-c T f in zero external field starting at high temperature T > T f ; then

a Field H is applied at T* and M is measured (M uc ) . After this ZFC proce-

dure one can switch off the field H at T* in Order to obtain the so called

isotherrnal remanent magnetization (IRM) . The second, fieldmcoolinq (FC)

procedure is to turn an the field H already above Tf and then to cool

the sample in this field H down to the measuring temperature T* < T f

where one measures either the magnetization M FC or, efter switching off

H the so calledthermo-remanent magnetization (TRM) .
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Fig . 22 : Static susceptibilities M/H of CuMn spin glasses vs . temperature

for 1 .08 at% and 2 .02 at% Mn . After zero-field cooling (H .A5x10 -3mT)

the initial suseeptibilities (ZFC) were taken for increasing

temperature in a field of 0 .590 mT . The field-cooling susceptibili-

ties (FC) were obtained in the field of 0 .590 mT which was applied

above T f before cooling the sample, and they are reversible

(From Nagata et al ., 1979).

Suseeptibiliti.es, M/H, dedueed from such measurernents in low field H

are shown in Fig . 22 for twa spin glasses Cul-xMnx with concentration

x ..`0 .0108 and 0 .0202 (Nagataet al ., 1979) . One realizes that even in

such a small field of H_ 5 .90 G, MFC is different from MZFC (here the

"zero" field is less than 0 .05 G)below Tf . On heating,the FC-magneti-

zation is reversible, whereasthe ZFC-magnetization is not . If the ZFC-ma-

gnetization is cooled back down sufficiently below T f , a reversible and

relatively T-independent magnetization is obtained,

The field dependence of bothsorts of magnetizations is .displayed in

Fig . 23, taking as example data of the spin glass Eu0
.30Sr0

.70S at 70 mK

(Maletta and Feisch, 1979b) . The magnetization after ZFC exhibits a smaller

slope versus H than MFC (H) below T f which is consistent with the findings

at very low fields discussed above . An interesting Feature is the S-shaped

curvature of MZFC (H) with an inflection point which moves downward in

H with increasing T and disappears at about Tf (see also : Knitter and

Kouvel, 1980) .
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Fig . 23 : Magnetization M of Fu0
.30Sr0 .70'

spin glass as function of the

applied Field at T - 0 .07 K . Both the magnetization MzFC and

isothermal remanent magnetization IRM, measured after zero-field

cooling in increasing frield, as well as the magnetization MFC

and thermoremanentmagnetization TRM, measured after cooling

in the field B Q , are shown . The insert displays schematically

thecorrespondipg ZFC .. and FC .-susceptibilitiesvs . temperature

(From .Malettaand Feisch, 1979b) .
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We now turn to theremanent magnetization which is only a small part

of the total magnetization and is dependent an magnetic history, too,

with

IRM (H,T) < TRM (H,T)

	

for small fields

	

(35)

as shown in Fig . 23 . The TRM starts out linear with the field H at small

H, while the field dependence of the IRM is quadratic . There is no indication

of a threshold field down to 0 .5 Oe (Ferr8 et al ., 1981) below which

no remanent magnetization is observed as claimed by some authors (Tholenee

and Tournier, 1974 ; Cray, 1979) . In high enough fields, both IRM and

TRM saturate to the same value M
rs

in a monotonous way,while the TRM

Fields exceeding H cr (T) where IRM

and hence irreversible effects are

however, does not saturate even in

for H > Hcr . The IRM approaches it

pesses a maximum versus field . At

and TRM merge the history-dependence

negligible . The total magnetization,

pulsed fields up to 40 Tesla (Smit

et al ., 1979 a and b ; Rakoto et .al ., 1984) . The temperature dependence

of the saturated remanent magnetization obeys the relationship

Mrs (T) .= M © exp(-aT)

	

(36)

except at very lou temperature (just where the TRM is found to be 'arger

than
Mrs

see Fig . 23) as shown in Fig . 24,

lt has been wellknown from the beginning of these studies that the ZFC-

magnetization and both types of remanent magnetizations show Jong-time,

non®exponential variation in time (Tournier and Ishikawa, 1964 ; . Tholence

and Tournier, 1974 ; Guy,1975) typically of the form:

M(t) ev., .lnt .

	

(37)

On theother hand, the FC-magnetization has been generally assumed to

yieldinformatians an the thermal equilibrium behavior of spin glasses

becauseof its reversibility and time-independence . `(Malozemoff and Imry,

1981 b ; Chamberlin et al ., .1982 ; Monod and Bouchiat,1982) . Recently,

several authors (Lundgren et a1,, 1982 . and 1985 ; :Wenger and Mydosh, 1984 a ;.

Bouchiat and Mailly, 1985 ; Kinzel and Binder, 1984), however, question

the validity of this assumption . We shall discuss this point in context

with the time-dependent susceptibilities in sec . 6,1 ,
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As First suggested by Tholence and Tournier (1974) ehe can decompose

the FC-susceptibility rl= lim MFG /H into a reversible and irreversible

H+0

contribution at temperatures belov T f :

Xrev (T) +

	

irr (T)

	

6(T f)

	

for T 4 T f	(38)

uhere the sum stays almost constant, and

' rev

	

hm

	

dMZFC /dH

	

(39)

H -~ 0

irr
m 1-im dTRM/dH

	

'

	

(40)

He0

The ac-susceptibility es discussed later only measures the reversible

Part % reV e Fquations (38) to (40) are consistent with the follouing

relation (Maletta, 1980 c) between the magnetizations and remanent magneti-.

zations measured after different magnetic histories, as is obvious from

Fig . 23, too:

MzFC(H,T) = M FG (H,T) - TRM (H,T) + IRM (H,T) .

	

(41)

Thus, the S-shaped curvature of the virgin magnetization, Mz vc (H), is

directly connected to the field dependence of the remanences.

The shape of the TRM(H) curve is a consequence of the importance of the .

measuring time as shoun by Ferrä et al,(1981) . They demonstrate that

the maximum in TRM versus H results from an increase of the magnetization

decay rate with field H which can compensate the higher initial TRM value

-at higher fields (Fig, . .25) .
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Fig . 24 : Temperature dependence of the saturated remanent magnetization

in Eu0 .40 Sr © .60 S (From Maletta and Feisch, 1979b).
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Fig . 25 : Time .decay of the TRM in EuQ
.4DSrQ.60S

for various fields.at

T

	

1 .32 K (From Ferr g et al<p 1981).
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The time decay of the TRM in spin glasses has been studied in great detail.

First it was described by a logarithmic law, as already mentioned in

eq . 37 :

TRM (t)

	

~S RM ° lnt

	

(42)

rohere the coefficient SRM is called "magnetic viscosity" (Guy, 1977 and

1978) ° An example is shown in Fig . 26 : Mrs (t) is displayed for the spin

glass (La0
.98Gd0

.02)A12 at various temperatures belaw T f = 520 mK (v . Löhneysen

and Tholence, 1979).

Measurements over two decades of time by Ferr6 et al . (1981)

the data are better approximated by a posier-law decayö

TRM(t)

	

t .-a(T,H)

However, this polier law falls for more than 3 decades of time, as already

I

	

I

	

I

	

I

	

E

	

1

	

I

	

I

(La o.saGdö .o2
)Al2

	

.~.

	

T(mK)
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`._
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~1~~ ° - 315

~• ; 0°-]c2

Fig . 26 : Saturated remanent magnetization M rs as a function of time (log-

arit.hmic) for (L a0 .98Gd0
.02)A12 at various temperatures (From

v . Löhneysen and Tholence, 1979.) .

Show that

(43)

6
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(b)

2

Fig . 27 : Results from Monte Carlo simulations, like the data shown in

Fig . 14:

(a) Remanent magnetization Mr obtained by cooling in a field

(TRM) or shortly applying a field at constant temperature (IRM)

as a function of the initially applied field . IRM (fc) is obtained

by some mixed cooling procedure . Mr is measured at the temperature

T

	

®J/4kB .

(b) Remanent magnetization Mr as a function of time . The squares

(TRM, B = AJ) and dots (IRM, B = 1 .5 • iaJ) have the same -initial

energy, the dots and crosses (TRM, B =eö) have the same initial

magnetization (T

	

0 .5•L1J) (From Kinzel, 1979).

mentioned in that paper, A power-lau decay is proposed by Monte Carlo

simulations of an EA spin .glass (Binder and Schröder, 1976;

	

.Kinzel, 1979;

see Fig . 27) uhich is nicely confirmed by the . detailed Faraday-rotation

measurements of
Eu0a40Sr0 .60S

by Ferre et al . (1981) as illustrated in

Fig . 28 . As additional information, .the experiment reveals a drastic

change in the dynamics•very near . Tfo - 1 .55. K : there seems to be a diver-

gence of the exponent a with . T,

Very recently, Chamberlin (1985) pointed out that a better representation

of his Mr (t)-data for AcMn and CuMn is given by an exponential function

of time raised to a fractional power (a"stretched exponential") :
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Fig . 28 : Time decay of the TRM in Eu 0 .405r0.bOS spin glass close to

Tf.

	

1 .55 K (the initially applied Field was H

	

56 pe) showing

a power-law decay, t -a s where the exponent a is dependent on

the priviously applied Field H and on t.emperature (From Rajchen-

bach et a1 ., 1981, and F.err€ et :.al ..,'1.981) .
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with a characteristic mean relaxation time 1 :p . New Mr (t)-data of Eu 0
.40Sr0 .60S

over 5 decades of time (Ferr6 et al,, 1986) and data of Eu
0 .40Sr0 .60Te

(Börgermann et al ., 1986b) can also be fitted by eq . 44 . In Eu
0 .405r0 .60Te

the time decay depends an the waiting time t w spent during cooling the

sample from Tf to the temperature of measurement, similar to other spin

glasses (Lundgren et al,, 1983 ; Chamberlin, 1985) . Fig . 29 shows data

of Eu 0v40Sr0 .60Te at T_ 0 .890 T f which follow eq . 44 with the fitting

Parameters Mr (0) = 0 .06 MFC , n _ 0.80 4. 0 .02, and the waiting-time de-

pendent . 'd (tw ) as displayed in the insert . The functional form of the

time decay in eq . 44 appears attractive to be checked experimentally

because it is based an an universal relation used to describe relaxation

phenomena in glasses, polymers, dielectrics, etc . (Ngai et al ., 1984).

11

2

Eu o4o Srobo Te

1 I T=1.67 K

t,,=60 min
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Fig . 29 : Time dependence of the TRM in Eu0
.40Sr0 .60Te

spin giass as a

function of the wait time t w that the sample spent in the FC

state at T - 0.890 Tf before the field of 1 .0 mT was removed,

for t
w	5,10,.30 and 60 min . Mr (t _ 0) is not a function of

tw but Mr relaxesmore slowly for longert w . The best fits to

the data by the"stretched expanential' t (eq . 44) give a characteristic

mean relaxation time

p

which increases with t w exponentially,

as shown in the insert (From Börgermann etal ., 1986b) .
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Recently, it has been predicted for Blasses and spin glasses by Palmer

et al . (1984) using models of hierarchically constrained dynamics and

by de Dominicis et al . (1985) within the Parisi's model extended to a

dynamic context . Eq . 44 holds only asymptotically for t

	

. The Problem,

however, is the reliability of the three fitting parameters obtained

with eq, 44, since they are generally rather correlated within the restricted

time interval of the measurement.

One of the first phenomenological models to describe the irreversibilities

in spin glasses is proposed by Tholence and Tournier (1974), following

Neel's (1949) model for an ensemble of fine magnetic grains or particles.

Their main assumption is the existente of well-defined "spin regions"

or "spin clouds 1P in a spin Blass which can relax between equilibrium

orientations . For each cloud a potential barrier is determined by the

dipolar anisotropy energy E a which separates two easy orientations of

its magnetization . Due to thermal fluctuations the magnetization can

overcome the barrier within an average time given by the Arrhenius

law

	

tt' =
D

exp(Ea/kBT)

	

(45)

	

where

	

is some intrinsic time constant ( ö

	

= attempt frequency).

This implies that a particular cloud is blocked at a temperature T B for

which the relaxation time 15 becomes equal to or larger thanthe measuring

time tm . As a consequence there appears a maximum in the ac- ,(T) at

the freezing or blocking temperature T B which is dependent an the measuring

frequency « 2 L/tm :

	

T -1 (w) = -(kB/E a ) In (%o°cJ)

	

(46)

Turning to the remanent magnetization M r , this mode? provides a general

relationship between the time and temperatpre dependence of M r . Let p(E a )dEa

be the number of regions with an anisotropy energy between E a and Ea ~-

dEa b Then the corresponding change : ofthe remanent magnetization is .
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where Mg (E a ) is the mean moment of those clouds and the factor 1 takes

into account the projection of M g an the direction of field initially

applied. By partial differentiation of Mr in eq . 47 with respect to lnc

and T one obtains with eq . 45

For a number of years this concept of"sein clouds" has been very popular

for analyzing experimental data of spin Blasses (Tholence and Tournier,

1974 ; Wohlfarth, 1977 ; Prejean, 1978 ; v. Lähneysen and Tholence, 1979).

As an example, Fig . 30 reproduces a plot according to eq . 48 for date.

of (La0998Gd0 .02)A12
spin Blass (with `t 0 _ 10 -6 sec), which also follows

eq . 36 and eq . 37 (Fig . 26) . v . Löhneysen and Tholence (1979) claim that

Fig . 30 gives support to the model of "spie clouds".

Mr 1
`a ln t - lnt - ln ta

(48)

0
15

Fig . 30 . Plot of the data from Fig . 26, Mrs (T,t), according to eq . 48

within the "spin cloud"-concept . The straight line yields

' a ; 10 -6sec (From v. Löhneysen and Tholence, 1979) .
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Certainly, the "span--cloud" model is based upon an oversimplified picture

of spin glasses . It provides qualitative descriptions of several spin-glass

properties, but thereby often unphysical fitting parameters are obtained.

lt is a correct, microscopic description of superparamagnetism, however

in spin glasses no evidence for independent domain structure is available,

Let us give some examples to these statements.

5uperparamagnetic behavior of independent spin clusters can be studied

experimentally in very dilute Eu x Srl..xS with Eu concentrations x below

the percolation threshold x p - 0.13 (see discussion in sec . 2.2 .), as

demonstrated by Eiselt et al . (1979a,b) . Counting the number of all small

independent (since x < x p ) clusters by computer with calculation methods

known from percolation theory and calculating energy barriers due to

intracluster dipolar anisotropy energy one gets timeedependent susceptibility

maxima at T B (t) similar to eq . 46 and in good agreenent with experiment

without adjustable parameters (Fig . 31), On the other hand, the frequency

dependence of ac-susceptibility maxima JT) also observed in spin glasses,

cannot be interpreted by means of the picture of blocking of superpara-

magnetic clouds, as done by v . Löhneysen et al . (1978a) ; a description

with eq . 46 leads to unphysical fitting parameters (Maletta, 1980 a and c

00
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Fig . 31 : Temperature dependence of the static (0 Hz) and ac suscepti-

bilities of the superparamagnet Eu0 .05Sr0
.95S for various measuring

frequencies (Fram Eiselt et a1 ., 1979a).
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Experimental evidences for a distinction of spin-glass freezing from

superparamagnetic blocking are collected by Maletta (1981b) from systematic

studies and comparison of superparamagnetic compounds (x < x p ) and spin-glass

compounds (x > x) in the dilution system Eu x Srl-xS . Hence, the interactions

am~ ang spin clusters (which are partially frustrated) play en essential

role in spin glasses®

Such a model of interacting spin clusters can be reduced to a model of

EA-type by reasonable approximations, as has been emphasized by Binder

already in 1977 . Indeed, Monte Carlo simulations of the 2-dimensional

EA-Ising model (Kinzel, 1979) yield reversible and irreversible suscepti-

bilities and remanent magnetizations in excellent qualitative agreement

with experimental data, as already mentioned in sec . 4 .2 and shown in

Fig . 14 . In addition, a power-law decay of Mr(t) and even details like

the maximum of the TRM versus H are reproduced in the simulations (Fig . 27).

In this context one has also to report . on a systematic experimental study

by Bouchiat and Monod (1982) about the origin of the remanent magnetization

in spin glasses . Analyzing data of AgMn spin glasses in the Mn concen-

tration rartge 1% to 24% the authors come to the conclusion that remanent

magnetizations are indeed an intrinsic property of the spin-glass state

(and not some "parasitic" magnetic contribution) . They show that the

TRM and IRM data can be plotted on universal curves (independent of con-

centration) versus the reduced temperature T/T f only, when they are normalized

with Mrs (T) and the field H is normalized with H cr (T) . The saure conclusion

appears to hold in CuMn, AuFe e (LaGd)Al 2 , and (Eu,Sr)S spin glasses.

The authors argue that the mechanism responsible for the existente of

a remanent magnetization in metallic spin glasses exclusively involves

exchange interactions (without additional dipolar :anisotropy) ..

Finally, we refer to work by Alloul (1979 a and b) an zero-field NMR

on Cu in CuMn alloys (Mn concentrations from 0 .4% to 4 .7%) at low temperatures

T

	

0 .2 T•who finds no evidence for independent domain structure . The

enhancement factor etof the rf-field and NMR signal intensity, associated
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with the rotation of domain magnetization, is found roughly proportional

to the remanent magnetization M r and is negligible when the sample is

ZFC . ' These results contradict the independent "spie cloud" model, for

which` should be independent of M r e A similar conclusion has also been

reached from the square hysteresis loops observed well below T f in CuMn

(Monod et al, $ 1979) and is corroborated by computer simulations of CuMn

alloys (Walker and Walstedt, 1980).

Thus, a large amount of experimental data shows the intrinsic feature

of irreversibilities of spin glasses at low temperatures . These distinct

properties are obviously due to their enormous number of equivalent states

below T f ® Hence, the picture of free energy valleys in phase space (Fig.

15) is useful to explaln the effects phenomenologically . In the FC proce®

dure the system can go immediately into the lowest valley . On the other

hand changing the field at fixed temperature below T f gives rise to pro-

nounced irreversibility . After ZFC the system can be trapped in a local

minimum before it relaxes slowly into the lauer minimum . More detailed

theoretical work, however, would be desirable in order to understand

the nature of the "fronen state" in spin glasses at lau temperatures.

.2. Anis ot ro

The very existente of a remanent magnetization, M r , which keeps the direction

of the cooling field is already a direct evidence of anisotropy in spin

glasses (Alloul, 1983) . This property turned out to be independent of

crystallographic directions in classical spin glasses like CuMn and (Eu,Sr)S

for which single-ion crystalline anisotropy can be neglected . First,

these properties were again assumed to be linked wich an inhomogeneous

description of the spin system, subdivided into .domains or spin clouds.

Recent experiments, however, have provided evidente for a macrosco ic

character of the anisotropy in spin glasses . Even a microscopic origin

. of anisotropy in .metailic .spirLglasses.has .been proposed o
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Measurements of the transverse . suseeptibility %1(Alloul and Hippert,

1983) for instance allow the determination of the anisotropy energy E A (0)

uhich keeps the remanent magnetization Mr aligned along the cooling field

Hc ( if z), 8 -being the angle (Mr , z) . In the standard method after inducing

the remanent magnetization
Mr

along z, the response (XI of Mr to a small

alternating field hac (< 1 C, jf y) is measured in various static fields

Hz
g z (Fig . 32) . In the most simple situation, assuming a collective

respanse to a small field, one can define an anisotropy field

HA	K/i r	(49)

=0.5 0.5

Fig . ;32 . Transuerse susceptibility e
(a) Typical %i data ofCuMn 4.7%, obtained at 1,5 K in the

cooling field Hc = 11 .7 kG, showing perfect agreement with eq .50,

the anisotropy field HA	K/Mr being the only Parameter . The

isotropic pari i)to is measured after ZFC, while Mr (3e) is measured

independently an the same sample (From Alloul and Hippert, 1983).

(b) A% = ex, . e0 as measured for H z =, 0, plotted versus M 2

(E 2) for various values of the remanence . The straight line

with slope unity perfectly fitz the data, which allows to con-

. clude that K = Mr/,e from eq, 50 is independent of Mr (From

Hippert and Alloul, 1982) .
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and the transverse susceptibilityU

Mr
I® 7 o " Hz + HA

The decomposition of %1 in eq . 50 into an isotropic pari

	

, measured

after ZFC, and an anisotropic part is assumed to be reasonable since

is not modified by the presence of M r within the experimental accuracy.

Measurements an CuMn spin glass show perfect agreement with this concept

in eq . 50 as illustrated in Fig . 32 . ' o is obtained after ZFC, and M r

is measured independently an the same sample, hence the anisotropy field

HA is the only fitting parameter.

From the experimental definition of a unique anisotropy field by these

'Xj measurements and from the result of an NMR analysis (Alloul, 1979a and b)
that almost all local moments are involved in the magnetization rotation,

Alloul and Hippert (1983) conclude that for T CxT f small applied fields

induce a macroscopic rotation of the spins in their metastable configuration.

Further evidences for a macroscopic anisotropy in spin glasses are also

found by ESR experiments (Monod and Berthier, 1980) and measurements

of the magretic hysteresis (Monod, PrAjean and Tissier, 1979).

One has to point out, however, that the anisotropy of spin glasses is

not induced by the field . Although HA depends an the magnitude of M r

(eq . 49), K has been found to be rather well defined . Measurements of

both Mr and H A at a given temperature for various cooling conditions

and therefore for a large range of M r values give a straight line with

slope unity in the Plot ln (ks lp ) vs . In Mr, thus K is strictly finde®

pendent of M r for CuMn (Hippert and Alloul, 1982), as well as for an

insulating spin glase (Velu et al ., 1981) . Not only is K independent

of M r , but lt remains meaningful even in a zero-field cooled stete where

no remanence exists as clearly evidenced by a neue ESR signal for M r = 0

(Schultz et al ., 1980).

Fig . 33 shows both ESR si nals_ versus field corresponding to the large

Mr (slope 1) and M r->0 (slope 1/2) Uralte . In the presence of a large

Mr »> oHZ and for small enoughfields H
z 2 HA , aferromagneticlike

ESR mode is detected by Monod and Berthier (1980) at frequencies

/ °

	

= Hz -r HA

	

with HA - K/Mr	(51).

(50)
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where HA is found to be identical with that obtained from i deta (see

eqa 50) . Now even in a zero®field cooled stete with M r = 0 a second neu

ESR mode is predicted and found (Schultz et al®, 1980) wich frequency

GS /

	

` .2 ' (Hz - 2 H
i )

	

with H i = i K/

-> K/9C 0

	

forHz =0

Further ESR results are found in recent publications (Gullikson et al,,

1983 ;. Hoekstra et al ., 1984) suggesting a breakdown of the rigid spie

rotation at large field angles o

(52)

Fig . 33 : .ESRfrequency in CuMn versus field in the tuet limiting ca$es

of Zarge M(slope1) (Monod and Berthier 1980) and Mr = 0
r

(Schultz et .a1o, 1980)(M r 1'6) .
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Thus the anisotropy constant K and hence EA (8) is an intrinsic property

of the spin glass stete . lt defines a macroscopic anisotropy . Any rigid

rotation of the spin system with respect to the lattice costs some aniso-

tropy energy . However, due to the overall isotropy of the state, this

energy EA (&) will be the same whatever the axis of the rotation is . Often

it is called an "isotropic anisotropy" . Therefore, the spin-glass state

has to be characterized by an anisotropy triad (Saslow, 1982) instead

of an anisotropy axis.

The triadic character of the anisotropy shows up in an unidirectional

angular dependence

EA (&)

	

Kd (I_cos9)

ratbar than in an uniaxial dependence

EA(ß)

	

Kx
e sin2 0-

which would result from a vector anisotropy . In principle the difference

between both types of anisotropy should be seen from ..hysteresis cycles.

While in the first case (eq . 53) a reversible reversal of M r should occur

at H d = -K d/M rs in the second one (eq . 54) a hysteresis cycle around

H = 0 with half width
Hax

	

Kax/Mr should be observed . Experimental hysteresis

cycles of CuMn show a mixture of these two features . , but HA ®values deduced

from als . 53 54 are not in agreement with values from %% .-experiments.

Another experiment, howe .ver, demonstrates the purely unidirectional character

of the anisotropy in CuMn spin glass . Hippert, Alloul and Fert (1982)

note that ,1 is very sensitive to the ratio K ax/K d uhen being measured

in the presence of a static field H y applied in the direction of the

susceptibility coil . The Hy dependence of ,l is found to agree perfectly

with K ax

	

0 (Fig . 34) . The authors argue that the disagreement with

the hysteresis experiment stems fron the fast that a rigid-body rotation

of the spin system can only be produced an a limited angular Tange (in

CuMn for e ,e 40°) . This is fulf illed in the

	

experiment but not in

(53)

(54)

the hysteresis .
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The triadic charaeter of EA has been directly detected first by torque

experiments (Fert and Hippert, 1982) . The sequence of rotations of the

anisotropy triad during the torque experiment can be followed in Fig . 35.

After a rotation of1̀~C. around x induced by rotating an applied field from

z to -z in the yz-plane, the spin system does not have the same responses

in the yz- and xz-planes (as would be the case for a vector anisotropy

(Fig . 35)) . Especially the torque 1y

	

dEA/d(e is found nearly zero

for a further rotation of

	

in the xz-plane, as the total rotation angle

of the triad undertaken from the initial state is still L(the axis of

rotation is different of course).

Microscopically, this type of anisotropy in metallic spin glasses is

linked to the existente of D®zyaloshinskY-Moriaya ipteractions (see sec . 3 .2).

This interpretation has been stimulated by hysteresis studies of ternary

CuMn spin glasses by Prejean et al . (1980) where the third component

is a nonmagnetic impurity of concentration x . Whereas M r and T f are found

to be independent an x, the width of the hysteresis and hence the aniso-

tropy constant K increases linearly with x (Fig . 36) . By taking different

impurities the authors demonstrate that the spin-orbit interaction is

responsible for the anisotropy.

Many experimental results in spin glasses have demonstrated that for

T« T f a macroscopic anisotropy energy can be defined even in ZFC spin

glasses . The spin-glass state is characterized by a triad and EA is only

specified by the rotation angle . of the triad, as long as a rigid spin

rotation can be assumed, deviations are. detected for large angle rotations

and at increasing temperature . In metallic spin glasses this anisotropy

is associated with DM-interactions between the spins, In insulating

(Eu, .Sr)S no study of this kind has been performed up to now .
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	Fig. 34 : Transverse susceptibility

	

measured versus H y (compare

vith Fig . 32) in CuMn 4 .7% for H z = 0 . Very good agreement is

found urith a purely unidirectional anisotropy energy (K ax _ 0,

dotted line) y while the data cannot be explained assurning the

ratio Kax/K d given from %,% experiments in the 8 = 0 and 8 ~r
states (fall line) (Frort) Hippert, Alloul and Fert s 1982).

e
180°	 175°	 170°

0 .8

	

..,.~

Fig . 35 :.Torque measurements in Cu2n

1982) . The torques

	

and

of Mr 0=e) in the yz-plane

are quite different and point out the triad

tropy . The sequenceof rotations during the

be followed in theright part of thefigure

20% .at1 .5 K (Fert and Rippert,

~y measured :after a lt rotation

are displayed . These tio responses

character of the aniso-

torque experiment can

(Fror Alloulp 19.83) .
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Fig . 36 : Hysteresis cycles of various ternary CuMn 1%-Au x spin glasses

in 1ow field, The remanent magnetization is obtained after removing

a field of 18 küe in which the sample was field-cooled down

to 1,45 K .-The time constants associated with the reversal in-

crease with Au concentration x from v 1 sec for the more dilute

to over hours for the most concentrated (Fron Prejean et al .,

1980).

5 .3 Excitations:

Here we focus attentionto the low-temperature excitations in spin glasses

and especia.lly to the question about the possible existente of spin waves

in spin glasses . Low-.energy excitations in disordered materialsin general

are far from being understood . Waves (phonons in glasses) are expected

to propagate in disordered media as long as their wavelength is much

larger than the scale of disorder . However these excitations coexist

at lowtemperature withother more or less localized modes which are

still hard to characterize (twomlevelsystems (Phillips, 1972;

	

.Anderson

et al ., 1972), fractons (Alexander et al ., 1983) .) . In Heisenberg spin

1 -T

	

1

	

1

	

1

	

1

	

1

	

1

	

r
-M(10 emulg)

T=1 .45K

0

	

H (Ce)

30

0

-30



-63-

glasses both magnons with a linear dispersion relation at long wavelengths

(Halperin and Saslow, 1977) and diffusive modes (Dzyaloshinskii and Volovik,

1978) have been proposed from hydrodynamic approaches depending an the

choice of order parameter and dissipative processes . The most sophisti-

cated macroscopic theory is that of Fischer (1980) ; he uses both the

hydrodynamic and gauge theory approaches and is able to calculate spin-wave

dampinge Walker and Walstedt (1980) and Walstedt (1981) present data

from numerical simulations in a harmonie approximation for a dilute Heisen-

berg spin glass with RKKY interactions and obtain well defined oscillating

modes within one of the mang local energy minima a Most of these modes

are fairly delocalized but not necessarily propagating . Sample-size li-

mitations have further restricted the information from computer simulations

especially at very low temperature.

Up to now the most meaningful tests of the validity of these approaches

haue come from comparison between measured and calculated values of the

specific heatn From calculations of the density g(E) of spin excitations

one can obtain the magnetic part C m (T) of the specific heg t versus tempera-
ture at lau T.

The magnetic specific he gt, Cm (T), of spin glasses exhibits three interesting
Features (see Fig . 2):

(i)

	

A rather broad maximum at a temperature exceeding the spin-glass

temperature T f by about 30% . Typically, about one third of the

total magnetic entropy is attained by the spin glass when T

	

T f .

ii)

	

At temperatures below T f , Cm varies approximately linear with

T.

(iii) Cm (T) is progressively reduced in a magnetic field.

These properties of Cm (T) are observed in metallic (e .g . CuMn : Wenger

and Keesom, 1976) as well as in insulating spin glasses (Eu x Srl®x S : Meschede

et al,, 1980), in spite of quite different types of magnetic couplings.

The dependence (ii) at lau .T is not strictly linear . Cm(T) can be represented
as a Power lau in T with exponents ranging from 1 .2 to 1 .7 (Thomson and

Thompson, 198 .1 ; Caudron et ala, 1981), or alternatively several authors

(Martin, 1979 ; Fogle et al .,1983 .; Sato and.Miyako, 1982) suggest the

relation Cm (T)

	

c 1T.-~ o 2T where c i , c 2 are constants.

(
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The occurence of a roughly linear T-term of C m (T) below T f has been . known

for lang, and in the early molecular-field theories was attributed to

excitations of single spins submitted to essentially vanishing molecular

fields (Wenger and Keesom, 1975) . Convincing arguments that this can

occur in Heisenberg spin-glasses with RKKY coupling have not been given.

lt reminds one to the linear specific heat . of ordinary glasses which commonly

is explained exclusively with the phenomenological concept of "two-level

systems" introduced by Anderson et al . (1972) and Phillips (1972) . Numeri-

cal studies by Walker and Walstedt (1977 and 1980) for classical spins

and RKKY interactions demonstrate that in the cases of CuMn and AuFe

spin glasses the linear term of C m (T) can be explained quantitatively

(Fig . 37) by a high density of states of delocalized Codes, i .e . magnon-like

excitations of the spin system around either of its equilibrium configurations.

For insulating spin glasses EuxSr1-xS the same conclusion is obtained

by somewhat different numerical techniques of Krey (1980, 1981, 1982)

and of Ching, Huber and Leung (1980) . Hence, it is not necessary to refer

to the speculation of "two-level Centers" for an explanation of the linear

specific heat of spin glasses, in contrast to ordinary glasses.

70

50 0
0

0

E

20

10

10

	

15.

T(K)

Fig . 37 : .Molar specific heat of a .dilute RKKY-coupled spin-glass obtained

by Walker and Walstedt (1977) by numerical simulations (solid

curve) . Circles are data for CuMn 1 .2% spin Blass from Wenger

and Keesom (1976) .
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Fig . 38 : Specific he gt C of Eu0
.25Sr0 .755

spin glass as a function of

temperature T for various magnetic fields B between 0 and 6 T.

Solid lines indicate the calculated specific heat by Krey for

B _ 0, 3, and 6 T (From Wosnitza et al ., 1986).

In order to obtain further information about the magnetic excitations

a comprehensivespecific-heat study of EuxSriaxS has been performed with

x.between 0 .25 and 0 .80 in magnetic fields up to 6 T (v, Löhneysen et al .,

1985 ; Wosnitza et al ., 1986) . The experimental results agree quantitatively

with recent numerical calculations by Krey (1985) who has extended his

earlier caleulatians to high fields . Fig . 38 shows the specific he gt

C of the spin glass
Eu0625Sr0 .75S

between 0 .1 K and 30 K for various

magnetic fields •B between 0 and 6 T (Wosnitza et at ., 1986) (The lattice ..

contributionplays a negligiblerole atlow T) . A strongdepression of

C is found at lower temperatures, with a crossing-over towards higher

T where C is increased in a magnetic Field, The up-turn of C below 0 .2

K towards law T is due to the nuclear specific heat contribution CN
arising

from the hyperfine splitting of Eu151 and Eu153 nuelei (The spparent

decrease of CN with B is discussed by v . Löhneysen et al . (1985)).

to i

0.1

T(K)

10

p7
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The most interesting observation in Fig . 38 is the evidence für a gap

in the excitation spectrum . The roughly linear T dependence of C in zero

field below T f = 0 .8 K gradually turns steeper as the magnetic field

is increased . For high fields, B > 3 T, however, the drop of C towards

low T is quasi-exponential, indicating the opening of a gap (with energy 21E)

in the magnetic excitation spectrum at E = 0:

	

Cm (T)

	

exp(-

	

.E/kBT)

	

(55)

	

E

	

gp,B ( B_B o(x))

These date can be explained quantitatively, without any fit parameters

(J1 and J 2 are known), from a direct numerical calculation of the collective

excitations of the system . In Krey T s calculation (1985) the continued

fraction method is used to obtain the density,of magnon-like states,

0(E), as displayed in Fig . 39 for various Eu concentrations at B = 6 .6

T . The arrow denotes the Zeeman energy E B = gµBB . Treating the excitations

as non-interacting bosons, i .e . in the RPA approximation, the magnetic

specific heat C# per Eu atom is deduced from g(E) as

e
E/k

B
T

#

	

E

	

2	
C / k6

	

dE g(E) ( kBT

	

)

	

(eE/ k$T-1 ) 2

0

The solid lines in Fig . 38 represent same results of these calculations.

The agreement . .urith the experimental data is indeed excellent ..

Threeobvious trends öf0(E)with Eu concentration x can be inferred

from Fig . 39:

(i) With deereasing x, the energy range of g(E)shrinks, i .e . the

upper band edge decreases,

(ii) 5imultaneo.usly, a pronounced peak appearsaround E
B

.

(iii) Finally, the.lower band edge is separated from E

	

0 .by an energy

gap whose magnitude AE depends on :B and x as found experimentally,

eq .-55 . The effective •fieldB o (x) is :.negligible small for •the

ferromagnetic samples, 0 .70e x ' 1e0, whereas in the reentrant

and spin-glass regimes, x 0.70, B0 .increases with decreasing

Eu concentration x .

(56)
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Fig . 39 : Calculated spectral density of states g(E) per Eu atom for magnetic

excitations in EuxSrl®xS for various concentrations x in a field

of 6®6 T (Krey, 1985) . The arrow indicates the Zeeman energy

EB

	

gp.BB

	

kB . (8 .87 K) (From Wosnitza et al ., 1986).

Henceg all these Cm data can be explained even quantitatively by dominant

magnon-Ilke excitations in (Eu,Sr)S spin glasses.

There have been other experimental attempts to study the nature of lou-tempe-

rature excitations . Alloul and Mendels (1985) have recently measured

the Tdependenee .of the kcal magnetization. in RKKY spin glasses (CuMn,

32n and AuMn) for T e O,2 T f
, as obtained from the variation of the zero-

field NMR frequency of Mn 55 . lt follows the T2®dependence expected for

magnon excitations with a linear dispersion relation, its spin-wave stiff-

ness, however, does, not agr.ee with numerical estimates . Such an analysis

implies, according to the authors, that the specific heat C(T) should

be attributed to modes which do not contribute to the M(T) dependence.

Obviausly= more work is .required to test. ;. this analysis and interpretation.

Alloul et al . (1986)'demonstrate that for T

	

0 .1 . Tf the T dependences

of the local and macroscopic magnetization are quite identical within

experimental accuracy, the latter being measured by the remanent magneti-

zation M . The phenomena responsible for the time decay of M r and its

T dependence are shown to operate an completely different time scales.

The authors speculate again an the nature of the excitations but the

present data do not appear to be specific enough to distinguish between

the various types ofexeitations,

r
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Neutron scatterin g. technique generally provides the most powerful probe

of collective spin excitations . We recall that the cross section for

magnetic neutron scattering from a system of N spins is given (Marshall

and Lovesey 1971) by

	d 26	 	 2

d9drs

	

N(

	

)2 kp

	

s S (q) •~(ca) + s©( qm
mc

where Ss (q) is the static and S 0 (q,c ) the dynamic structure factor,

representing the elastic and inelastic/quasielastic scattering, respectively.

The incident neutron beam with wavevector k a is scattered to give a beam

with wavevector k', with wavevector transfer q

	

ko	k' and energy trans-

fer

	

2
/2m•(k - k' Z ), The dynamic structure factor may be written

in terms of the generalized susceptibility

	

q,CiT)

(57)

1

	

ImW (q s)S0 (q,Gr) 'C. (58)

which provides the information an spin dynamics . For a simple relaxational

process with lifetime

	

one measures a Lorentzian lineshape of the

quasielastic line at C4 0 with

Im r(q, C ) , ~-	 2

C~ +r

uhile for ferromagnetic ordering with .propagating spin waves one obtaines

two inelastic lines centered at GS + q uith the spectral shape function
-

(60) . .

where

	

is the lifetime of the spin waves, and the spin-wave dispers .ion

isquadratic at low wavevectors .q

(59)
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Neutron studies have been performed very extensively by Murani (see e .g.

1978b) on metallic spin glasses such as CuMn and reveal a distribution

of relaxation times (see discussion in the next section) . So far, no

experimental evidence for spin-wave excitation exists in the typical

metallic spin glasses . lt is likely that in metals all modes are overdamped

due to the strong Korringa relaxation of the spins to the conduetion

electron sea . In insulating spin glasses this mechanism is missing, and

theories of the spin-glass dynamics might be more realistic,

In EuxSr1-xS considerable effort has been made in the seach for spin

waves in spin glasses by neutron inelastic scattering technique (Maletta

et al ., 1981a ; Maletta 9 1982c) . The idea in these experiments is to probe

the dynamics of the spin-glass phase by studying the evolution of the

spin waves from the ferromagnetic phase (x>0,70), where the dynamics

are reasonably well understoad, into the spin-glass phase . In a single

crystal of pure EuS (enriched with 153Eu
to limit neutron absorption)

the spin-wave dispersion over the whole Brillouin tone has been measured

and analyzed by Bohn et al . (1980) 9 the result is given in Fig . 6a . The

anisotropy of the spin-wave energies in EuS, in spite of the high symmetry

of the rocksalt crystal structure and the isotropic exchange interactions,

stems from the fast that the predominant exchange interactions to the

first (3 1) and second (3 2 ) nearest neighbors have opposite sign.

The measurements on Eu0
.70Sr0 .30S

(in powder form) which orders ferro--

niagnetically below T
c

W 8 .5 K show well-mcfefined spin-wave excitations

at 4 .5 K (Fig . 40a), and a quadratic form of the spin-wave dispersion

at low q (eq . 61) similar to pure EuS . The stiffness constant D, related

to the exchange constants in the non-diluted ferromagnet by the relation

is found to be 'D = 1 .1 meV• Ä 2 in
Eu0e70Sr0 .30Si

as compared to D

2 .5 meV•A 2 in EuS at low temperatures (see insert in Fig . 40a) ; Thus,

D decresses much faster than linearly with dilution . One should nute

that there is a non-negligible broadening of the inelastic line which

is only partly due to powder averaging m Fig . 40a also demonstrates (see

spectrum of x = 0 .70 at q e 0.6 R -1°) that one has to operate the spectro-

meter with a good energy resolution in order to resolve the inelastic

line from he peak centered at E = 0 .
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Eu o.s2S r0.a8 S T=0.35 K ,E;=5.15meV,2r0 =0.16meV
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Fig . 40 : Inelastic neutron spectra of Eu xSr l-xS for various wave vectors

q for (a) x

	

0 .70 at 4 .5 K, and (b)- x = 0 .52 at 0 .35 K . The

insert in (a) Shows the spin-wave dispersion E(q) for x - 1 .0

and 0 .70 (Fron Maletta, 1982c).

Fig . 40b displays spectra of
Eu0052Sr0.48S

measured for various wave

vectors q at T z 0 .35 K, i .e . in the spin-glass state . True inelastic

scattering is present as . evident .by the asymmetry between the intensities

for neutron energy gain (E < 0) and neutron energy loss (E>0)„ i .e . the

so-called detailed balance factor . As q decreases, the intensity shifts

to lower -energies consistent with the width of .the distribution and position

of the intensity maxima shifting to lower energies . At the same time,

the intensity at E

	

0 .increases dramatically .
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The difficulty in interpreting these date is deciding which form of Im

d5.{q,Cr) gives a better representation of the date . The physics implicit

in the forme of eqs . 59 and 60 may be different but the spectra will

look very similar at lau temperatures : As described in eq, 58 the inelastic

scattering intensity is proportional to Im (q,Gey) and to the Bose-Ein-

stein factor, hence at lau temperature if

1tirl»

k$ T the spectra will

peak at a finite energy for both forms of Im %(q,Gy) (eqs, 59 and 60).

The authors convoluted the Cross section using eq . 59 and 60 with the

instrumental resoldtion function and performed .a least-square fit to

the date varying r , D and a normalization parameter . The % 2 for the

fit was slightly better using eq, 60 . lf one accepts the spin-wave like

form for lm %(q,CJ), a stiffness constant D m 0 .6 ± 0 .2 meV °Ä2 for

x = 0 .52 is obtained formally, which is reasonable in magnitude compared

with higher Eu concentrations . The line widths r obtained at high q are

much broader than that expected for any powder broadening, and r decreases

as q decreases . The additional streng intensity at E

	

0 iecreases as

q decreases . Only a Small fraction of this is elastic incoherent scattering

and background from the sample container,and cryostat . Most of it is

a true q dependent scattering with E 0 . Quite similar results are obtained

wich the spin-glass samples x = 0 .50 and x

	

0 .40 at lau temperatures

where the inelastic scattering intensity is shifted to lower energies,

thus the analysis is even more difficult.

The authors (Maletta et ah, 1981a) prefer to attribute the inelastic

lines to spin-wave like modes even in the sein-glass phase of (Eu, Sr)S.

The accessible q-range, however, is restricted to large values q

	

0 .4

	

Ä -l

and the observed modes are highly damped . Probably these magnon-like

excitations cannot be lebelied by the quasi-momentum q, since one is

dealing with a strongly disordered system . These modes are superposed

by a quasielastic contribution centered at E

	

0 with a high density

of stetes attributed to diffusive modes of low energy . The results are

in qualitative agreement with numerical model calculations by Krey (1981).

As an example results for x = 0 .40 for two directions of propagation

are displayed in Fig . 41 : the theoretical neutron spectra for 01002 (and

[110] ) show a "ferromagnetic like" spin-wave dispersion, whereas there

is no dispersion along [1113 . See also the calculated spectral density

of stetes g(E) for magnetic excitations in Eu xSr 1-x S in Fig . 39 and dis .
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Fig . 41 : Calculated neutron spectra for the EuxSr l-x S spin glass wich

x = 0 .40 in two directions, [100] and x111] and for various
wave vectors qat T = 0 K (From Krey, 1981)
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6 . Dynamits of spin-Blass freezing

In spin glasses a freezing of spin motion occurs at low temperature in

such a way that no conventional Jong-range magnetic order exists, as

we have seen above . The upsurge of interest in spin-glass systems in

the last decade appears ta be related to tue important events cancerning

this freezing process . First, the discovery by Cannella and Mydosh (1972)

of a sharp Maximum ("cusp") in the low-field, low-frequency ac-suscepti-

bility of AuFe spin glasses at the spin-Blass temperature T f leads to

the theoretical interpretation by Edwards and Andersan (1975) in terms

of a .new Bind of phase transition in such disordered systems o The second

event, the observation of a particularly complicated spin dynamics near

T f seems to cantradict the concept of a phase transition a Experimental

studies an the spin freezing reveal a wide spectral distribution of re-

laxation times (Murani and Heidemann, 1978c) extending even to macro-

scopic times around Tf (Maletta, Felsch and Tholence, 1978a ; Maletta

and Felsch, 1979b) . At present, however, the lack of corresponding reliable

analytic theories hampers the interpretatian of these and similar experi-

ments . In this section, we will present data from different experiments

whieh in principle might provide detailed insight into the dynamics of

spin-glass freezing . Subsequently in sec . 7 attempts ta interpret data

at the transition into the spin-glass stete in terms of a phase transition

will be discussed.

61 Time dependent susteptibilities

One of the most prominent methods to study the onset of spin-Blass freezing

remains the low-field ac-susceptibility! . Since the observation of

a "sharp cusp" in (T) at T f of AuFe alloys in 1972, an ac mutual inductance

technique is commonly used to measure %(T) and to determine T f , with

a very small driving field (< 1 0e) and a rotation-frequency (normälly

<100 Hz) whichshould be large enough to present the appearance of Jong®

time metastable effects .Thusthe reversible susceptibility(seeeq . 38)

is generally believed to be measured by this ac- method, dueto the

long-time reale of the irreversible behavior especially in small Fields .
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One often also describes the different susceptibilities (see sec, 5 .1)

phenomen©logically by means of the pieture of the many4valley structure

of free energy in phase space (Fig . 15) : The ac- % measures the response

of only one valley, whereas Field-cooling is believed to correspond to

averaging over all available states . These interpretations have to be

Laken with great precautions, as we will discuss below.

Eu 015 Sn0.85 S

Fig . 42 : Frequency .dependence of the temperature T f for the spin ..glasses

EuxSr1 S with x - 0 .15 (Malettaand .Felsch, 1978b) .and x 2 0 .40

(Ferrö et al .,198 .1) .. T(C. ) ...is determined from ac-susceptibility

measurementsatvarious measuring frequenciesGJ .



- 75 -

In 1978 Maletta et al . (1978a, 1979b) discovered the frequency__dependence

of Tf in (Eu, Sr)S spin glasses measured in a series of ac-»% experi-a

ments with various measuring frequencies 63- . As an example the result

of Eu0
.15Sr0

.85S is shown in Fig . 42a vhere a 15% increase of T f is found

by going from 10 Hz to 1000 Hz, Such a behavior is also observed in (LaGd)A1 2

spin glasses (v . Löhneysen et al ., 1978a) . It is less pronounced in other

metallic spin glasses like CuMn (Tholence, 1980 ; Mulder et al ., 1981),

but up to now at least a small frequency shift of

	

in the range 1 Hz

to 1 kHz has been measured for most spin glasses.

The frequency dependence in spin glasses cannot be explained with the

simple picture of thermal blocking of superparamagnetic clouds, eq . 46,

as already diseussed in sec . 5 .1 . Ferr6 et al . (1981) pursued the time

effect an T f over 7 decades of frequency in Eu0
.40Sr0.605

(Fig . 42b)

by means of Faraday rotation measurements . One realizes in Fig . 42b that

now over such a broad frequency range even a formal descriptien of T f((J)

with eq . 46 daes not work o The data are also incompatible with the Vogel-

Fulcher law vhere one substitutes T B ((J) in eq . 46 by (T B (47) - T o ).

The law is proposed by Tholence (19806) to apply to T f (G,r) in spin glasses

but the meaning of T o remains unclear . This phenomenologieal relation

has lang been known in the literature devoted to viscous fluids and glasses.

lt is quite interesting, however, that the pronounced T f ((4T)-effect

in insulating spin glasses ean be used to determine the limits in concen-

tration of the spin-glass regime of a dilution system, as already shown

in EuxSrl®xS (Maletta, 1981b) vhere spin-glass freezing is distinguished

experimentally from superparamagnetic blocking . Very recently, Börgermann

et al . (1986a,b) established the phase diagram ofEu x5r1®xTe (Fig . 7b)

in a similar way . The frequency shift of T f , o T f(7), within the spin-glass

regime is found to be equal in both systems, EuxSr i-xS and EuxSr l_xTe:

lt is independent of the Eu concentration x and even equal in magnitude,

T f ((y) P 30 mK per cT-decade within the frequency range displayed in

Fig . 43 (compare with Fig . 42) .
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Fig . 43 : Frequente dependence of T f for EuxSrl-xTe with various Eu-con-
centrations x (From Börgermann et al ., 1986b).
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Fig . 44 : Static susceptibility ( er» = M/H) data vs . T for EuxSri-xTe with

various Eu-concentrations x : (a) Field-cooling ° in the earth's

magnetic field (0.05 mT) ; (b)% in 0 .15 mT for °'ZFC" (X : after

cooling in .0 .05 mT) and for FC (0 : in 0 .15 mT) . The "ZFC" and

FC curves coincide for x

	

0.60 (FromBörgermann et al . s_ 1986a .) . .
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For Eu concentrations x above 0,50, Eu xSrlgxTe shows 8T f (C$) cz, 0 (Fig . 43)

which caincides with the disappearance of irreversibilities (FC_ and

ZFC®magnetizations) as can be seen in Fig . 44 . Obviously these samples

order antiferromagnetieally . At low Eu concentrations, i .e, below the

percolation threshold xp	0013, the x = 0.10 compound for example exhibits

no anomaly in dc-M(T) (the lowest temperature of measurement was 20 mK)

but an ac. %(T) maximum at 150 mK for 5 Hz with a smaller ST f (U-) compared

to the spin-glass regime, which now can be explained quantitatively with

eq . 46 similar to the Eu xSr l_xS superparamagnetic compounds below x p = 0 .13

(Eiselt et al ., 1979) . Such type of experiments obviously provides evidence

for the collective character of spin-glass freezing around T f (Maletta,

1981b),

The unique properties of STf (c,r) described above are a chalienge to

get meire insight into the dynamics of spin-glass freezing . At present,

however, no theory is available to be compared with . Nevertheless the

date. already demonstrate the essential role played by the competing exchange

interactions (frustrations) in producing the äT f (C.e) of spin glasses,

because Eu xSr lmxTe is based an the antiferromagnet EuTe (with J 2/J1 ®-2/1)

and EuxSr l-xS an the Ferromagnet EuS (with J 2/J 1 = -1/2), Thus, it is

misleading to cansider Tf (C) as a "cluster property" (Fischer, 1985)

since clusters are expected to be x-dependent and different in diluted

ferro- and antiferromagnets® Apparently, the competing exchange interactions

within the infinitely conneeted network of magnetic moments at the Eu

Ions create a constant frustration effect an spin dynamics in dilution

systems above the percolation threshold, independent of concentration x

as long es J 2/J 1 stays constant . The only necessary . condition is a suffi-

ciently high disorder (togetherwith the frustrationeffects) in order

to destroy Jong®range periodic magnetic order (Note that the competition

of J1 and J 2 has no essential influence an magnetic erdering in the pure

systems, x = 1)a Obviously, both dilution series, Eu xSrl-xS and EuxSrl®x Te,

exhibit an even quantitatively camparable behavior due to the same magni-

tude of competition relative to the different dominating exchange J 1 (> 0)

and J2 ( < 0), respectively . lt seems to us that competition in the exchange

interactions is generallyweakerin metallic spin glasses, censistent

-with a smaller
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Particularly valuable information an the dynamics of spin-glass freezing

has recently been gained by experiments schere both the real and imaginar

component (,, E , 'Z") of the complex susceptibility (T,0,7) have been

measured accurately e As regards metallic spin glasses ., eddy currents

in the material easily obscure an accurate abservation of ; . Such measure®

ments, however, have been possible mainly for insulating spin glasses

(Lundgren et al ., 1981 ; Hüser et al ., 1983b ; Paulsen et al., 1984 ; Rajchen®

bach and Bontemps g 1983 ; Baumann et al ., 1984 ; Wenger e 1983 ; Paulsen

et a1 ., 1986a and b).

The magnitude of the imaginary part %' of the complex susceptibility

only amounts to a few percent of l', but 1r," is directly indicative of

the spectral distribution of relaxation processes because it singles oit

processes with relaxation times around the measurement time 'Cm r 1/cr .

In contrast, the real part '' integrates over all relaxation processes which

are fast compared with

	

= 1/tS and, therefore, is rather inconspicuous.

J

Fig . 45 : Temperature dependence of the real

	

and imaginary(1,")

part of the ac-susceptibility for Eu g .20Sr g.8BS spin glass with

various frequencies (From Hüser et al ., 1983b) .
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The complex susceptibility, %(T,63), of the
Cu0 .20Sr0 .80S

spin glass

is shown in Fig . 45 as function of temperature for three different fre-

quencies (Hüser et al ., 1983b) . At the highest temperatures, T

	

1 K,

no differente is observed in the dispersion (') for the various measuring

frequencies within the experimental accuracy . This feature plus the absente

of any absorption (i m ) indicates the measured %' is the isothermal

susceptibility, % T , i .e . the Spin system is in thermodynamic equilibrium.

On cooling one observes a nonzero absorption signal starting at the higher

frequencies . Similarly, deviations in the dispersion signal from

	

are

evidenced . We also note that the temperature of the inflection point

of %,," (T) corresponds to the temperature T f of the X '(T) maximum for

each measuring frequency . Both Features shift to higher temperatures

with increasing frequency=

lf the magnetization would relax with a single relaxation time

	

, the

frequency dependences of %' and " could be expressed .by the Casimir

and du Pr& (1938) equations:

+ 2e2

where .°

	

is the isothermal susceptibility in the limit GJ-)0 and
s

the adiabatic one in the limit G.;-4 Already from the results described

above, however, . .one expects the relaxation of the magnetization in spin

glasses to be :governed by a distribution of relaxation times rather .than

(63)a single .one . Then, following tundgren et al . (1981) the equations

are generalized and .one obtains for instance

o (T)w`C

I

	

2 .. .
. ~ 2

	%	
(7)

	

S ~ %T	 S

(63)
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uhich reduces . .in the spin-Blass state (f'min « 1/&K(
max)

to

(1/W' )

	

lt/ " (( . )

	

g(1/C$) .

	

(65)

mo ( ` ) is the magnetization of the magnetic entities with relaxation

timet. in the field h o and in the limit te 00 ; g(T) their spectral distri ..

bution function and mo ('e)g('e) their spectral weight . In order to reduce

eq . 64 to eq . 65 one has to assume that

	

mo (`t ) g( t̀~.)

	

const

	

(66)

around the measuring frequency GJ= 1/`~ . Hence, in this approximation

P�r" (GJ) is directly proportional to the spectral weight of relaxation

rocesses with relaxation timest 1/cy (eq . 65) . In a more complete

treatment and using the saure assumption, Lundgren et al . (1981) also

obtain

-%

Relation (67) can be used to test the applicability of the approximation

in eq, 65, and indeed good agreement is obtained with various samples

(Lundgren et al ., 1981 ; van Duyn-eveldt and Mulden, 1982 ; Baumann et al .,.

1984 ; Paulsen et al . s: 1986a and b) . 4Je will come back to this point . in.

sec	 7 .1 .,

Thus, the absorption data

	

(T!CJ) provide important information about

the relaxation spectrum of the freezing process in spinglasses . In Fig . . 46

such data of the Eu0
.46Sr0

.54S spin glass are compiled in dependence

of temperature and frequency an a logarithmic scale (Baumann et al .,

1984) . The measurements viere performed in the frequency range 10 Hz to

50 MHz, the earth's magnetic field was compensated ; however the results

viere not corrected for demagnetization. effects which should have been

dope . At high temperatures, T.> T f - 2 K, the main part of the spectral

(67)
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weight is concentrated in the high-frequency relaxations . On cooling

these relaxations shift to lower frequencies, their speetral weight function

deereases and seems to broaden . Low®frequency relaxations suddenly appear

in a narrow temperature interval an approaching T f from above . Obviously,

at least these low-frequency relaxations are incompatible with an Arrhenius®type

description (eq . 45)e lt is reasonable to assume that their appearance

around Tf is due to the collective nature of the freezing process a

In summary, the relaxation time spectrum in spin glasses is broad already

above T f, and it dramatically broadens at T f , extending even to macro-
scopic times . This seems to occur in all spin glasses which haue been

studied by this technique so far . Hüser et al . (1983) and Wenger (1983)

try to analyze their data quantitatively via a plot of

	

versus %) with

as a parameter which is a generalization of the 11Cole-Cole plot"

or the "Argand diagram" but no more informations could be deduced as

already described above by means of Fig . 46 and eq . 65 ..

Fig . 46 : Absorption %" in dependence of temperature and frequency, ob®

tained from a fit to the measured date of the spin glass Eu 0o46S 0054S
(From Baumann et a] . , 1984) .
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6 .2 Inelastic neutron scatterin

In the study of spin-glass phenomena during the last years neutron scattering

measurements have made important contributions to our knowledge of spin

glasses . First of all, elastic neutron scattering is an invaluable tool

for asserting that conventional periodic long-range order in the spin

system is really absent (see point (b) of the defining properties of

a spin glass in sec, 2 .1) . Inelastic magnetie neutron scattering techni-

ques provide information about elementary spin excitations (see sec . 5 .3)

or via the quasielastic line S(q,cr) around g 0 (eq . 58, 59) about spin

relaxations . Typical results from this latter method will be presented

now, and we emphasize that in the limit q0 %(q,v) in the cross-section

eq . 58 reduces to the dynamic susceptibility . .discussed just above . Finally,

measurements on the neutron spin-echo spectrometer will be reviewed where

one measures directly the time correlation function.

Results of a detailed neutron scattering study of the metallic spin glass

CuM n 8% by Murani and Tholence (1977) are given in Fig . 47 . Speetra at

four different temperatures are shown for various wave vectors q (Ä -1 )

cbtained an a time-of-flight spectrometer using a constant_q interpolation

technique . Neutrons of incident energy 3 .0 meV ( ._ 5 .14 Ä) were selected

by a multichopper system withan elastic energy resolution (FWHM) of

230 geV . The spectra consist of a streng elastic line superposed over

a broad quasielastic structure as shown on the reduced scale . The solid

lines through the data points in Fig . 47a represent :the Lorentzian

fits (eq . 59) to the quasielastic scattering intensity .Usingthe

results of these fits the integrated elastic and quasielastic cross-

section as well as their sum (given as total cross-section) have

been determined as shown in Fig . 47b . Note that the elastic scattering

begins to increase markedly with decreasing temperature below about

75 K, where simultaneously the quasielastic cross-section begins

to diminish . In comparison, .the temperature of the ac susceptibility

peak is T f W 39 K .
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Fig . 47 Neutron scattering date. of CuMn Sat% : (a) Spectra S(q,ctf) vs.

energy"fi(y for various q 0 -values at four different temperatures.

The solid lines through the data points represent the Lorentzian

fits to be quasielastic scattering, (b) The scattering cross®section,

d 6/d-. , as :a function of temperature is given for the total,

the elastic, and the quasielastic scattering from date. in (a).

The vertical arrous-indicate the temperature where marked changes

in the gross-sections becomeevident (From Murani and Tholence,

1977).

Two essential remarks, however, should be added to this analysis

uhich are related to each other . We have seen above in sec . 6 .1

that with decreasing temperature a uihole spectrum of relaxation

times develops 0 Therefore, fitting the quasielastic line by a simple

Lorentzian becomes inadequate near T .. Indeed, this has been demonstrated

by Murani (1978a)who measured CuMnspin glasses of various Mn concen

trationsovera much•broader energy .range . Examples for a small

q

	

0 .00 .
Avl

in Fig . 48 clearly reveal strengdeviations from a

J
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fig . 48 : Neutron scattering spectra, S(q,(J), vs . energy G

	

for q

0.08 A -1 at T = 300 K s for CuMn alloys with Mn concentrations

as indicated . The data points for elastic scattering are not

shown :in the figure . The continuous curves represent the best

fits to the data using the Lorentzian forme Note the progressive

narrowing of the spectra accompanied by increasing deviation

from the fits in the high-energy wings with increasing concen-

tration (From Murani, 1978a).

simple Lorentzian spectral function already at high temperature,

T = 300 K . The only exception is the spectrum for the 1 .1 st% Mn . :

alloy where obviously the description with a single relaxation time

Works at high temperature . The problem of e proper description of

the spin relaxation spectrum iseven worse in metallic spin glasses

where the Korringa relaxation of isolated spins mediated via their

exchange coupling with the conduction electrons overlaps in an un ...

known fashion with the relaxation spectrum due to the solute-solute

o-
"- - 2 .5



- 85

Fig . 49 : "Elastic" scattering cross-section vs . temperature for various

q-values in CuMn Sat%, employing different energy resolutions:

(a) Results fromINiO meausrements with elastic energy resolution

	

E

	

1 .5 :µell . .(b) Total intensity within an energy window

	

Z1E

	

25 p.eV.•centered about (S= 0 in the IN10 measurements

(c)Results.from the I€N5 time-of-flight measurements wich elastic

energy resolution ZIE230 µelf . The arrows indicate the tempera-

tures where marked increases in the cross-sections begin . The

dashed line marks the temperature of the ac susceptibility peak,

measured with a time constant ti-d10 -2 sec . The statistical errors

exohanga interactions (Murani, 1978 a and b) . The ..first mechanism

if separated leads to a Lorentzian form, eq . 59 9 with a singleq-in-
dependent relaxation time r= hfl' .

are smaller than the size of the data points and the curves

are drawn .to .guidethe eye (From Murani and Heidemann, 1978c) .
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The second severe difficulty in the analysis of neutron spectra

of spin glasses is the separation of the elastic scattering from

the inelastic/quasielastic scattering contribution, uhich is limited

by the finite instrumental energy resolution . This has special re-

levance for spin glasses where with the evolution of correlations

in the spin system with decreasing temperature a whole spectrum

of relaxation times develops . A neutron spectrometer with energy

resolution A E o can only resolve processes with the langest relaxation

times lCo given by ` 'o - h/ Eo , the rest with times langer than

this would be indistinguishable from the truly elastic processes,

It is obvious therefore that the apparent "elastic" scattering cross-

section will depend on the instrumental energy resolution . This

is clearly borne out by measurements of Murani and Heidemann (1978c)

as shown in Fig . 49 . The temperatures, indicated by arrows in the

figure, where the marked inerease of the elastic scattering cross®

section occurs depend .strongly on the energy resolutions (A E) employed

and hence on the measurement time constant %-= h/ E . All these

temperatures, however, are systematically higher than the temperature

T f of the maximum of the ac- , (time constant `'tz ld -2s) shown by

the dashed vertical live in Fig . 49:

In conclusion these measurements again have indirectly shown the

presence of a wide spectrum of relaxation times near the spin-glass

temperature (Murani, 1981) . The elastic magnetic scattering in the

cross-section, eq . 57, of neutron scattering is formally related

to the Ecwards-Anderson order parameter
qEA

(55(9)./2F2(q))

	

(68)

where F(q) is the magnetic form factor . Due to the finite measurement-time

constant of any spectrometer, however, q EA is not accessible (Murani

and Heidemann, 1978c), i .e . a decision about the existenceof an

equilibrium spin-glass state with this type of order parameter is

irnpossib1e by :these techniquese
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The Heutran-sein-echo (NSE) spectrometer invented by Mezei in 1971

detects the velocity change of the neutrons through the Sample (in-

elastic scattering) by measuring the angle of the polarized neutran

spins Larmor precessed around the external field . This spinwecho

technique was used to decouple the energy resolution from the momentum

resolutione Thus, one can look at auch langer times, down to 5x10 -9 sec

(higher energy resolution), without the lass of intensity inherent

in conventional neutran techniques . The NSE-machine also has the

advantage of measuring the spin auto-correlation function directly

in the time domain uhich is the Fourier transform of S(q,4 ) measured

in conventional neutron spectroscopy:

s(q,t) =

	

S S(qGr)cos t d
s(q) GJ-

oo

Fiere S(q)

	

S(q,r ) dtf reflects the skort-Tange Order . By definition
-oe

s(q,t = 0) W le This technique gives also information (in contrast

to iSB) an the spatial correlations (Mezei, 1983)

S ( q , t ) = S ( q ) s- ( q , t )

	

(70)

lt has been shown that the ac susceptibility and the function in

eqm 70 are related in a good approximation for relaxati .on type dynamics.;.

by the equation (Mezei, :1981):

where t

	

0 .7/4F' . This equation has a simple physical meaning:

(1-s(q,t)) is the fraction of the magnetic moments uhich can respond

to an external field within time t.

Up to now it•has been applied to three different .spin glasees : .CuMn

wich 1 % and 5 % (Mezei and Murani, 1979 ; Mezei, 1982),
La0 .7Er 0o3A

l
2

(Mezei, Murani and Tholence, 1983) 9 and EuxSri_ xSwith x .= 0 .40 .

and x

	

0 .54 (Shapiro, Maletta and Mezei, 1985) .

(69)
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1 .0
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by neutron-spin-echo technique at q

	

0,093 Ä
_1

(Mezei and

Murani, 1979), those beyond 10 -6 sec were calculated from ac

susceptibility results (Tholence, 1980) . The lines are guides

to the eye only (From Mezei, 1983).

Fig . 50 shows the result for the spin glass CuMn 5 % (T fe 27 K) by

Mezei and Murani (1979) where the time-dependent correlation function

s(q,t) is plotted on a logarithmic scale . The thick continuous curve

represents a simple exponential decay function, exp (-( ' t) for r = 0 .5 meV,

uihereas the thinner lines are drawn to indicate the trend of the

points . The data are found to be independent of q in the measured

range 0 .04 X -1 ‹ g< 0 .4 2t -l , thus the results in Fig . 50 indeed represent

the spin autocorrelation function (t) = s(q,t) . Date. points beyond

10 -b s were calculated from ac- measurements . lt is remarkable that

at Tfe 27 K (from ac- %measurement) at least half the spectral com-

ponent has relaxation times below 10
-9

sec and that this fraction

decreases slowly below T f . The time-decay is distinctly slower than

exponential already above and below T f , indicating again a broad

distribution of relaxation times'uhich extend progressively to longer

times with decreasing temperature . (lt shauld benoted that on such

a diagram a simple exponential function always maintains the Same

shape being only replaced laterally for different values of r).
At longer Limes the data can be approximatedby a straight linein

the plot which corresponds t

Ui a5-

10 -10

Fig . 50 :

'0 -2

Time (sec)

Spin relaxation in Cu Mn 5ato spin glass at various temperatures a

Data points at times shorter than 10
-8

sec were directly measured

i~ 30K

Ü-8

	

1o- 6

26K

10
.4

(t) e( . const -lnt

	

(72)
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The authors of this experiment (Murani, 1981 ; Mezei, 1983) interpret

their results as e clear evidence that the freezing in spin glasses

is a purely dynamical gradual process, without any static phase transi.

tion.

In contrast, Heffner et al . (1984) argue that the Same data (Fig .50)

can as well be fitted to the form

(t)I:4 const + t-37

	

(73)

where the exponent lT e1/4 near T f , and V' z 1/2 for T < T f . Curiously,

the neutron-spin-echo date. an the other sample, CuMn 1%, still yield

1TZ 1/2 near Tf . The constant in this form (73) is non-zera only

below Tf and thus would imply a truly static ordering.

Resuite from neutron spin-echo measurements an the insulating Eu x Srl_x S

compounds will be described briefly in sec . B.

Remember that simulations of the nearest-neighbor two .mdimensional

Ising spin glass (Binder and Schräder, 1976) yield logarithmic time-

decay of the spin auto-correlation function while for the infinite-Tange

three dimensional Ising spin glass Kirkpatrick and Sherrington (1978)

find a power-law decay with an exponent Y= 1/2 . Sompolinsky and

Zippelius (1981 and 1982) also obtain a power-law decay for the Heisen-

berg spin glass with infinite-range random exchange interactiens

at and below T f (see eqa 31).

Very recently, Murani (1985) again started the attempt to study the

spin auto-correlation function and to see whether the infinite-range.

mean-field model may have direct applicationto relaxation dynamics

in real spin-glass systems . He measured the CuMn 3 % spin-glass alloy

using unpolarized. neutron-scattering techniques, namely the conventional

time-of-flight spectrometer and the more sophisticated backscattering

spectrometer'. Both these techniques permit measurements over a wide

q-range . The slight disadvantage of the shorter time rangecovered

by these "elassieal" techniques (8 .8 x 10-9.) compared to the neutron

spin-echo method (5x10
-9s) is compensated by the greater statistical

accuracy of the data, due to the higher neutron intensity using un-.
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polarized neutrons and due to integrating over this wide q-range

in order to obtain the correlation function . Murani shows in the

paper that within a reasonable apprdximation for spin glasses the

time correlation function

	

(t) can be determined by these techniques

fron the "elastic" component using various energy resolutions A E.

There is a direct relationship between the "elastic" scattering contri-

bution, measured with finite resolution Z1E, and the local or auto-

correlation function

	

(t) at time t = 1/A E . Including ac_ % measure--

ments an the same sample he finds a polier-law decay

(t)et - V'

	

(74)

with 1)'e,0 .25 at T/T f - 1 .25 (T f is determined by ac- % at 10 Hz),

but i1 = 0 .1 ± 0 .02 at and just below T f . At lower temperatures

{T/T f	0.75)

	

(t) is best expressed as

(t) e

	

t + logt

	

with

	

_ 0.4 ± 0 .1 .

	

(75)

At still lower temperatures (T/Tf 4 0 .5)

	

(t) can be expressed again

es a polier law with a value of I .T z 0 .5 which is consistent with the

theoretical predictions . The anomalously low value of Ir close•to

T f (see eq . 74 and 73), also found in muon spin relaxation measurements

(Heffner et al ., 1984), is still unexplained and calls for further

theoretical investigation.

6 .3	 Muon spin relaxation

Another neu mieroscopic technique which can determine in principle

S(q,t)in spin glasses is the measurement of muon spin relaxation

(µSR),. Here the :q dependences are not tunable es in the NSE method

(eq .70) but are broadly averaged over all q . The "window" of relaxation

times.Seen.by p.SR spann the 10-11s to 10 -5s regime, and hence part .ly

overlaps wich that of the neutron techniques ( 10-12s to 10`"8s) .
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This technique was first applied to CuMn and AuFe spin glasses by

Murnick et al . (1976) 9 who observed the spin precession of g ± around

the applied transverse magnetic fields (transverse-»field SR) and found

a rapid increase of muon-spin depolarization rate on cooling towards T f .

Similar TF ...µ,SR measurements viere performed later in CuMn (Emmerich and

Schwink, 1981) and AgMn (Bronn et al ., 1981) . lt was not possible, however,

to distinguish the effects of static inhomogeneous random fields from those

of fluctuating dynamic fields since the TF-µ,SR experiment corresponds to

the T 2-measurement of magnetic resonance . This difficulty also limited

the information obtained from previous linewidth measurements in NMR

(Mac Laughlin and Alloul, 1976 ; 9 Lev.itt and Walstedt, 1977) and ESR (Dahlberg

et a1 . 9 1979 ; Salamon, 1979 ; W u et a1 . 9 1985 ; Baberschke et ah,

1986) . Furthermore, such experiments with external magnetic fields are

not quite suitable for probing spin glasses in which the "cusp" of

7 (T) is substantially rounded by a small H.

To overcome these difficulties Uemura et al . (1980 and 1981) have

applied the zero-field _SR {ZF-µ .SR) to spin glasses . They have also

made measurements on CuMn in finite longitudinal maqnetic fields

(LF-µ,SR) to separate the static and dynamic effects (Uemura and Yamazaki,

1982), A review of these studies is given by Uemura et al . (1985).

In ZF-µ,SR the longitudinal muon spin relaxation function Gz (t) is

directly deduced from the time-differential measurement of the forward/

backward muon decay asymmetry, without any disturbance of the spin-glass

system by an external field . (No depolarization of the muon spin

means G z _ 1, complete depolarization G z = 0) . The observed time

evoluation Gz (t) of muon-spin polarization reflects amplitudes, randomness,

andfluctuations of local magnetic fields at muon sites in the specimen o

There appear two essential problems in analyzing µSR experiments

an spin glasses : (i) One has to make model assumptions about the

'shape of G(t), (ii) Any relaxation slow er than 10 5 sec appears

as a "static" component iniSR .` .(lifetime of the muon is 15 = 2.2 x10 -6sec).

In the .early stage of such .studies on spin glasses (Uemura, 1981)

one assumed a simple exponential decay of spin correlation at all

temperatures above and below T f . With recent :high-statistics data,

asshown in Fig . 51, Uemura et al . (1985) inciudea stochastic theory
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of spin relaxation to analyze the ZF-iSR data an CuMn spin glasses.

Assuming a simplified autocorrelation function of the impurity spinn

(which is not in•accordance with the experimental findings described

above)

	

r<S(t)S(0) > / < S(0) > 2 I
av = (l-QEA)exp(-fit)

	

QEA

	

(76)

the authors calculate G z (t) analytically . Best-fit curves to this

form of Gz (t) are shown in Fig . 51 as solid lines . This ansatz leads

to distinguish between "static" and dynamic random local fields at

the muon site which are involved in G z (t) . For the purely dynamic

Gase where the averaged amplitude a s of the "static" random fields

is zero and QFA

	

0, the Gz (t) function exhibits a "root .mexponential"

decay, Gz (t) = exp(-- .dt ), similar to the ansatz in the early

work (Uemura, 1981) .Here

	

is the dynamic muon ...spin depolarization

rate uhich is proportional to the correlation time

	

= l/, above

T f . The "static" effect is reflected in the quick initial decay of

Gz (t) followed by the '
3

tail" (for as .* 0, Äd _ C4 Q[A = 1) . The

only fitting parameters in Fig . 51 are a s and 'Xd which are displayed

in Fig . 52 . lt turns out that a s exhibits non-zero values only below

Tf of each specimen . The ' value increases rapidly uhen T f is approached

both from higher and lower temperatures . The spin correlation time

0.8
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Fig . 51 : Zero-fieldmuon-spin-relaxation function, Gz
(t), observed in

the spin glass CuMn 5at% .(Tf. = 27 .4 K) at various temperatures.

The solid linesrepresent the best-fit curves for eq . 76 with

the values of a s and d given in Fig . 52 (From Uemura et al .,

1984) .
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Fig . 52 : Parameters from the best-fit curves in Fig . 51 : (a) Averaged

amplitude a s of static random local field at the muon site,

and (b) the dynamic muon-spin depolarization rate ad . The solid

lines of (b) correspond to the fit of 2d to the power-law behavior

of critical slowing down ; eq . 77 (From Uemura et al ., 1984).

c deduced from d shows a rapid change from PC 10 -12 sec at

T

	

2Tf towards c

	

10 9 sec at T Z T f in all the specimens . Comparing

7 d or . .2c, with the pawer lau behavior of critical slowing down ..

°L'c = Vo (T/(T-Tf))z

	

for T ? T f

	

(77)

the authors obtain values of z - 2 .9 for CuMn 5% and z e 2 .6 for

CeMn 3% from the corresponding .fit ..to 2d shown .by the solid lines
,

in Fig . 52b . BelowTf "static" and dynamic effects are found to co-

exists . The broken lineat 26 K in Fig . 51illustrates the decay

of Gz (t) assumingas	0-.(but assuming still only a single relaxation

rate and eq . 76) . By the way, this kind of coexistence hasalso been .

found by LF-p,SR. below T f (Uemura et al . 1985) . The values of the

I 'average" relaxation time fitted to the CuMn 5% by ,SR roughly agree

with NSE above and below Tf . The authors alsoargue that they can

rule out the extremely inhomogeneous spin freezing (uhere for example

10 spins outof100 arecompletely frozen (Q EA	1) while the remaining

90 spins are paramagnetic (QEA	0)) (see also Emmerich et al . `;1985) .
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The use of a single relaxation time and the ansatz, eq . 76, for the

spin autocorrelation function in random systems like spin glasses

is, of course, a very crude approximation, but Uemura et al . (1985)

discuss that point and state, that "it is difficult to calculate

G z (t) when the correlation times of impurity moments have a distribution

in a more microscopic way", and hence, "it is difficult for iSR to

directly determine the shape of

	

(t)" . Nevertheless, a recent attempt

is made in this direction by IlacLaughlin et al . (1983) and Heffner

et al . (1984) with LF .-1SR in 2Mn spin glasses applying high external

Fields up to HL = 5 küe . The spectral distribution of the fluctuating

field below Tf is "gated" by the Zeeman level GT= U> HL , and the

authors claim to have evidence for an algebraic time dependence of

(t) with 17 = 0.24 + 0 .02 for T/T f = 0.92, and 1r_ 0 .54 ± 0 .05

for 0 .3 � T/T f 5 0 .66 (see eqs . 73, 74 ; NSE data) . However, the

studied time region is very limited, and, in addition, the influence

of the applied fields an the spin dynamics cannot be excluded.

6 .4 1/f magnetic noise :

Very recently two groups succeeded in observing equilibrium magnetic

fluctuations or 1/f magnetic noise spectra (as distinguished from

so-called Barkhausen noise) in various insulating spin glasses (Ocio

et al ., 1985 and 1986 ; Reim et al ., 1986), mainly due to the existence

of relaxationtimes down to very low frequencies in such disordered

spin systems and the lack of contributions from eddy current noise

(as for metallic samples) . Here we present results obtainednear

the spin-glass temperatLre whereaseffeets of magnetic field and

waiting time an themagn2tic noise spectrum will be discussedin

the next section (sec . 7 .1).

Fig . 53a .displays typical noise power spectra of the Eu

	

Sr

	

S
0.40 0 .60

spin glassat two different temperatures above and below T f =1 .54 K,

compared to the noise of the direction system alone (Reim et al .,
1986) . While the empty-system noise is White above 1 Hz and shows

somel/o componentbeim/ 1 Hz, the noise level of the sample is

up to three Orders of magnitude larger and displays a 1/CJ n behavior

in the wh .olefrequency range ;with nöl . The noise magnitude of the
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spin glass is obtained after subtracting the noise of the empty system

at each temperature, the result is plotted versus temperature at

five different frequencies in Fig . 53b . Below 2 K, the amplitude

of the magnetic fluctuations increases rapidly and levels off around

T

	

1 .6 K(near T f ).

10 -6	10 '5

0.01 Hz

T = 1 .42

10 8

10
-11

10=-10

Frecuency (Hz) Temperature (K)

.10
3

Fig . 53 : Magnetic noise for the spin glass Eur
.4a5ro .60S

(a) as function

of frequency at two different temperatures above and below T f = 1 .54 K,

and (b) as function of temperature at five different frequencies

0 .01, 0 .1, 1, 10, and 50 Hz (at zero applied field) . The data ..

in (b) are obtained after subtracting the noise of the empty

system at each temperature (the one at. T =1 .42 K is shown in

(a)}, (F-rom Reim, et al .,. 1986).

The fluctuation dzssipation theorem states (Kuba, 1966) a general

relationship between the response of a given system to an external

disturbance and the internal fluctuations in the absence of the'distur-

bance at thermal equilibrium . Applied to magnetic equilibrium fluctuations

S{tj) this reads (Ocioet al ., 1985) :

(78)
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where X is a geometry dependent conversion factor . Reim et _a1.

(1986) prove unambiguously by measuring the noise spectrum S(W)

and the imaginary part %" (C') of the ac-

	

simultaneously, that

the fluctuation dissipation theorem is as accurately obeyed by the

magnetic fluctuations below as above T f . This is important because

recent theories suggest that the spin-.glass phase below T f could

be non-ergodic (see sec . 4 .3).

Given the validity of eq . 78 9 measurements of the noise spectrum

offer an alternative way to measure %" . Two experimental advantages

important in spin-glass research are that the noise measurement is

done at zero field and conveniently as a function of frequency in

the low-frequency regime m Therefore, Reim et al . (1986) studied the

low-frequency dynamics of the Eu0
.40Sr0 .60S

spin glass near Tf . Fig . 54

shows the temperature dependence of the noise exponent n(T) in S(C )o Ce ®n.

at five frequencies . The data exhibit a maximum slope in the vicinity

of T f , with the magnitude of the logarithmic slope decreasing both

above and below T f . Most important, the slope at a fixed temperature

is frequench dependent even at T f . This second fact implies that

it is not possible to describe the noise Power or the imaginary part

of the susceptibility by a simple Power law, % tr ( ) w- t,J 1°n ' as

derived in mean-field theory by Fischer and Kinzel (1984) (see eq .33).

The .intriguing experimental result .may be explained by the recent

predietion (Fisher and Huse, 1986) of a l/f noise up to iogarithmic

corrections.

As another direct consequence of this finding, the time exponent

of the magnetization decay M(t) is expected to be also time dependent,

an effect which should be noticeable already at t ' 1 sec . For instance

a fit of M(t) with the commonly used .stretchedexponential form (eq .44)

may lead to in some sense "averaged" values for the exponent n(T).

Indeed, :Ferreet a1 . (1986) find forEu0,40SrQ60S from Faraday rotation : :.
_

measurements of M(t) and a fit with eq . 44 in the 10 3 to 102 sec

time-interval an "averaged exponent n(Tf) = 0 .9, compared .to <the

values of 1 .0 at 0 .01 Hz and 0.8 at 50 Hz in Fig . 54 .
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Ternperature (K)

Fig . 54 : Logarithmic siope of the noise pow.er spectra (from Fig . 53)

versus temperature near T f at five different frequencies e The

solidcurves shou polynomial fits es guides for the eyes(From

Reimet al . 1986) .
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7e Spin	 lass transition

Let us now proceed to discuss the nature of the transition into the

spin-glass state by reviewing experimental studies which have been

devoted to analyzing the data in terms of a phase transition and

to look for a static T f . Hence 9 this section is intimately related

to the results and discussions presented above m

7 .1 Search for a static T f

First we turn our attention to the field-cooled magnetization, M FC ,

measured in a small field which has been applied already abote T f .

Most important MFC (T) of the spin glass is often assumed to be the

equilibrium magnetization (Malozemoff and Imry, 1981b ; Chamberlin

et ei ., 1982 ; Monod and Bouchiat, 1982) because it does not seem

to depend an time and is reversible as one moves up and down in tempera-

ture, as long as
HFC remains constant below T f . In addition, M FC (T)

usually develops a plateau below Tf9 and a small "bump" (*I10%) occurs

around T f for Cu'1n and AgMn spin glasses (Chamberlin et al ., 1982),

but for many other spin glasses there is a rather large peak in
MFC

in the region of Tf . In spin glasses with dominating antiferromagnetic

couplings MFC (T) still increases below T f an cooling but with a pronounced

change in slope at T f ,as can be seen for instance in Fig . 44a for

EuxSr1-xTa spin glasses (Börgermann et als, 1986a and b)m The field

dependence of
MFC

near Tf is often related to the mean®field prediction

which gives MFC independent of T below Tf (Parisi and Toulouse, 1980;

S.ompolinsky, 1981) as will be discussed below.

Recently, Lundgren et al . (1982 9 1985) however questioned the validity

of the assumption that the measured FC-susceptibility is the thermo-

dynamic susceptibility of a spin glass . They study the time variation

of the relaxation rate in spin glasses by ac- 7, measurements and

show that the time range can .be extended to considerably langer times
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utilizing ZFC-- measurements, too . In this method a set of ZFC-X,

curves is recorded each•of which is obtained after various waiting

periods tw at constanl temperature before the external field is applied.

Figure 55 shows such ZFC-5K curves for the CuMn 4% spin glass at

T/T f r 0 .9 . In Fig . 55a the curves are represented in a relative

diagram with ®'(t) arbitrarily displaced along the vertical axis.

A relative change of the total ° j of 1 % is indicated . Figure 55b

20

	

c0

	

60

	

60

	

X00

s (sec)

Fig . 55 : Time dependence of the ZFC susceptibility for CuMn 4at% .stT = 0.9 .Tf

(Tf _ 26 K), obtained after different waiting times t w before

the external field is applied (at t = 0) . Part (a) of the figure

shows the curves arbitrarily displaced an the vertical axiss

part(b) an an absolute scale . The estimated equilibrium coincides

with the upper horizontal line of the frame of the figure (Eirom

Lundgren et al:, .1985)
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shows two curves %(t) for t w _ 0 and tN = 270 min in an absolute

diagram . The data demonstrate that at a certain observatian time

t both the relaxation rate, S, and the time_dependent susceptibility,

%(t), markedly depend an the uraitinq time t w at a constant temperature.

Both are retated to the ac via

S(t) = (1/H) 4M (t) / A lnt

	

-(2/t) % " (U)

%(t) e (1/H) M(t)

	

,'(cis)

	

(79)

if t _ 1/Cs . In a lagt diagram these ZU- 5 curves display an inflection

point at an observatian time comparable to t w at constant temperature.

Although the experimental data only cover a limited range in Obser-

vation time «103 sec) and waiting time ( < 10 4 sec), the authors

construct a diagram describing the evolution of /,(t) towards equilibrium.

They claim that, independent of t w , the time-dependent susceptibility

attains equilibrium at the same observatian time t eq (T) . For example,

for CuM n 4% at T/T f = 0 .9 (see Fig . 55) they estimate t eq e 1015 sec,

or that the cusp of ,(t) caincides with the equilibrium susceptibility

at Tf at an observatien time of about 105 sec . For shorter times,

the data are interpreted es nonequilibrium or aging Ehenomena in

the zero-field state of the spie glass.

The aging of the ZFC-state will be shown up analogously in the thermo-

remanent magnetization . For instance, these authors (Nordblad et

al ., 1986b) demonstrate that the t w-dependence of the TRM-decay de-

scribed by Chamberlin (1985) with the stretched-exponential form (eq .44,

where ` (tw )) is only an artifact caused by the influence of an aging

process of the sein-glass state an the relaxation of the magnetization.

Hence, according to Nordblad et al . (1986b) a stretched exponential

only describes the relaxation in a specific time interval and does

not accurately describe the total relaxation of the remanent magnetization.

In contrast, Hoogerbeets .et als (1986) .present neu data of the temperature-

and Field-dependence of the TRM-decay which they analyze in "remarkable

agreement'° with predictions of de Deminicis et al . (1985.) within

the infinite-range mean-field model (eq . 44) . (See also theresults

obtained from magnetic noise measurements asdeseribed in sec . 6 .4) .
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Following Nordblad et al . (1986a) further, they argue that the closely

similar wait-time dependence of the TRM-decay to the ZFC-magnetization

implies that a correspanding aging process also occurs in the field-cooled

spin-glass state . The time effects, however, are drastically weaker

in the MFC (t), as illustrated in Fig . 56 (Note the striking feature

of an inflection point at t *etw of the MZFC (t) in the M-logt plot).

According to these authors all the magnetizations measured in spin

glasses below T f probe the no ~ec~ui ib ium stete.

Similar time dependencies are observed in lov-frequency magnetic

noise measurements of the insulating spin Blass CsNiFeF 6 at 4 .2 K

(T f _ 5 .4 K) by Ocio et al . (1986) . In the frequency range below

10 -1 Hz the amplitude of the noise power strongly depends an the

time tv elapsed after cooling the Sample (no field is applied!).

The noise power measured for example at 3x10-3 Hz in. the First five

hours is 10 times above its value measured after 50 h . There seeins

to exist a characteristic frequency (which decreases with t u ), above

which the 1/c noise spectrum is observed, but below which the spectrum

presents a 1/br x dependence with 1 .5 < x4 2 . Spectra recorded für

waiting times langer than 70 h are stationary and present a l/er de-

pendence between 2x10 Hz and 2x10 2 Hz,

FC

t .. (sec)=

11%M Fc
-o
10 2
103

'E--	 -	 o	 f

10 0	101	10 2	10 3

	

t (sec)

Fig . 56 : ZFC magnetization of CuMn5at% in H e 1 0 after different wait-

times tw at T = 0.9 Tf(Tf

	

28 .0 K) plotted vs . lag t . The FC

magnetization is also shown . 1% of' the FC-magnetization value

is indicated in the figure (From Nordblad et al ., 1986a) .
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Noise measurements viere also performed in the presence of a small

magnetic Field of 0 .3 Oe by Ocio et al . (1986) . "Aging effects" are

again observed in the ZFC state, b.ut not after FC.

The "aging process" is possibly due to continuous rearrangements

of the spin configuration caused by frustration phenomena . Very recently,

Binder and Young (1986) argue that it is not absolutely certain that

the findings described above really prove the non-equilibrium character

of the spin-glass state . If states with spin-glass order exist as

thermal eouilibrium states, they are certainly highly degenerate

(i .e . there are many order-parameter components) . On cooling the

system through its transition temperature one would expect that locally

the system starts ta form ordered regions of its various possible

order-parameter components . As these regions grow there is misfit

at their walls, and hence the growth of the domains might be extreme h.

slaw.

Several authors believe that in field-cooling experiments and using

"very slow" cooling rates one measures the equilibrium susceptibility,

or at least there is no time dependence observable in z and an Tf

when deduced from such FC-measurements .. For instance, this tacit

assumption is made in many experiments described in the following

sections . Time effects an MFC after slow cooling are generally tiny,

and Chamberlin (1984) even speculates that any observed time dependence

of MFC may be a consequence of the fact that the sample is not cooled

in a constant local field, due to a small temperature dependence

of MFC
and the resulting corrections ta the local field . Hence, it

is important to establish whether there exists a static freezing

temperature T f .

Malozemoff and Imry (1981b) were one of the first who demonstrated

with two spin-glass samples, CuMn 4 .6

	

(with 7 f ee 27 K) and a-AlGd

37% (with T f*417 K), that ne shift of the peak position of dc-',(T)

(defined by MFC /H at a field of 4 .5 Oe) can be detected over a lang

range of time delays from 6 min to 2400 min per temperaturechange

A T 0 .2 K . Further below the peak temperature, however, it ismore

difficult to achieve time-independence of MFC
in spin glasses Results

from recent experiments by Matsui et alo(1985) are displayed in

Fig . 57 .. The dataon a-AlGd .37% in Fig, 57a indicatethat evenat
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Fig . 57 : . Susceptibility.

	

M FG /H at H . 0 .13 Oe, of a-AIGd 37% .. spin

glass (T f	17 K) after cooling from 23 .5 K at different ratest
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5 K ; (b)' at various T measured after different
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the lowest cooling rate applied %(_ M FC /H at 0 .13 0e) seems to

be not yet independent of the cooling rate at the low temperature

of 5 K (compared to T f m 17 K) . Nevertheless, the authors interpret

the curve %(T) in Fig . 57b measured at this lawest cooling rate

of 4x10 -5 K/sec as the "equilibrium curve" since at higher temperatures

it is "common for all the other cooling rates ." By means of this

working definition one can determine a characteristic temperature

Tne at which a given curve in Fig . 57b "peels away" from the common

curve . Then, a slower cooling rate determines a lower value of T
ne .

The authors interpret T ne as the lowest temperature for measuring

an equilibrium susceptibility in field-cooling at a given cooling

rate . For example, data of Fig . 57 are in equilibrium for a cooling

rate of 1 .4x10-4 K/sec down to 12 K (i .e . 5 K belog Tf ) when cooling

in 0 .13 Qe, and down to 11 .5 K for 10 Oe,

Detailed dc-magnetization measurements an the spin-glass YEr 1%,

presented by Bouchiat and Mailly (1985), also reveal the existence

of Jong-time relaxations of the FC-magnetization which, however,

is not incompatible with the existence of a well-defined temperature,

characteristic of the occurrence of thermal hysteresis, independent

of the cooling rate . Figure 58 illustrates these findings : Below

T f = 0 .59 K strong irreversibility occurs in the magnetization when

measured at 10 0 along the c-axis (one can assume that the Er magnetic

moments behave like Ising spins), the ZFC-magnetization differs from

the FC one . As can be seen, both magnetizations measured at the warming

or cooling rate of 0 .15 mK/min are lower than at the higher rate

of 10 mK/min, however the onset of hysteresis occurs at T f independent

of the rate . This temperature is defined with an accuracy of better

than 0 .5 % arid coincides with the temperature at which the system

deviates from the Curie lau.

A completely different behavior is found in a cabalt aluminosilicate

glass, A1 203 ' S.i02 • Co0

gnetization is observed

apparently inconsistent

at 4 .4 K when monitored

the data es result of a

by.Wenger and Mydosh (1984a) . A higher FC-ma-

at a slower cooling rate (Fig . 59),but

with that, the magnetization stays constant

over a periodof 8x104 sec . They interpret

"supercooling" effeet, strongly analogous

ta the formation of ordinary glasses .
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Fig . 58 : Thermal hysteresis loops for YEr 1 at% obtained

sample from 0 .7 K to 0,4 K and warming it under

with a constant speed equal to 10 mK/min (+) or

(From Bouchiat and Mailly, 1985).
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59 : Field-cooled susceptibility, M/H, of cobalt (14 .3 at%)-alumin-.

osilicate Blass versus temperature for various cooling rates

and magnetic fields (From Wenger and Mydosh, 1984a) .
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Guy and Park (1983) conclude that the FC-magnetization in CuMn 0 .25 %

is in thermal equilibrium since the thermodynamic (Maxwell) relations

are fulfilled für their magnetization data together with data from

magneto-caloric and specific heat measurements . Duffield and Guy

(1985) propose an the basis of a similar analysis where CuMn and

(La,Gd) A1 2 spin glasses are compared that the equilibrium phenomenon

is often obscured by secondary but large irreversible effects . They

show that (La,Gd) A1 2 is an extremely reversible system that exhibits

a relatively 'arge amount of adiabatic cooling below T f and very

little irreversibility . On the other hand, CuMn is much more irreversible

and a definite observation of adiabatic cooling has not been made.

Another procedure to search for a static T f is applied in the Eux Sr l-xS

spin glass with x

	

0 .40 where Ferrä et al . (1981) observe a pronounced

frequency dependence of the ac- %(T) maximum, as shown in Fig . 42b.

Tf (Gas) seems to saturate for low frequencies at a constant value

near the temperature determined by static magnetization measurement.

In order to obtain evidence that T f (w. ) for an infinite observation

time really saturates at a nonzero temperature Paulsen et al . (1986b)

propose the following extrapolation of the data to

	

0 : First, careful

measurements of the real (X,') and imaginary (26") part of %(T,(c)

are performed in the frequency range 7 Hz . GS T. 5 kHz . lt is shown

that the relation in eq . 67 between %' and %;' holds in zero and finite

`Fields (examined up to 15 0e) . This is remarkable when one considers

that the peak in ,' of Eu0 .40 Sr0 .60 S shifts toward higher temperatures

in moderate H while the 2," response is moved toward lower temperatures

in Fields (Maletta and Felsch, 1979b ; Paulsen et al ., 1986a) . Then,

. the authors generalize the mean-field relation .,"

	

w (eq . 33)

via eq . 67 to obtain the functional form of (T ;c,r):

%(T,co-)

	

+ (2A »') G.T

	

+ . iA (

	

( .80)
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fla)
f- ' zero ' Hz

- 10 4 Hz

Fig . .60 : Real. and ..imaginary . part of the ac susceptibility as measured

in Eu0.40 Sr0 .60 S. .spin glass for various frequencies, shown by

solid lines in part (a) and (b) . Eq o 80 describes the data quite

well (crosses and triangles), obtaining the parameters )Y(T)

and A(T) as shown in Fig . 61 . Then, 72 (crosses) and (x' @ (triangles)

can be . predicted in the . very_. low frequency-range down . to . .0 ..Hz,.

using these parameters and eq . 80 . In addition, the ... .dc .suscepti-

bility
(MFC/H

at H _ 0.5 Oe) is shown forcomparison (From Paulsen

et ah, 1986b) .

Dc Field-cooled

0.04 Hz

7 Hz

170 Hz --

1500 Hz .

	 1	

-1700 Hz
870 Hz
370Hz

110 Hz
37. Hz

7 Hz

1,7
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0.4

v (T)

0.1

A (T)

1 .4

	

1 .6

	

1 .8

T(K)

Fig . 61 : The temperature dependence of the parameters )7(T) and A(T)

extracted from least-squares fits to the date ., shown and described

in Fig . 60 (From Paulsen et ah, 1986b).

where A(T) and 1"(T), are shown to describe the data for the Eu
0 .405r 0 .60 S

spie glass quite well at low frequencies near T f (GJ-) . Least-squares

fits to the data of x, ' and

	

as illustrated in Fig . 60 for a few

representätive frequencies determine the parameters A(T) and»°(T)

displayed in Fig . 61 . Finally, eq . 80 and these parameters are used

to calculate X(T,&r) in the limit •

	

The "static" limit is

approached very slowly in Fig . 60, with the peak in %'(T) sharpening

as it shifts toward Iouer ..temperatures . Also . shown . is the conventional

dc susceptibility obtained .bycooling thesample at a rate of /,0 .2 K

per 10 min in a field of 0 .5 Oe . The departure from paramagnetic

behavior above T f is similar to that of the ac-

	

for a frequency

of 0 .04 Hz, which is not inconsistent wich the rate of field cooling.

The zero.frequency behavior suggests that a phase transition oecurs

at T f ((,r . 0) = Te - 1 .54. K for this sample . Tc is even somewhat

below T .(dc), but it is interesting to note that the exponent ?ä(T)

levels offjust at T(Fig . 61) . As this limit is approached in the

extrapolation, %" decreases toward zero but at 10 -9 Hz still has

a smallfinite value (Fig 60) .



-109-

7 .2 H-T phase diagram ; role of anisotropy:

AT-like lines : The mean-field theory of spin glasses predicts for

Ising spins one and for Heisenberg spins two critical lines in the

magnetic field-temperature plane (see sec . 4, eqs .15 and 27) . De

Almeida and Thouless (AT) (1978) obtain in the mean-field Ising model

of SSC a transition line H f (T) below which the system becomes non-ergodic.

This AT4-line, separating the spin-glass phase from the paramagnetic

phase (Parisi and Toulouse, 1980), ends for H 'e0 at the freezing

temperature T f . Later on, the instability line is suggested to be

also a critical line for the disappearance of macroscopic irrever-

sibility (Sompolinsky, 1981)0

H!M igaussxlp;,10t -' x10 ` !
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Fig . 62 : Inverse of the susceptibility, 16-1 = H/M, of

	

Mn

	

.g10.6 at% as

a function of temperature for various magnetic Fields (indicated

an each curve in G) Data points.were obtained by slowcooling

in constant Field H . 'The onset of the plateau (marked by arrows)

is defined arbitrarily by the point of the M(T) curvedeparting

by 3% from its low-temperature value . The .resulting boundary

for the spin-glass phase H c (T) is shown as an, . .insert : .(From :Monod

and 8ouchiat, 1982).

0.5 1
	 T I

10 20 30 L0 50 60

.37 .6 K
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It is thus very tempting to test this issue of the mean-field theory.

Monod and Bauchiat (1982) perform measurements of the "equilibrium"

magnetization in 32Mn 10 .6 % by slow field cooling es function of

temperature and magnetic field . Their date in fig . 62 reveal a deviation

from the low®temperature plateau of M(T,H) shifting to lower temperature

with increasing Field . The temperature of its onset, however, is

experimentally 111 defined, nevertheless by means of an (arbitrary)

working criterion qualitative agreement of T f (H) with the AT-line

(eqm 15) is detained (see insert of Fig . 62).

Chamberlin et al . (1982) present high-resolution SQUID measurements

of the de magnetization of two A2Mn spin glasses containing 2 .6 and

4 .0 at% Mn . They use the temperature derivative, dM(H,T)/dT, of the

ZFC-curve near T f for the identification of several characteristic

temperatures associated with the paramagnetic to spin-glass transition

in the presence of an external field . Only the temperature which

defines the change of the slope dM/dT yields a power lau with an

exponent similar to the AT-line.

Berton et al . (1982) use the magnetocaloric effect to determine the

H-T diagram of a CuMn 0 .25% spin glase . Here, the variation of the

temperature of an adiabatically isolated substance with external

magnetic field is measured which is directly related to the magnetization

via the Maxwell relation, Their result suggests the presence of two

lines : the spin-glass to paramagnetic boundary .line Hc (T) and a cross-

over line Hm (T) separating a pure Curie paramagnet from a non-Curie

paramagnet . The critical field H 0 (T)
9
defined rather arbitrarily

in the paper, is assaciated.with the AT ..line.

Asalready mentioned above, T f (H) is also predicted to be seen by

the disappearance of irreversibility . Salamon and Tholence (1982)

explore this possibility by examining therelaxation of the magnetization

of zer.o-field-cooled samples (CuMn 0 .24

	

and a_Fel0Ni70P20 ) following

the .application of astep increase in magnetic field . They show that

the magnetic viscosity S(H,T) _ dM(t)/dlnt first increeses with field

at a field temperature, reaches a maximum at H m (T) and then tends

toward zero at .large•fields . The values of Hm (T) vary similar to
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Fig . 63 : Critical Fields Hc (T,W) (or H c (T,t)) for a-Fe 10 Ni70P 20 spie

glass, as defined by the disappearance if irreversibility (on

different time scales) from different experiments . The dashed

line represents the ffeximum of S(H) for 30 sec <t< 1200 sec

(From Salaman and Tholence, 1983).

the AT line,
Tf

c,s, H

	

with n- 0.66 and 0 .55 for CuMn and a-FeNiP,

respectively, bot the amplitude of the field is much smaller than

expected . Salomon and Tholence (19.83) use es another criterion for

a criticalline in the . H-T plane : the disappearance of the dissipative

part of the ac-susceptibility, %" (C,i,T :,H), in
a-Fe10M170P20

for

two frequencies, 11 .3 Hz and 11 .3 kHz, Of course, such lines depend

on the time scale of the measurement, and each of these arbitrary

definitions : ..defines a separate curve . Figure 63 summarizes these..

results,,including the line for

	

QThe characteristic field in-

creases strongly :.with the frequencyof the measurement, and the functional

form changes . The :exponent of T in Hc (T)changes from 1 .8 for . :the.

Jong-time data to 1 .3 for 11,3 kHz, and the prefactor from 250 (De

to .3 k0e .

10 15 25K
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Fig . 64 : Critical magnetic field (raised to the 2/3 power to check for

the AT-behavior) plotted versus temperature for Eu
0 .40

Sr
0 .60

S,

determined from the imaginary part (T,H,C)) of the complex

susceptibility at various frequencies (From Paulsen et al .,

1984).

For the insulating spin Blass Eu0
.405r0.60S

characteristic H c (T)

lines are obtained from the decay of the magnetization after a Small

field change (superimposed an a larger constant field) 4 M(T,H,t m )

for fixed time scales tm , 1 msec < tm < 1 sec (Bontemps et al ., 1983),

and from the imaginary part '(," (T,H,(„r) of the complex susceptibility

at different frequencies (Paulsen et a1 ., 1984 ; Rajchenb.ach et al .,

1984), Again, similarity with the•AT-line is,observed, but in the

latter experiments a different structure at weak Fields is detected,

as illustrated in Fig, 64 .: the Tf(H) curves exhibit for higher fre-

quency a low-field behavior of T f nearly independent of H,The dynamie

theory of the SK mode? (Fischer, 1983b) confirms . this crossover for

lines of constant average relaxation time from analytie behavior

• frequencies, g Te-H2to AT-like behavior for ‘-A3' '40 9

tET f os_ H 2/3

To summarize these . :few examples, the. experimental data .: exhibit a

fairly similar behavior to the AT-lineof the mean-field theory,

_in :spite of some arbitrariness in the determination of the transition

from the date. . ..Nevertheless, twoduestions arise:

5

i

E0 0 .4 SC0 .5 S
o 5000 Hz
G1700 Hz
q 957 Hz
4 374Hz
ä 37Hz -
3 7Hz

G .\

o a

1 .5

	

1
.6 T (K) 1

.7

	

1 .8
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(i) Can one interpret the date. only by assuming a nonzero transition

temperature?

(ii) Why de experiments often Show AT-like behavior rather than GT®lines,

although most spin glasses are more Heisenberg-Ilke than Ising_like?

The first question has been studied by computer simulations (Kinzel

and Binder, 1984) Even the two-dimensional EA®Ising modal with a

Gaussian distribution of nearest-.neighbor interactions reproduces

several experiments described above qualitatively in surprising many

details (see also sec, 4 .2) . Since this 2d-model has a spin-glass

transition at T f = 0 the "T f = 0 o hypothesis" (Binder and Young,

1984) has been used to describe even 3-dimensional Ising spin-glasses.

Je will discuss Same examples here and also Iater in this section,

These Monte Carlo simulations yield a temperature-independent plateau

(Fig . 14c) in the FC--susceptibility, M/H § which diverges for Small

fields as H-1/® with 1/d = 0 .28 (Fig . 14d) . The critical field,

Heq (T), as determined from the onset of the plateau tends to zero

es T A (Fig . 65) . Both date areconsistent with the sealing description

for a static phase transition at T f = 0:

M(T,H) _ 1 . ( H
H

	

- T g ` (81)

The existence of the plateau appears as an effect of thenon®linear

susceptibility . Since the modal has a zero-temperature, transition,

the linear equilibrium susceptibility should follow a . Curie law (e. 1/T),

for all temperatures . ..Magnetizations measured afterZFC deviate from

the plateau-value at low temperatures (Fig . 14c) . For a given field

H and observation time t those ZFC curves merge with the equilibrium_plateaus

at a temperature T f (H,t) . This defines a line Tf(H) below which for

agiven time scale t irreversible behavior isobser .ved, Tf (H) is

shown in Fig . 65 for different times t, and one can see in Fig, 66

that the scaled curves, Tf(H)/Tf(H= 0), are similar .to theAT-Iine

in meanmfield theory . However, this line should vanish for t

(since:Tf = 0),
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Fig . 65 : Results from Monte Carlo simulations deduced from Fig . 14c:

Static critical field H ex] (T) (open circies) and dynamic critical

fields Hc (t) für t - 600 Monte-Carlo steps per spin (MCS) (cresses)

and t

	

6000 MCS (triangles) plotted versus temperature (From

Kinzel and Binder, 1984).

Fig . 66 : Normalized dynamical critical fields, taken from Fig . 65, uhere

T f(t) is obtained from extrapolating H 0 (t) to H

	

0, compared

with the AT-phase boundary' of the mean-field theory (SK) (From

Kinzel and Binder, 1984).

Nou, if one triel to Interpret the FC-Plateaus of Afn in Fig . 62

by means of this coneept, z one finds a rather different exponent,

1/A =0.03, i .e . ten-times smaller than in the simulations for d .

This rraywell be taken as evidence for d 1 e;3 (seesec . 4 .4).

The static critical •fields , .H.eq (T), which separate the region of

plateaus from the region of non-constant .magnet.izations behave quite

different from the "dynamical" AT-line in the 2d-Monte Carlo-simulations

(Fig . 65) : Heq (T) et_ TZX

	

Binder and Kinzel (1983) suggest that

the experimental data .on a-AIGd 37% (Barbara and Malozomaff, 1983)

shown in Fig . 67 can possibly be interpreted similarly, but a fit
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Fig . 67 : Temperature Tp (H) of a-AlG d 37at% where the field-cooled magnetirr

zation has its maximum e lt shows a vertical tangent at H 250 Oe

and T - T f = 0 .07 - T f (From Barbara and Malozemoff, 1903).
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	Fig. 68 : Normalizedpeak-temperature, t p

	

(T (H)

	

T(0))/TP(0) versus

field H for twoa-Allid 37at% Samples . Tp(0)was determined as

the zero-field limit of 'a fit to eq a 82, shown by the solid

	

line $ which gives the exponent p

	

0.81 (From Matsui et al .,

1985) .



-116-

then again implies a large value,

21

= 10 2 , which either means T f > 0

or dl = 3 . Matsui et al . (1985) extended recently these FC-measurements

down to 0 .01 Oe, using very slow cooling rates (see Fig . 57) . The

new, more precise data (Fig . 68) rule out the Tf = 0 assumption since

at very low fields no shift is observed in the position T p (H) of

the maximum of the FC-%(T) . Thus, a fit to a nonzero-temperature

transition

tp = (Tp (H) - T
P
(0))fTp (0) nee. HP

	

(82)

with p = 0 .8 is very satisfactory, as shown by the solid line in

Fig . 68.

Now we turn to the second question about the observation of AT-like

lines even for typical Heisenberg systems . To reconcile this result

with the mean-field predictions of Gabay and Toulouse (1981) (see

sec . 4 .3 .2 and eq . 27), it has been argued that most of experimental

methods are weakly sensitive to transverse freezing and can detect

only the crossover to strong irreversibility . However, AT-like lines

haue also been found recently by measurements of the transverse sus-

ceptibility which is supposed to be sensitive to transverse freezing

(Ketelson and Salamon, 1984) . An alternative explanation comes from

Kotliar and Sompolinsky (1984) . They show that random anisotropy

forces, even small, can mix the longitudinal and transverse components

and hence the GT-phase diagram is changed . By a mean-field treatment

of the SK spin glass wich additional Dzyaloskinskii-Moriya interactions

the authors predict an Ising-like transition at low fields ; high

enough fields (relative to the DM-intereetion) restore the - behavior

expected for Heisenberg spin glasses without random anisotropy . Some

indications of such a crossover behavior come from torque measurements

(Campbelleta1 ., 1983 and 1984 ; de Courtenay et al ., 1984), in which ..

a nearly fieid-independent irreversibility line is observed . Further

werk for a eieerverification of the GT-line is certainiynecessary .
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Anisotropic spin Masses : Anisotropy plays a erucial role in the

freezing of real spin glasses . Isotropic Heisenberg spin Systems

are expected to show no spin-glass phase in three dimensions . Monte

Carlo simulations on RKKY Heisenberg spin glasses by Walstedt and

Walker (1981) suggest that (at least weak) microscopic anisotropy

is necessary in order to obtain a cusp in the magnetic susceptibility

'°°iC(T)

The effect of single-ion anisotropy can be studied systematically

in rare-earth spin-glasses (Baberschke et al ., 1984) . These experiments

with uniaxial anisotropic spin-glasses have attracted recent interest,

and we will show how far the results can be compared with the magnetic

phase diagram in Fig . 21 (sec . 4.3 .3) predicted within mean®field

theory (eck . 28) by Cragg and Sherrington (1982b) and Roberts and

Bray (1982) . Finally the bei-lavier in applied magnetic Fields will

be discussed briefly.

Baberschke et al . (1984) report on magnetization measurements an

single crystals of Y and Sc containing Gd, Tb, Dy, and Er impurities.

The crystal-field parameters are wellknawn . YEr and ScEr .are expected

to be Ising-like systems (longitudinal freezing for D >0) while the

alles with Dy and Tb are expected to be X.Y-like (transverse freezing

for D < 0) . The ratio D/3 can be changed by varying the raremearth

concentration, which enables one to go from the Ising or XY limit

at low concentrations to the most interesting intermediate situations

at higher concentrations where at sufficiently small values of /WO

the successive freezing of the two components at different temperatures

is predicted ; see the phases L, T and LT in Fig . 21. For YGd and

ScGd, D ..is very small (e,4x10 -3K) ; their magnetic proper-Eies appear

to be almost isotropic (Wendler et al ., 1984).

In Fig . 69 the experimental results are compiled in a plotof D/3

versus T /3 which can be compared directly to the theoretical phase

diagram in Fig . 21 . The values of D/, are calculated as explained

in thepaper (Baberschke et al ., 1984), and T f is chosen as the low_field

Limit of thetemperature atuhich the FC- (T) curve departs from

the ZFC curve . Typical experimental data of the Heisenberg-spin system

ScGd 15% (Wendler et a1 ., 1984) arid of the XY-spin systemYDy 3%

(Baberschke et ei ., 1984) areahown in Fig . 70 and 71, respectively .
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Fig . 69 :•Experimental phase diagram for Sc- and Y-based alloys (to be

compared to the theoretical phase diagram of Fig . 21).

_B2/[c r (g
J
_1) 2 3

	

D/3 versus T f/(c 1-1 5j)

	

T , /J . The ex-

perimental data correspond to !Er (lj), ScEr (2), YDy (0),

ScDy «e) 1 YTb (A) , ScTb ( ) , YGd (0), and ScGd (0) alloys

(FromBaberschkeet al ., 1984).

berg (D/J 0) limits . In contrast,the ratio between the experimental

values ofT f/,3 in the XY and Heisenberg limitsis definitely larger

than thevalue 1 .5 predictedby theory . At large values of /D//J

(-opensymbolsin Fig . 69) irreversibility effectsare observed only

for longitudinal(ortransverse) fields (see Fig, 71) . At Small values

of /D//J(=full symbolsin Fig . 69) irreversibilitiesare observed

in bath directions belauf the same temperature (seeFig . 70)4 Thus

the two-stage freezing predictedby thetheory (Fig . 21) cannotbe

identified here .

10

0

_10

-20

The most remarkable agreement of Fig . 69 with Fig .21 is for the ratio

of about 3 betueen the values of T f/J in the Ising (D/J 1) and [leisen_
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Fig . 70 : (a) ZFC (dashed line) and FC (solid line) susceptibility, M/H,

of ScGd 15at% for (1ä and (~ .. The curve for 100 G corresponds

to the seg le of the vertical axis, the other curves are shown

with the indicated offset . In the 10 G experiment the experimental

error bars are indicated by vertical lines . The arrows indicate

the cusp temperature . (b) Full symbols Show the onset of irre®

versibility (T jirr ), open symbols the temperature of the cusp

(T f%) versus h

	

gµ0(S(S-l)/m)1/2•(kTfo)-l . The temperatures

are scaled with T fo T T rr (10 G)

	

T(10 G) . The solid curve

is the AT line (eq, 15) ) with a scaling factor 1/12, and the

dashed one the GT line (ed . 27) :(From Wendler et . al . , 1984 )-

Very recently, Sehröder et al . (1986) have succeeded in observing

an anisotropic behavior with subsequent longitudinal and transverse

freezing at different temperatures in a neu anisotropic spin :glass

Eux Srl-xAs3 whose phase diagram is displayed in Fig . 9 (see ..sec.

3 .3) . The ac susceptibility (T) at 380 Hz of the x = 0 .24 compound

(Fig . 72) exhibits a strong difference in
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is the origin of the behavior of %(T) shown in Fig . 72 ° In this context

it is interesting to note that Thalmeier (1986) proposes a realistic

exchange Hamiltonian for pure EuAs 3 which is shown to lead to a proper

incommensurate modulation of the spin order (see sec . 3 .3) if the

exchange interactions are sufficiently anisotropic.
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Fig . 72 : Ac susceptibility eX(at 380 Hz) of Eu 0°24Sr0a76 As3 in different

crystallographic directions . Inserts show the frequency dependence

of % (From Schröder et a1 ., 1986).

Let us return .to Figs . 70, 71 in Order to discuss the field dependeneies

of T f . . If one defines T
f
r r es the temperature where the ZFC-susceptibility

departs from the FC ©ne Baberschkeet al . (1984) find & Tjrr (H)c4 H 2 for.

XY spin-glasses Ilke YDy (Fig . 71 and insert), in agreement with

what is expected for the GT-Iine . In addition, a general feature

observed for all XY-like alloys is that Tfrr is always higher than

the temperature T f of the maximum of the ZFC susceptibility (Fig .71).

Both properties observed ...in the XY-like systems apparently follow

the behavior predicted for Heisenberg-spin glasses onthe basis of

the SK Hamiltonian(Sherri .ngton, 1983) .
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On the other hand, the also studied Isinq-like ScEr and YEr alloys

follou the behavior expected for Ising- .spie glasses, with a splitting

between the FC and ZFC susceptibility at the same temperature T 3f
-rr

as T

	

, and with

	

TIrr (H) e4 H2/3 .f

	

& f

But surprisingly, Wendler et al . (1984) observe in the Heisenberg-

like spin glass ScGd (Fig . 70) the characteristic temperature Tf
rr

to be shifted to lower temperatures in the field with äTfrr (H)
e H 2/3 ,

while T % (H) stays constant ( > T1rr ) . Thus, it is difficult to under-

stand why the behavior predicted for Heisenberg-spin glasses should

be observed in XY -spln glasses and not in ScGd or in the classical

Heisenberg-spin glasses such as CuMn, AgMn 9 etc.

Summarizing this subsection, there are extensive efforts in the com-

paring of experimental results with mean-field theory of spin glasses.

Indeed, a great deal of theoretical information about the spin-glass

transition has been provided by the mean-field theory but one has

to keep in mind that it is only valid in high dimension . Even if

in real three-dimensional systems the spin-glass freezing is a static

phase transition, one should not expect that one can describe it

quantitatively by mean-field theory . Fisher and Sompolinsky (1985)

argue that several mean-field results for spin glassesapply only

for d > B . They Show that for d < 6 in particular the exponent '

of the finite-field transition lines, äT f ex. H ' , if they exist,

should be equal for both Ising and Heisenberg spins in short-range

spin-glasses and different from the mean-field exponents
`°AT = 2/3

and
'GT

= 2, respectively . Recent numerical estimates for a three-di-

mensional Ising-spin glass by Bhatt and Young . (1985) and Ogielsky (1985.)

yield 1r= 2/3 .7 - 0 .54 and 'Nt 2/3 .4 - 0 .59,respectively, thus the

apparent agreement (see above) betueen the measured exponent ' ` and

the AT-mean-field exponent 1AT = 2/3 is accidentel, as already suggested

by Malozemoff et ale in 1983.

Clearly there is .needfor .spin-glass theories beyond mean-field.

One approach in this.direction is presented by Malozemoff et al.

(1983, 1985) . They propose a critical fractal cluster modelof. spin

glasses which is able to describe the essential features of the phenomena



-123-

occurring near the spin-glass transition and to account for the static

critical exponents . The basic assumption of this fractal model is

the existence of a temperature- and magnetic-field®dependent characteri-

stic cluster size s3 an which all relevant physical quantities depend

and which diverges at the transition temperature T f . It is related

to the correlation length
i and the cluster fractal dimension D by

D t Very recently, Continentino and Malozemoff (1986) extend

this model to describe several aspects of spin-glass dynamics : stretched

exponential relaxation ß magnetic noise, and sealing above T f (H).

7m3 Evidences for a~hase transition

In spin glasses critical behavior near T f is not expected in the

linear term

	

, of the susceptibility M/H, but in the nonlinear sus-

Cmtibility
7nl'

This is known from mean-field theory of spin glasses

(Suzuki, 1977) where the order parameter is not the magnetization

but the quantity q = 2 C< Si

	

3 av
2

	

as suggested by Edwards and

Anderson in 1975(see sec . 4) . Then, the field conjugate to the order

parameter q is H 2 in spin glasses (instead of H which is coupled

to the order parameter M in a ferromagnet)e Above T f this transition

shows up in the susceptibility

	

oc.

	

[< SiSj

	

T

	

av which

diverges at T f as

EA

	

t -

where t : 1T-T f (/T f . Furthermore, the magnetic field dependence

of the susceptibility at T f may be associated with the .critical ex-

ponent ; (Chalupa, 1977)

The nonlinear susceptibility is defined by the expansion of the :magneti-

zation with respect to an external field as

(83)



-124-

The critical parts of tnl and of X"EA
are proportional (Binder,

1982), for symmetric modele we have simply

94nl (T) = T-3(

	

A (T)`2/3)

	

(86)

Hence, the nonlinear % of spin glasses is one of the most important

physical quantities characterizing the sein-glass transition, if

it exists at all in the thermodynamic sense e and we will discuss

experimental efforts in this direction neu.

In spite of problems as discussed above to locate the static T f in

zero field, numerous attempts have been made to estimate critical

exponents for spin glasses . Table 1 contains a List of values for

critical exponents obtained from measurements an various spin glasses

either directly er via scaling relations . Manod and Bouchiat (1982) show

in Fig . 73 that their field-cooled magnetization data of the spin glass

Mn

	

AA10.6 % (with Tf _ 37 .4 K) indeed exhibit a quadratic variation of

-M/H in H above
Tf,

thus
nl

(T) is defined according to eq . 85.

Note the general feature and hence difficulty in this analysis that

the field extension allowing a reasonable fit of the nonlinear sus-

ceptibility decreases rapidly when approaching T f . The authors conclude

that the resulting
n1

is consistent with a power .law divergence

n1 (T) o t4	(87)

with a critical exp°nent

	

of 1<r<2 as displayed in the insert.

of 'Fig . 73.

Barbara et al . .(1981) analyze their data.by taking a free exponent

a(T) of the nonlinear term, H a(T) , instead of the quadratic term

in the e`xpansion of eq . 85 . Starting with a(T) = 2 at high temperatures

they find a continuous decrease of a(T) already in the paramagnetic

regime (which does not fulfill the general lau that the free energy

has to be analytic in H) and a pronounced minimum of :a(T f) . 0 .7

as well as a divergence of ,Xhl (T) at T f (eq . 87) .



:fable . Critical exponents obtained for various spin-glass systems . Same of the values are deduced from scaling laws (e .g.
specific heat ,wich = 2 -

	

- 2ß) .

Range of Range of Remarks
T g

	

H :.
(7C ®T/T f	M nlmax/M

Referenee

Mn(0.4,0 .5,0 .7,20 5%

. .Mn

	

p(10 .6%)

AJMn (150 ppm)

CuMn (1%)

CuMn (0 .25%)

-CuMn(4 :6%)

CuMn(2%)

AuFe (1 .5%)

EuxSr
1-

.S(X=0 .1500,25,x
0 .3,0 .4)

a-AlGd (37%)

a-AlGd (37%)

a-Fe
iDNi70P20

ä-A1MnSi

a-A1MnSi

a-AlMnSi

ä-FMnP

a-FMnP

6 .1+0.2

	

3.4+0,4

5 .7+0.2 . 2 .7+0.1
--

5 .2+0.5

	

2 .3+0.2

5+1 `	0 .9

3 .2

	

3x1+0 .1

3 .4

	

. . 3 .4+0 .1

5 .5

	

3 .6+0 .15

5 .5

	

3 .6+0 .2

3 .1+0 .2

	

2 .2+0 .2

	

1 .0+0 .1'

1 .5+0 .5

6 .6

	

3 .8

	

0.7

4 .4

	

3 .25+0.10 0 .75+0 .25

4 .5

	

3 .6+0 .3

	

1

4 .15+0 .15 3 .8+0 .5

	

1 .2

1 .5+0 .3

2 .0+0 .2

	

1 .1+0 .2

	

0 .9

4 .1

3 .2+0 .1

	

-2 .2

	

0 .1

	

0 .1

	

not s,-c.

0.4

	

0 .1

4 .5

	

-3 .2

	

not s,-c.

4 .2

	

--2 .7

	

2

	

0 .5

4 .5

	

-3 .6

	

0 .7

5 .0+0 .5

	

-4 .1

	

1

	

0 .5

	

not s .-c,

	

0 .02

	

AC

2 .0

	

-1

	

0 .1

	

0 .01

	

AC

AC

0 .7

	

4 .0+0 .5

	

-2 .8

	

1

	

0 .6

	

not s .-c,

0 .9/0 .6

	

3 .3+0 .4

	

-2 .1

	

0 .16

	

0 .3

0 .55

	

2 .9

	

-1 .4

	

0 .3

	

0 .15

	

AC

0 .2

	

1 .1+0 .2

	

+0 .7

	

AC, not s .-c,

1 .4+0 .1

	

4 .5

	

- .3 .9

	

0 .4

	

0 .05

	

AC

1 .4+0 .1

	

4 .8

	

-4,2

	

AC

0 .8+0 .1

	

4 .4

	

-3 .2

	

AC

0 .8+0 .1

	

4 .4

	

-3 .2

Bouchiat, 1986

Monod and Bouchiat, 1982

Novak et a1 ., 1986

Omari et a1 ., 1983

Berton et a1 ., 1982

Barbara et al ., 1981

Mulder et a1 ., 1981

Taniguchi et al ., 1983

Maletta et al ., 1979b

Barbara et al ., 1981

Malozemoff et al .,1982

Taniguchi et a1 .,1985

Beauvillain et a1 .,1984a

Beauvillain et a1 .,1984b

Beauvillain et a1 .,1986

Beauvillain et a1 .,1986

Beauvillain et a1 . ® 1986

AC ac-technique

not s .= c,

	

treatment not seif-cönsistent, as described in the text . 8

1
SV
V'i
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A9 Mn 10 .6%

1',37.4 K
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1000
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Fig . 73 : Susceptibility, M/H, plotted vs . magnetic field H in A~Mn 10 .6at%

at four temperatures above T f as indicated . Insert shows a log-log

plot of the nonlinear susceptibility '74n1 vs . the reduced temper-

ature t

	

(T-T f)/T f . Straight lines indicate variations egn1

	

t- r

with = 1 and 'r_ 2, respectively (Fron Monod and Bouchiat,

1982).

Chikazawa et al . (1983) analyze ac susceptibility data (80 :Hz). of

AuFe 0 .9.7 % and Claim that 7 n1 (T) exhibits a logarithmic behavior

ratherthan ä power .Iaw '(eq . 87) But after improving the signal-to-

noise ratio in the ac-technique (discussingalso the contributions

of 3os- and 5o -.terms induced by the ac-field amplitude h_h 0 . sinG1t),

the same gr.oup. .(T.aniguehi .et al ., 1983) also obtains a crit,ical peuer-1aw

behavior~.for 'nj_ (T) in AuFe 1 .5 % with 't- 1 .1 ± 0 .2 . Taniguchi

et al . (1985) recently studied the
a-Fel0Ni70P20

spin Blass by the

saure method uhich .shows i- 2 .3 ± 0 .2.

5.5

ö

_

2

	

8

4 .5
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Most other work yield somewhat higher values of t(Berton et al .,

1982 ; Barbara et al ., 1981) . Careful ac and de susceptibility measure-

ments were performed an the amorphous manganese aluminosilicate spin

Blass with 15at% Mn by Beauvillain et al . (1984b) . The ac susceptibility

data are fitted with a series expansion in even powers of an applied

static field up to the forth term in order to obtainresulting

in °'- 3 .1 + 0 .1 and ß - 1 .4 + 0 .1.

Fairly streng evidence in favor of the existence of a nonzero transition

is provided by the measurement of the magnetic equationof state

at T > T f , as done with CuMn 1% by Omari et al . (1983) . They analyze

their static magnetization data in the .ranges Tf < T < 4T f and 0 C H < 7T

in terms of an expansion including higher-order nonlinear terms:

MH

	

® a 1 -
15

a3 . (

	

) 2

	

.	 4
305 a5 ( kT )+®°°

	

(88)

rohere the expansion coefficients a 1 , a2 , a3 are related to the critical

exponents ß and r by .

al = 1

T - Tf
= (

	

T f )

	

(ß-+- t) -+-ß

	

for m = 2n + 1 ), 1

	

(89)

and are all normalized to l for T-)co . Note that Omari et al . use

the nonlinear variable (T®T f)/T instead of t . The values of the para-

meters a
1
,a2 , .and .a3 ,. o .btained in a fit with eq . 88 for various temperatures

abave T f - 10 .05 K, are displayed in Fig . 74b . White a
1

stays constant

(=1) representing the nonminteracting paramagnetic contribution,

the other parameters, a3 and a 5 , vary by 3 and 7 Orders of magnitude,

respectively, between 4T f and 1 .1 T f and seem to diverge both at

the Same temperature T fe Assuming T f r 0, a power-law .divergence

of a3 in T does not describe the a3 (T) data (see insert of Fig . 74b)..

Both coefficients are found to be related to each other by
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Fig . 74 : The coefficients a 1 , a3 , a5 invalved in the series expansion

of the magnetization (eq . 88) for Cu1`'1n lat% are displayed vs.

temperature in a semi-lag plot an the right--hand-siele (part b)

of the figure . On the left-hand-side (part a), log a5 is plotted

vs . log a 3 at the same temperatures . Note that the data extra-

polate to a point rohere both a3 and a5 are equal to unity, which

should be associated to the high-temperature paramagnetic limit.

The straight line in part a of the figure yields the slope

2 .25 + 0 .05 (eq . 90) . The log a3 vs . log T plot shown in the

innert stresses the failure of any attempt to describe the data

with a power law in T (T f = 0 -•hypothesis) (From Omari et al .,

198 3 ) .

shown in Fig 74a . The fact that a5 4 (a3 ) 2 implies that two exponents,

and ß, are necessary to describe the transition with eq . 88 . This

eliminates the possibility of a transition occuring at T f 0 . The

divergence of both a 3 and a5 can be described over the whole T range

by the power law inT/(T_Tf)with the exponents 3 .25 ± 0 .05 and

7 .25 ± 0 .05, respectively, Using eq . 89 implies 't 3 .25 + 0 .10

and 0 z 0.75 + 0.25 .

70 z0 30 40K T

10 8

10 6

10 `

10 2
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Very recently Bouchiat (1986) performed magnetization measurements

an AMn spin glasses in a wide concentration range 9 0 ® 4 %<c < 24%,

by means of an experimental set-up where the linear Part of M is

compensated in situ by a Small coil mounted an the sample holder

in order to increase the accuracy of the so directly measured nonlinear

part 4 M/H (=M n1/H) e A typical set of curves AM/H as function of

H 2 in A2Mn 20% is shown in Fig . 75 for various temperatures above

T = 68,5 K . The initial slope of each curve yields %n1 (T) of the

H
Z
-term in eq . 85 9 which is well described by a power law divergente

(eq . 87) with r= 2e3 - 0 .1 for this sample with 20 at% Mn in the

temperature range between T f and 1 .1 Tf (

	

= 2,1 t 0 .1 for the

0®5 at% sample) . An apparently higher value of reff = 3 is obtained

in an extended T®Tange between 1e1 and 1 .5 T f e

Turning over to the determination of the critical ex anent j (table 1),

one of the First experimental attempts is performed for Eux5r1®x5 spin

glasses with x _ 0 .15, 0 .25, 0 .30 and 0 .40 (Maletta and Feisch, 1979b).

They measure the dependence of the ac . .maxima (with 117 Hz) an

a superposed static field up to 0 .1 T . The normalized data, Xax(
H ) /

max

MNL/ H {a .u)

0

	

104

	

210&	H 2(9auss 2)

Fig . 75 . Typical set of curves, ZIM/H as a function of H 2 , in A~oMn 20 at%

for variaus temperatures above T f (From Bouchiat 9 1986).

699

	 70.8

•7t6
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(H=0), fairly independent of concentration are associated with the

putative Order parameter q by the relation

q(Tf,H) « 1_.') max (H)/ max(H-0)

	

(91)

and are indeed compatible with erg . 84 (Fig . 76a), which gives an

exponent &= 4 .1 . Moreover, good agreement is found (Fig . 76b) with

numerical simulations of the EA-order parameter at T f by Stauffer

and Binder (1978) yielding & 4 .0 in three dimensions.

Fig . 76 : (a) Depression of at the maximum of the ac-%(& 117 Hz)

in EuxSrl-x S spin glassec as function of the external Field,

measured for various Eu-concentrations x as indicated . Straight

line an this log-log plot gives an exponent e= 4 .1 (From Maletta

and Falsch, 1979b) . (b) Field dependence of the EA order-para-

meter at Tf , calculated from Monte Carlosimulations of a simple

cubic .Ising model with nearest-neighbor exchange distributed

according to a Caussian of width

	

J . Data pointsare based

an observations of 2000 MCS (From Stauffer and Binder, 1978).

Eu, SP 1_xS

}

	

x

1 0.5t

	

a 015
G 025

-i 1

	

0 0.30

+0.40

x

	

E

f

(4
10 50

	

1 0

120 2p BS1&J---=

i
0.2F

0.5 5.0
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Similar measurements of ac-

	

(332 Hz) an CuMn 2% by Mulder et al,

(1981) yield an anomalously small value of S= 105 - 0 .3 . Taniguchi

et al b (1985) obtain &- 582 ± 0 .5 in a-~Fe
10Ni70P20°®

Bouchiat (1986) determines g from the Mn, measurements® At the transition

temperature T f the data of A~cMn 0 .5% can be well fitted between 10 G

and 400 G (where Mnl/M < 0 .1) by a power Iaw

M n1/H

	

H 2/&

	

(92)

yielding 4= 3 0 1 ÷ 0 .1 (independent of concentration) as shown in

Fig . 77b Deviations towards apparently higher values of ä occur at

higher Fields (see Fig . 77)0

(X0 -M1H)1X 0

10

	

500 .

	

500 .0

H gauss)

Fig . 77 : Nonlinear magnetization versus magneticfield at T f (log-log

plot) for en 0.5 ..at% in the range of magnetic field where

Mn1 /M < 0 .5 . Note devia.tions towards apparent values of J

{ eff 4 .5) which are higher than the . value (g = 3 .1) deduced

uhen the analysis isrestricted to the range of field where

Mn1/M < 001 (From Bouchiat g 1986.),

5eff-4.5

0 .5

0.2

0 . 1

0.05

0.02

0 .01
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If a phase transition at a nonzero temperature T f exists in spin

glasses, one expects that the nonlinear susceptibility should satisfy

a static scaling lag:

1-/ - t
0 . M f ( ) 2 t-~

	

(93)

Miere t

	

(T-Tf )/T f , M being the appropriate scaling function with

M(x) a xl/S
for x # 0

	

(94)

'for x y

and scaling relations for the crossover exponent

ß +t-	(95)

0
= eg/( g_l)

Barbara et al . (1981) presented the first experimental demonstration

of scaling in both field and temperature for the spin-glass suscepti-

bility in CuMn 4 .6 % and a-AlGd 37% . This first treatment is not

seif -consistent because they determine IC from an expansion in H
(T)

	

o
with a varying term Ha

	

(es described above) uhich does not agree

with eq . 93 . The Same citicism holds for the recent papers by

Beauvillain et al . (1984a) and Novak et al . (1986) . A self-consistent

scaling analysis is performed by Malozemoff et al . (1982) of magneti.

zation data an a-AlGd 37% the results of such a fit give er. 3 .3 ± 0 .4,

t= 2 .7 + 0 .1, ß ®0 .93 + 0 .04, and 4- 5 .7 + 0 .2 . They argue that

the critical region extends from T f	15 .5 K to about 22 K and in

field up to about 15 küe . Not all scaling relations for the various

critical exponents are nicely satisfied, and lou ..field upturns feil

to be described by the scaling . The authors suggest transition broadening

due to sample inhomogeneity as a possible cause.

Beauvillain et al . (1986) measured the dc- and ac-susceptibility

(69 Hz) of tuto insulating spin glasses, the arnorphous manganese alum-

inosilicate (a--AlMnSi) with Tf

	

2.95 K and the amorpheus manganese

fluorophosphate (a-GMnP)with T f	2080 K in the field rangeup to

600 Oenearthe freezing temperature . The nonlinear parts of the

ac-~ are well described by the series expansion up to the H6-term,
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yielding the exponents D= 3 .4 -- 0 .1, ß = 1 .4 ± 0 .1 in a.AlMnSi and

3 .6 ± 0 .15, ß - 0 .8 ± 0 .1 in a-FMnP . Using these values of t
and ß, all data in the whole field range fall ante a universal curve

in a scaling plot wich eq . 93 . These results are in remarkable agreem

ment with the scaling analysis of the static low-field magnetization

measured an the same a®FMnP spin glass which gives identical values

for i . and 6.

Omari et al . (1983) present an impressive scaling plot as shown in

Fig . 78 . All the data of CuMn 1% within the anomalous milde range

1 .1 Tf < T .C 4 T f in fields up to 7 T superimpose to fit a unique

funetion of the scaling variable with t= 3 .25 and ß = 0 .75 as deduced

from the temperature dependence of a3 and a 5 (eq . 88) in the H - 0

limit (which is already described above) . An even improved scaling

is obtained with ß = 0 .95 (which yield (5= 4 .4) . These values of

the exponents are cansistent with Chose deduced an the same spin

glass, CuMn 0 .25 0, by a completely different technique using the

magnetocaloric effect (Berton et al ., 1982).

.
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Fig . 78 : Scaling plot of the magnetization data for CuMn lat% using egs.

88 and 89 for two choices .'©f the exponent ß (as indicated) and

for t= 3 .25 . Data a.t H up to 70 küe and T up to 4 Tf are in-

cluded (From Omari et al ., 1983) .
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8,Ln(K,NL/ Xa-r
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	 f	 I	
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.0.5%
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14 1.6
10+Lc(H2/H 2 T : .3,

Fig . 79 : Sealing of the nonlinear magnetization (eq, 93-95) for 15 different

values of temperature betueen T f and 1 .1 T f ( 't' denotes the

reduced temperature t) and 200 values of magnetic Field for

which Mnl /M < 0 .1 . Note the shifted origins an the abszissa for

the three alloys of A In with 0 .5, 0 .7, and 20 at% Mn concen-

tration (From Bouchiat, 1986).

In a very careful work by Bouchiat (1986) the nonlinear magnetization

of various Mn spie Blasses is also analyzed in the framework of

a phase transition . The transition temperature T f is determined by

three methods whichgive the Same value within + 0 .5 % : ac-% maximum

(30 Hz) ; low-field magnetization ; onset of irreversibility in the

low-.field ..magnetizat.ion (FC, ZFC) .Then, Bouchiat uses three independent

experimentalcriteria to determine the critical exponentsamong which

two only are independent assuming the . T f-value .fromabov.e .When
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the analysis is restricted to the reduced temperature and magnetic

field range where (T-T f )/T f < 0,1 and
Mnl/M

< 0 .1, Bouchiat finds

2'= 2 .2 + 0 .2, ß = 1 .0 + 0 .1, and S= 3 .0 + 0 .2 . (The determination

of t' and

	

was alreadydiscussed above) . lt is also possible to

describe all the date with a universal scaling function (eck, 93),

as illustrated in Fig, 79 . The best fit is obtained for 95 = 3 .2 ± 0 .1

and ß = 1 .0 ~- 0 .1 independent of the Mn concentration, Note that

the crossover exponent

	

verifies the scaling relations $ _ ß

The asymptotic forms of the scaling function M(x) (eq, 94) can also

be checked in Fig,79 as indicated by the two straight lines . The

three independent determinations of the critical exponents also verify

the scaling relations in eq . 95 . Extending the "critical range n leads

to apparently higher values of the exponents as shown above (Fig, 77),

but the possibility of a real physical crossover occuring at t >0 .1

cannot be excluded . The different ranges of the critical region used

in the various attempts to deduce critical exponents for spin glasses

may explain the discrepancies existing between the different values

obtained so far (see table 1).

Finally, let us consider the spin dynamics near T f . Nonexponential

decay of the dynamic correlation function and the rapid growth of

correlation times an approaching T f from above have been clearly

established in spin glasses, as discussed in sec . 6 . At present experim

ments, however, do not permit the determination of the exact shape

of the dynamic correlation function . On the other hand the temperature

dependence of the correlation times is analyzed very carefully by

Bontemps et alo (1984, . 1986) within the framework of critical slowia9 .

down applying two different dynamical scaling modelst

(i)

	

The standard d namie scaling near the spin®glass temperature

Tc > 0 which is considered as a second-order phase transition

gives•foi' the relaxation time `t' and the correlation length

the relations
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Fig . 80 : Dynamit scaling of the T f (H,W or t m ) lines for Eu 0 .40Sr
0 .605

in the case of a nonzero®temperature transition (T o = 1 .50 K).

Data are taken fror % _phase (1 Hz( <104 Hz) end remanent-

magnetization (10 msec

	

tm < 25 sec) measurements (From 8ontemps

et al . 1986) .

6

0 .5

	

o9

Tf/T

Fig.81 : "Logarithmic" dynamic scaling of the T f (H,or or tm ) 1.ines

for the same data es in Fig . 80, but now in the case of a zero-

temperature transition (Tc = 0) . The insert shows the lou-.field

points with an extended scale (From Bontemps et al ., 1986).
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rohere z is the dynamic exponent (Hohenberg and Halpering 1977)

The field dependence of
S

generates the field dependence of

(h2/tß+ . )

	

(97)

15 being an appropriate scaling function.

(ii)

		

The alternative picture of logarithmic sca1in  near a T c = 0

phase transition (Binder and Young, 1984) (see also eq . 81

and discussion there) assumes that thermal activation processes

over free energy barriers Z1E controlled by (T) are important,

hence

ln(`~/

	

) ®E( )/T

	

z-1/17 /T

	

T-Z

	

(98)

and similarly

ln(`L`/`r0)

	

T-z~ (
h /T 6 ) withß+)/2

	

(99)

Bontemps et ale (1984, 1986) study T f(Gs 9 H) lines of the Eu
040Sr 0®6©

S

spin glass for frequencies 10 4 Hz < 6.r< 10-2 Hz by means of Faraday

rotation and SQl1ID measurements . In addition measurements of the

remanent magnetization are performed by optical means in the 10 msec-1 sec

and 500msec - 25 sec time ranges . Large demagnetizing-field corrections

have to be made due to theplatelet-shaped sample . The authorsestablish

a dynamical criterion in order to extract a characteristic . response .

time from the %(CY, T,H) data . Taking the response of asystem

in terms of a complex susceptibility %(4.4) % er

	

they define

the zero-field freezing temperature T f as the temperature urhere

tan 0= ((Ort) takes a given phase angle (14 . The value of a

has to be chosen as independent of ( and small butclearly•.above : ..

the noise of , the Signal . This defines `?°_ A/Cis .
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Table 2:

Parameters obtained for the spin glass Eu0
.405r0

.60S from two dynamic

scaling models, eq . 97 with Tc = 1 .50 K and Eq . 99 with Tc = 0 (From

Bontemps et al ., 1986).

T=1 .50 K : 'r g

	

3x10
-12

sec

	

zlY= 8 .2+0,5

	

(ße- ' ) = 4

T 00

	

e o

	

10
8

	sec

	

z1.r-9+1

	

ü=(ß+r)/2 9

Bontemps et al . (1986) can fit the data with both scaling models,

eqs . 97 and 99, as shown in Eigs, 80 and 81, respectively . The generalized

reduced temperatures are t = (T-mT c )/T and tf =(Tf-Tc )/T (following

Omari et al ., 1983) and the reduced field is h - gµ 5(7+1)/3 H/kT.

They obtain the parameters summarized in table 2 . Both fits are of

comparable quality, which shows how difficult it is in practice to

distinguish the two possibilities, but the parameters provide a strong

support for the model of a nonzero-temperature transitian in this

insulating spin glass:

Tc = 1 .50 K is consistent with the value of 1 .51 K determined

by dc-magnetization measurement an the same sample.

t o - 3x10
-12

sec compares very well urith 'i/kTc 4x10
-I2

sec.

z

	

ö 8 .2 is comparable to computer simulations by Ogielski

(1985) whichyield z

	

7 .2 ± 1 (see eq . 34).

(ß+ t) = 4 .is in good agreement with the values found in other

spin . glasses experimentaliy and by simulations . For instance,

Bouchiat {1986) obtains (ß-~ $) e 1 .0 + 2 .2

	

3 .2 . (see table 1);

Bhatt and Young (1985) . (ß-T)

	

0.5 + 3..2

	

3 .7 ; and . Ogie.Tski

(1985) (ß-e) = 0 .5 4- 2 .9

	

3 .4 (see eq, '34)

As consequence the scaling with eq, 97 leads to a divergence of the

relaxation time along an "AT-line", ,ST f ez. H

	

with

y= 2/(ß -

	

) = 1/2 in Eu0
.405r0 .605

(see discussion at the end

of sec . 7 .2 and in sec . 10).

Summarizing, the fairly convincing experimental demonstrations of

static and dynamic scaling at a nonzero spin-glass temperature as

reviewed above provide strong evidence .for a nonzero phase_transition

temperature in spin glasses ., in good agreement .with recent .numerical

results (see sec . 4 .4). .
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8 . Crossover to long-range periodic order

So far we have discussed the ordering behavior of diluted magnetic

systems with competing ferro- and antiferromagnetic interactions

which exhibit a transition from the paramagnetic to the spin-glass

phase an lowering the temperature, By increasing the concentration

of magnetic atoms (less dilution), the exchange couplings become

stronger at the cost of less frustrated bonds between the magnetic

moments an the average, thus one expects the evolution of long-range

ferro- or antiferromagnetic order out of the spin-glass phase at

a oritical concentration x c . Here, we are interested in the crossover

regime which mey be influenced by the interplay between spin-glass

and long-range periodic order phenomena.

8 .1 Reentrant behavior:

One of the most fascinating aspects of these investigations has been

the discovery of reentrant sein nasses . lt has been claimed that

within a smail concentration regime a ferromagnetic-like state occurs

at temperatures higher than the spin-glass state (see e .g . Maletta,

1983b) . This is an unusual property since ordered ferromagnetic states

generally have a lower free energy than manifestly disordered states.

Nevertheless, many different systems are supposed to show such a

behavior, the First studied examples are : Al--Fe (Shull et a1 ., 1976) y

Pd-Fe-Mn (Verbeek et al ., 1978), Au-Fe (Verbeek and Mydosh, 1978;

Crane and Claus, 1981), Cr-Fe (Fincher et ai ., 1980), (Eu,Sr)S (Maletta

and Convert, 1979a ; Maletta, 1979c), and a_.(Fe,Mn)PBAI (Yeshurun

et al ., 1980), The interpretation of the variousexperimentshowcver,

are still highly controversial (Coles, 1984)

Sherrington and Kirkpatrick (1975) were the first to predict a similar

phenomenon of Ising spins far J
0
/J? 1 within mean-field theory . It

turned out, however, that one needs•the Parisi solution (Vannimenus,

Toulouse, and Parisi, 1981) of the SK model to get the exactsolution

at low-temperature . Bus then, reentrant spin-glass behavior does

notoccur (see Fig . 18 and discussion ;in.sec'4 .3) : With :decreasing
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temperatures, the system becomes first ferromagnetic (FM) with a

spontaneous magnetization M o4 0 and subsequently goes into a "mixed

phase" (F') with Mo 0 and with irreversibility (= a modified FM

with SG-Ilke features) ; the second transition is quite analogous

to the AT-line of SG in a field . For Heisenberg spins, the mean-field

theory (Toulouse, 1980 ; Gabay and Toulouse, 1981 ; Cragg, Sherrington

and Gabay, 1982a) predicts at the second transition (a GT-like line)

a change from a collinear ferromagnet to a "canted ferromagnetic

state" with M0 30 and transverse-sein freezing (Fig . 20) . Thus, in

both cases within the SK model the low-temperature state is a "mixed

2hase" where FM and SG orders coexist.

To date, bulk measurements like the magnetization and ac-susc ptibility

have mostly been performed in order to identify a second transition

and a reentrant spin-glass (RSG) phase . This low-temperature transition

at T f manifests itself in a number of ways : drop of the demagnetization-

limited ac susceptibility (Fig . 82) (Verbeek et al ., 1978 ; Geiles

et al ., 1978 ; Maletta and Feisch, 1980d) ; field-dependent peak in

the ac-susceptibility measured in the presence of a dc-field (Fig.

83)(Maletta, 1979c ; Geohegan and Bhagat, 1981) ; vanishing of the

spontaneous magnetization (Fig . 84)(Manheimer, Bhagat and Chen, 1983;

Crane and Claus, 1981) ; onset of magnetic viscosity (Yeshurun and

Salamon, 1981) ; onset of history-dependent effeets (Carnegie and

Claus, 1979 ; Yeshurun and Sompolinsky, 1982) ; change of hysteresis

loop (Senoussi,1984).

Since all theseexperiments are performed in finite field and the

sensitivity ta the applied :H is remarkable (see F•igs . 83 and 84)

e has ta work in really low fields and has tointroduce a reliable

extrapolation procedure in order to obtain the spontaneous magnetization

and to locate the :temperature T f . At first sight, onewouid expect

only fields of the order of (kTf/} .B) .or .(kTc/gB ) to give significant

effects,but the applied fieldsare several orders of ma .gnitude:smaller.

For the a-(FexMnl-x)75B16B6A13 alioywith x . .= 0 .80., for instanee,

Manheimer et al . (1983) lacate T f (H -e0) .at 28 K, but an applied field

of 10 0e already suppresses to below4 K any evidence of the low ..T

downturn of M(T) .
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Fig . 82 : Temperature dependence of the ac susceptibility für (Pd
0o9965Fe Q9QQ35)1®xMnx°

Curve a : x

	

0 .01 ; curve b : x ro 0 .05 ; curve c : x

	

0 .065 (From

Verbeek et a1as 1978)

Fig . 83 : Temperature dependence of the ac susceptibility(at 117Hz) ..

für EuQoS4SrQo4sS in various magnetic fields Note the change

of scale between B

	

0e02 Tand 0 10 T (FromMaletta & ui Felsch,

1980d)
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Fig . 84 : Reversible magnetization as a function of temperature for amorphous

(Fe0e70Mn0
.30)75P1686A13 at various applied fields (From Man®

heimer et a1 .,1983)m

Fig ur 85 : Magnetic isotherms for a-(Fe©
.7QMnOm3©)75P16B6Al3

in the vicinity

of Tc 112 K and T f = 49 K . The left most (highest slape)

marks the dernagnetization limit . The number lahelling each

is the temperature in K Note that the role of temperature

reversed near 1 and T f (From Manheimer et al . s, 1983).
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Manheimer et al . (1983) report such lou-field dc_magnetization measure-

ments an a-(FexMni-x)75P16B6A13 in the SG-FM crossover regime (x = 0 .65,

0 .70 and 0 .80) at fields belotu 30 Oe . By reversing the field H and

comparing field cooled and zero-field cooled states et low T they

separate out the reversible (M) and irreversible (M i ) contributions

to the magnetization . M is defined as that part of the measured magneti-

zation which ehanges sign when the applied field H is reversed . Fig . 84

shows the reversible (M) magnetization of the x = 0 .70 alloy for

various applied fields H : the system apparently exhibits reentrant

behavior, one can define tue characteristic temperatures in Fig . 84:

an effective freezing temperature T . (H) by extrapolating the linear

part of the drop in M at low T to obtain T . (H) as the M = 0 intercept,

and an effective Curie temperature T c (H) für the onset of the large

inereese of M . Inereasing the applied field H favors the FM state,

i .e . the rise in M near T c shifts to higher T while the drop in M
*

near Tf moves to lower T (Fig . 84, see also Fig . 83) . T* (H) reduces

as 8T*. ®c. HI/2 ) thus by extrapolation the value of T f	(H

	

0)

can be determined (T f = 49 K) . The Curie temperature T c is found

by means of an Arrott Plot ; the applied fields have to be corrected

for demagnetization (T c e 112 K).

Hera we want to call attention to the large magnitude of M measured

at such low applied fields in the FM phase (Fig . 84) . For instance,

the authors cite ferromagnetic resonance date taken at 3-10 k0e applied

fields which give Mvalues only about 50% higher than those at 30 . 0e

in•Fig . 84.

Fig . 85a,b summarizes the magnetic is .otherms of the x = 0 .70 allny

in the neighborhood of T c and T f , respectively . As expected, the

eurves in Fig . 85a resemble those obtained near a PM > FM transition

(T c = 112 K), while in Fig . 85b a similar behavior is observed except

-that now the role of temperature is reversed (i .e . the low-T date

show lass curveture) . The authors demenstrate that the reversible

part(M) of .the magnetization can be deseribed by the usual scaling

laws for eritical magnetic behavior

M = tß . M(H/t (ß+ ))

	

(100)
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not only at Tc but also at the FM8SG transition temperature T f , yielding

exponents as summarized in table 3 . igle nute that a muck smaller value

of T f( '' 30% lower) is obtained by a similar scaling analysis of

high-field measurements (0 .1 kG $ H . 15 kG) by Salamon et al . (1981).

Below Tf no reversible magnetization M is left when extrapolating

to H-›0 . The irreversible part (= frozen magnetization) M i measured

after Field cooling is nonzero belov T f and vanishes approximately

at T f . Thus, relying on the separation (M, M i ) and extrapolation

(H-›0) procedures Manheimer et al . (1983) provide experimental evidence

for the existence of a RSG phase in a-(Fe-Mn)PBAl alloys.

Table 3:

Critical exponents obtained from a scaling analysis (eq, 100) of

low®field magnetization data of amorpheus (Fe
0 .70Mn0 .30 ) 75 P 16 B 6A13

at the PM«.FM transition (T c = 112 K) and at the FM-SG transition

(T f = 49 K) temperature (From Manheimer et al ., 1983).

T c = 112 K : ß = 0 .47 10 '

	

= 1 .42

	

= 4 .0

T f = 49 K : J3*_ 0 .37 y- = 1 .36

	

)* = 4 .7

The main problem in studying the RSG phenomenon remains the enormous

sensitivity to applied fields, as illustrated in Fig . 84. In order

to really support the picture of a RSG with no spontaneous magnetization,

a zero-field technique has to be applied . While neutron diffraction

experiments do not share the resolution of bulk magnetization measure-

ments, they can be performed in zero applied field and give microscopic

information, for instance on the spatial spin correlations . Consequently,

Maletta et al . (Maletta and Convert, 1979a ; Maletta and Felsch,1980d;

Maletta, Aeppli and Shapiro, 1983a) have carried out detailed neutron

diffractionstudies of Eu xSr sx5 uhich will be discussed now.

This insulating dilution system has been studied in greatdeal in

the spin-glass regime, 0 .13 ex 150 .51, as described above . Early ac

susceptibility measurements (Maletta and Felsch, 1980d) disp .layed
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in Fig . 86 can be taken as a first hint at a RSG behavior of the

compounds with Eu concentrations 0,51 4 x

	

0.65 . Note that the different

plateau values in Fig . 86 are only due to different sample geometries

in the various measurements, which is checked experimentally.

2•

	

T (K) 6

	

8

	

T0

Fig . 86 : Temperature dependence of the ac susceptibility for EuxSr l_xS

with various Eu concentrations x, as indicated (From Maletta

et al., 1980b).

Turning now to the neutron diffraction measurements of Eu xSr l®x5

with x

	

0 .52 . (Maletta et al ., 1982b), typical dataof elastic scans

through the (002) reflection are .shown in Fig . 87a for three temperatures:

T = 6 .0 K in the :PM .regime, T

	

2.5 K in the FM regime, and T = 1 .0 K

in the RSG regime . These results immediately suggest the existence

of some unusual magnetic state . At high temperatures, the scattering

consists of only the nuclear Bragg scattering centered at q 0.

As T is lowered, .diffuse scattering appears whosewidth is a measure

of the size . of :the ferromagnetically correlated regions . The diffuse

scattering is seen tobe very temperature dependent and exhibits

even a broadening at theIowesttemperature . Fig . 88-shows the temperature
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Fig . 87 : Neutronediffraction measurements of Eu0
.52Sr0 .48S

single crystal:

(a) Elastie scans measured at (2 .q, 0,0) . The curve through

the T = 6 K date is a resolution-limited Gaussian . For T< 6 K

the solid line represents fits to the data using eq . 101, and

the dashed line indicates the Lorentzian (non-Bragg) part of

the scattering . (b) Temperature dependence of Lorentzian ampli-

tude A and halfwidthK obtained from the fits shown in part

(a) . The limits of instrumental resolution in q are indicated

(From Maletta et al ., 1982b).

dependence of the peak intensity of the (111) Bragg peak with various

momentum resolutions . The following features of the data are especially

important since :they are in striet contrast with normal FM-ordering:

(i) the magnetic signal normalized to the nuclear background decreases

as the instrumental resolution is improved ; (i.i) the onset of the

intensity increase shifts to lauer temperatures uith improved resolution;

and (iii) the magnetic scattering is largest"not at T = 0 but at

the intermediate temperature T
W

2.5 K . These observations indicate

that the magnetic intensity is due primarily to diffuse scattering

and not to the Bragg scattering which would arise if long-range FM

Order werepresent . As the instrumental resolution is improved different

volumes of reciprocal space are sampled and the magnetic diffuse

intensity will be decreased relative to the nueleer intensity .
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E°o .525`O.a85

	

(1»,1)	E ;=I4 .7 mev

2

Fig . 88 : Temperature dependence of (111) peak intensity (open circles)

cbserved for Eu0m525r0.48S for verlaus experimental configurations,.

Filled circles in (c) represent Bragg intensity corrected .for

magnetic diffuse scattering (Frort Maletta et a1 ., 1982b)-

The data can be described more quantitatively by assuming the following

form for the scatteringcross section:

S( )) . A/`[ (

	

)-2+ .K2r- 1 /2 + B S(R )

	

(101)

The Lorentzian-like arid

	

._function terms represent the diffuse

and Bragg scattering, respectively .

	

is a reciprocal lattice vector

and K is the inverse c©rrelation length (K= 1/

	

) . The solid . 'Ines

in Fig . 87a are the . result of the least-squares fit to eq . 101 with

11= 0 (= pure Lorentzian) .after folding eq, 101 with the instrumental

resolutinn function,_ .The, temperature dependence of A and Kare shown

in Fig . 87b . The Amplitude A increases with decreasing T, which ...indicates

that an increasing number of spins are becoming correlated o The Lorentzian
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linewidth K, becomes indistinguishable from zero around 2 .5 K, and

then increases again at lower T (the authors place a lower limit

of 40T0

	

an the FM correlation length at 2 .5 K, estimated from the

high-resolution date.).

These results contrast sharply with a normal Heisenberg FM where

the correlation length remains infinite for all temperatures below

T c . In addition, the diffuse scattering below T c would be almost

entirely associated with the spin waves . In Eux Sr l-xS, the scattering

is elastic an the scale of the instrumental energy resolution (30 ueV).

Much higher resolution studies performed by the neutron spin echo

technique (Shapiro et al ., 1985) haue shown that at low temperatures

relaxation times are greater than 10 -8 sec . Since also the Bragg

amplitude B stays constant at the nuclear level at low temperatures,

the authors conclude that the state in Eu x Srl-x S with x = 0 .52 at

the lowest T is a spin-glass phase, without a coexisting FM component,

The intermediate T regime where the correlation length diverges is

studied (Maletta et al ., 1983a) in detail in Eu xSr l-x S with x = 0 .54,

since it is more extended bete : 2 K

	

Te 4 K . Line®profile analyses

using eq . 103 reveal the Same results as described for the x

	

0 .52-com-

pound, except that neu at intermediate temperatures the scattering

profile shows clear deviations from the Standard Lorentzian form

(the maximum value of 111 is 1= -0 .6 at 2 .3 K ; eq . 103) (see also:

Maletta and Feisch, 1980d) . The magnetic Bragg scattering contributicn

(Bm ) is weak (er even zero), as long as

	

= 0, and it vanishes at

the lowest T where again K, becomes larger than the instrumental resolution

width.

Due to the high ' ambunt of magnetic diffuse scattering the intermediate ..

T regime with Kp 0 is suggested to be called a "frustrated - FM" state.

New it is plausible that such a highly distorted FM state

reentrancy point at _xc 0.51) can change into a spin-glass state

(RSG) at lower temperature . The authors don'tobserve the !'mixed

phase" at the lowest T, as predicted in the mean-field nadel . Stimulated

by these experimental deta they present a phenomenological description

of RSG systems (Maletta et al ., 1983a ; Aeppli et al ., 1984), based

upon the competition between two different ordering phenomena . .Vithin
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the crossover regime, i.e . in EuxSr l_xS at Eu-concentrations just

above x c e 0 .51, Frustration leads to an effective decomposition

of the spin system into a spin-glass-»like and a ferromagnetic network

(see also discussion in sec . 2 .2) . If the continuous network of "de-

coupled" spins undergoes a freezing transition, the fronen spins

will impose a random field an the FM network through the exehange

Bonds also responsible for frustrationa Hence 9 the Order-parameter

scattering, B S(q), is converted into the sum of a Lorentzian and

its square, similar to the strueture factor wich <0 in eq e 101,

and finally the FM state is destroyed (see e .g . a recent review an

random-field studies by Birgeneau et al ., 1986).

This two-network model accounts for both the statics and dynamics

of RSG systems, as observed in EuxSr l-x 5 9 FexCrl®x , Fex Al
l®x

and

a-(FexMnl®x)75P16B6A13 (Aeppli et a1 ., 1984 ; Shapiro et al ., 1986).

Fig . 89 is a schematic rendition of how the model describes the dynamics.

At high T (frame (a)), the dotted and dashed lines represent the

spin-wave spectrum for the related FM network and the relaxation

spectrum for the 5G spins, respectively . lt is useful to think of

the time-varyinR_ random field imposed an the FM spins at high T as

an additional noise term 9 1(t), in the semiclassical equatians of

motion for spin wa ves, The noise n(im) has the property that its

net weight,

	

n(tim) 2 dcx

	

is weakly temperature dependent,

while its bandwidth, y° 9 given by the inverse correlation time for

the SG spins, can be a strong function of T . The primary effect of

decreasing T will be to decrease

	

, which initially will increase

( f ) j 2 at frequencies an the order of the

Consequently, reducing T in such a RSG system

effect as'increasing T in an ordinary FM : the occupation of the spin-wave .

modes increases, which leads to a decrease of M and a concomitant

decrease in spin-wave stiffness D (see e .g, Fincher et al ., 1980).

The solid line in Fig . 89a represents the net :result of this process

for T rauch largerthan the :temperature T f .where freezing occurs :and

spin-wave energies.

above Tf has the saure
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For T « T f (Fig . 89c), the SG network is entirely fronen, and a delta

function at i9GJ= 0 exhausts most of the spectral weight of 1(ee )

Then, the SG network produces a static random field acting an the

FM network and a pure RSG state is left . As consequence, the delta

function domain scattering will coexist with weak sidebands (solid

line in Fig . 89c) associated with heavily damped spin waves "propegating"

through a medium of static scattering centers . For intermediate T

(Fig . 89b), both the enhaneed occupation of spin-wave modes and the

domains commonly induced by static random fields must be takeninto

account.

Fig . 89 : .Schematic constant-Q spectra of the magnetic response for the

reentrant spin-glass problem . Dotted line represents spie®wave

spectrum when the coupling between FM and SG network vanishes;

dashed line represents spectrum for SG network, and solid line

corresponds to spectra for FM network when it is coupled to

SG spins (From Shapiro et al ., 1986) .
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Recently, the same group (Aeppli et al .., 1986) started to study neutron

diffraction of the reentrant system Eu0
.54Sro .46S

in magnetic fields

H

	

60 mT . Such magnitudes of H can easily induce some alignment

of the Eu spins at the expense of the defective regions resp .onsible

for the magnetic diffuse scattering (Fig . 90) . That is observed in

both FM and SG regimes, but while the net magnetization, monitored

using the extinction-limited Bragg intensity, is histoory-dependent

in both regimes, remanence effects at rnicrosco ic len th scales (i .e.

history dependences of the diffuse scattering) exist only in the

SG regime (Fig . 91) . Thus, the authors have found a new distinction

between FM and SG regimes in RSG systems . The latter effect is very

dramatic : cooling to 0 .5 K in a 41 mT field and then setting H r 0

results in a magnetic fluctuation length of less than 65 R, well

belauf the zero-field cooled value of 140 R.

-0 .10

	

-0.05

	

0.00

	

0.05

	

0.10

q (r 1, u .)

Fig . 90 : Neutron scattering intensity of Eu 0.54 Sr0446S measured

after zero-field cooling plotted as function of momentum

transfer (q,0,0) r.Q

	

0° where Qc, - (2,0,0) . Spectra .at ,.

H - 0 and H 41 mT are shown, each at a temperature .in

the FM-regime (T

	

3 .0 K) and in the RSG-regime (T

	

0 .5 K).

The right- and left-hand vertical scales are for the 3K

(upper curves) and 0 .5 K (lower curves) data, respectively.

Solid curves correspond to eq . 101 (From Aeppli et al .,

1986)

	

. .
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14,000

20

	

40
(mT)

Fig . 91 : Field dependence of (2, 0, 0) and (1 .985, 0,0) intensities

for Eu0
.54Sr0

.46S at fixedtemperatures in the paramagnetic

(4 .6 K), ferromagnetic (3 .0 K), and spin-glass (0 .5 K and

0 .7 K) regimes . Solid lines .are ;guides to the eye :.(From

Aeppli et al ., 1986).

Shapiro et al . (1985) haue performed neutron-sein-echo (BISE) experiments

in Eux Srl-x S with x = 0.40 and x ; 0 .54 in order to further study

the double transition PM ->FM and FM -4SG in x - 0 .54 . They observe

no depolarization of the neutron beam for the SG sample (x

	

0 .40),

but in the RSG sample (x , 0 .54) the beam partly depolarizes near

T c . lt becomes more•depolarized an cooling further into the FM phase

but lass depolarizedin the SG state . The incomplete depolarization

of the scattered beam confirms the absence of true Jong-range FM

order below T . Thus, there is sufficient neutron polarizationof

the incident beam to perform the ; :experiment at all temper°atures . .
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The NSE method (see sec . 6 .2 and Fig, 50 for the SG CuMn) measures

directly the time dependence of spin correlations, S(q,t), for times

betueen 0 .03 nsec

	

5 5 nsec . Fig, 92 compares S(q,t) in the SG

sample (x = 0,40) with that in the RSG sample (x = 0 .54), measured

for q _ 0 .072 A ml
at various temperatures . Both samples Show similar

behavior at low temperatures, the data in Fig . 92 follow a straight

line, i .e . S(q,t)

	

A . lnt, which implies that the spin correlations

decay rauch slower than exponentially, typically for spin glasses.

On heating the relaxation decay gets smoothly more rapid but no dramatic

change of behavior is observable within our time interval of measure-

ment at T f in both samples . Sirnilar behavior is observed in CuMn,

except that the time spectrum for the decay in the insulating com ...

pounds is shifted towards (at least one order of magnitude) langer

relaxation times compared to the metallic SG CuMn (see also Fig . 50).

Eu0 54Sr 0.46S
1 .0

o 0
0 .81-

	

o

0 .6h
c=0.072 1

	

x~

	

t~

0 .41-o T=1.2K

	

=

	

E
, re3 .zx
Q T=SAK

	

x `
0.2 z ;= 6 .9K

	

\r

	

\

Fig, 92 : "Time correlation function, S(q,t)/S(q,0), forEu x Srl-xS

as measured for the SG compound (x 0.40) and the RSG

compound (x=0 .54) for q = 0.072 R ®1
atvarious temperatures

by the neutranspin.-echo technique (From Shapiro et al.,
1985) .
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On further heating the RSG sample (x - 0,54) into the range of the

Curie temperature Tc , S(q,t) chenges into an exponential form (Fig .92b):

S(q,t)o‘ exp (- P. t) . It is interesting to mention the also observed

q dependencies . Relaxation effects in ordered magnets generally are

q dependent, and indeed near T c of the x - 0,54 sample the measurements

are consistent with the behavior r= D . q 2 , Near T f of both samples,

however, the decay is nearly q independent . This lack of kinematical

slowing down near T f may be interpreted by dipolar effects at the

freezing process.

In conclusion e neutron scattering has played an important rale in ad-

vancing our understanding of the magnetic behavior in RSG systems . The

Interpretation of same neutron experiments, however, is still controver-

sial . From inelastic neutron scattering Fincher et al . (1980) find a

spin-wave stiffness 0 in the RSG system Cr l-xFex which after the usual

increase below T c decreases again within the intermediate FM regime

and practically goes to zero in the RSG regime . In contrast, Hennion

et al . (1983, 1984) and Murani (1983) observe more or less resolved

spin waves in Ni
0
.784 Mn0 .216 and AuFe down to the lowest temperatures

(T < T f ) . The result an the constant D also depends an the ambiguity

in cheesing the proper spectral form für analyzing the spin-wave line

(using either the "double Lorentzian" or the "damped harmonic oscillator"

form) . We want to emphasize, however, that contrary to their assertion

the observation of well-defined spin waves at finite wave vectors does

not demonstrate the existence of Jong-range FM order.

Among many other experiments uhich have been performed in order to elu--

cidate the nature of RSG systems, . twa other microscopic techniques in

addition to neutron scattering studies, FSR•and M©ssbauereffect, should

be mentioned in this context . A careful study of the electron spin re-

sonance (UR) should provide valuable information abaut RSG systems,

but one has to keep in mind the high resonance fields .in this method.

To date, many uncertainties remain already in the interpretation of

experiments on .SG samples near T f. The origin of the dramatical .change

in the field for resonance (or g-shift)and linewidth while decreasing

the temperature towards.Tf is unclear . Very recently, Monod et al. (1986)

have studied ESR in Eu Sr S for 0 .01 . 4 x

	

1 in the high-T regime (also
x 1--x
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S
x 1Wx

from ESR measurements . The left-hand-side (parts al and

a2) shows the results for the FM compound with x 0 .70,

the right-hand-side (parts bl and b2) for the RSG compound

with x

	

0 .56 (From Mehran et a19, 1984).

as function of frequeney)4 They observe an exchange narrowed dipolar

linewidth (proportional to x), as proposed by Levy and Raghavan (1986),

with a Lorentzian line shape (Deville et al .., 1981 a, b) . For x ? 0 .1

the linewidth decreases when the resonance frequency increases,

Mahran et al . {1984) present an ESR study (at 9 GHz) of the RSG system

EuxSri
-x

S wich x

	

0 .56 by comparing the data to measurements of a FM-

sample (x

	

0 .70) (see Fig . 93) and a Starsample (x

	

0 .40 : Deville et

al ., 1981 a, b) . In the FM _sample (x = 0 .70) they find a sharp narrowing

of the line near2 Tc (Fig . 93, a2) and a g-shift to lauer values (Fig.

93, al) . Below Tc the ESR speetrum breaks up into several asymmetric

lines, probably due to disorder . These findings are in contrast .uith

Chose reported for the SGrsample (x = 0 .40) where both g-value andline-

width arefound toincrease as T is loweredtowards
Tfe

Thebehavior of

the RSG®sample (x = 0.56) is qualitatively different from both others,

as shown in Fig . 93 b,_ ::Rlthough the linewidth in thePM phase narrous
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T is decreased no substantial asymmetry is detected in the x

	

0 .56

sample . For temperatures just above T c the line starts to broaden and

shifts to higher g-values . This broadening and shifting continue into

the FM phase to the lowest temperatures measured (Fig . 93, bl and b2),

as the FM e SG transition is approached (Similar variations have been

observed in an a-FeMn RSG system by Rosenbaum et al ., 1982) . Probably,

the line broadening and shift observed in the x = 0 .56 sample near T f

in the intermediate FM regime as well as in the x = 0 .40 sample just

above T f have the same origin . A detailed analysis of these date has

not yet been published.

New, considering Missbauer effect studies an RSG systems, Lauer and

Keune (1982) show in their pioneering 57Fe Missbauer effect measurements

an AuFe 16 .8 % at
H
ext - 20 kOe, that while essentially all the Fe spins

are aligned parallel to
Hext

below Tc (2 165 K), the magnetic stete

below T f { 45 K) is no langer collinear : the average <sin 2 Q> increases

from zero below T f where G is the angle betueen the magnetic Fe moment

and the external field H ext . This is deduced from the Observation that

the absorption lines with numbers 2 and 5 of the magnetic hyperfine

pattern of 57Fe (i .e ., the tm

	

0 nuclear transitions) disappear in

the FM state (only since all spins are aligned parallel to the tray

direction!), but become finite at lauer T (below T f), all spectra are

measured at 20 kOe (see lower part of Fig . 94) . They also find at Hext
that the average hyperfine field H increases below Tf somewhat faster

than in the (collinear) FM phase (see upper part of Fig . 94), which

is related to an increase in the average magnetic moment S in the RSG.

state . These two results are .summarized by the authors in the cantin

model : In the FM phase, all ..moments are parallel to the external field

Hext . Spin components transverse to Hext
are free to rotate .and do not

contribute to the moment S (thermally ayeraged spin) . At T f , these c an

ponents freeze out, canting the moment out of the direetion of H ext p
and increasingits magnitudb.

The analysis yields distribution functions of the hyperfine Field,P(H h

wich a double-peak structure in P(H hf) at lau T, as shown ... .in Fig . 95.

The external Field has little effect an P(Hhf)below T f, but strongly

suppresses the low hyperfine fields which appear above .Tf (Brand et

a1 ., 1983) . The interpretation of such Missbauer spectra of AuFe has
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led to Same cantroversy due to the known chemical short-range order

(SRO) (Dartyge et el . ' 1982) . Thesimple two-"phase11 model proposedb'y

Violet and Borg (1983, 1984), uhere SRO leads tophase segregationinto

Fe-rich platelets and remaining solid solution, is botherroneous and
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misleading as argued by Monod and Campbell (1984) and Brand and Keune

(1984) . The alloys seem to be magnetically homogeneous in the sense that

Hhf (T) disappears at one (x dependent) temperature within the resolution

of Mössbauer spectroscopy, hence the magnetic correlation length is ex-

pected to be larger than the SRO-range.

Another severe problem is involved in the Mössbauer method itself since

this "spin canting" can only be observed experimentally in the presence

of a sufficiently high external fielde Otherwise one cannot associate

the variation of the line intensities (numbers 2 and 5) with "transverse

spin freezing" . Note that at zero external Field the hyperfine patterns

of a FM and a SG are quite similar (see e .g . the recent detailed discus-

sion on the Mössbauer effect analysis of the spin glass AuFe 3 % by

Meyer et al ., 1985 ; or : Maletta and Crecelius, 1976) . As an illustration,

one may question the conclusion by Varret et al, (1982) from similar

experiments on AuFe 19 % at a somewhat lower field of 6 kOe, that "spin

canting" is already weak belotu T c , Recently, Brand, Lauer and Keune

(1985) attempt to analyze the spectra in zero external field by taking

into account that the electric quadrupole hy9erfine interaction defines

locally an axis, and the orientation of the magnetic moments with res-

pect to this local axis influences the spectrum line positions and Pro-

file . However, it is not convincing to us that by these means they can

decide between a "canted" or collinear state at intermediate temperatures

(FM phase).

In our opinion, Mössbauer effect measurements (as well as the ESR data

presented above) reveal the existente of two different states in RSG

systems, where the low-T stete is hard to be aligned by external fields

as is wellknown for spin glasses . As long as there is no experimental

evidence for "spin canting" in zero field, we prefer this much simpler

Interpretation of the spectra . In any case., the Mössbauer method is

a local one, thus global properties cannot be obtained easily such as ..

the coexistence of transverse freezing with .long-range .'FM order, as

predicted für the zero-field GT stete in mean-field theory at the lowest

temperatures . We don't see any contradiction of the Mössbauer data to

the model presented above in order to interpret the low-field magnetization

and neutron-scattering data .
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Very recently, Viana and Bray (1985) have proposed a dilute infinite-

ranged SG model uhich can have such a RSG transition . Wolff and Zittartz

(1985) present the phase diagram of the random-bond Ising model which

quite generally exhibits reentrant behavior whenever there is a compe-

tition between a ferromagnetic coupling and a weaker antiferromagnetic

one (or vice versa) a

8 .2a Coexistence of s in-glass and Isin antiferroma netic orders:

Now we present experimental results of an Ising-type dilute antiferromag-

net Fe0e55Mg0445C12 which give clear evidente for the coexistence of

longitudinal spin-glass and antiferromagnetic orders (Wang et alm, 1985a,b),

as predicted by mean-field theory,

Pure FeCl2 is an antiferromagnet (T N m 24 K) with a streng uniaxial aniso-

tropy (D e 17 K) which aligns the moments along the hexagonal c axis.

There are ferromagnetie amb planes that stack antiferromagnetically along

the c axis a By dilution with Mg 2+ Ions, Bertrand et alo (1982, 1984) ob-

serve spin-glass behavior beyond 50 % dilution as shown in Fig . 96, The

low-field dc-magnetization data measured along the c axis suggest a re-

entrant behavior in Fe0o55Mg0 .45 C12 , because the susceptibility shows

a peak near TN ' 8 K and history-dependent behavior below T f 3 K (Fig.

96) . However, there are reservations with this Interpretation because

the applied field in the measurements produces site-random staggered

Fields which can also cause similar Irreversibilities (see e .g . Birge-

neau et ei ., 1986), Nevertheless, ac-susceptibility measurements by

Wong et al . (I985b) tonfirm the existente of aspin-glass transition

at T f 3 .0 K : as displayed in Fig . 97, a frequency-dependence gradually

appears in % 1 below 5 K, with a corresponding onset of the imaginary

part 4' . Below 3 .0 K,)4 shows a drop and re ' rises rapidly, and simul-

tanedusly the frequency dependence becomes rauch stronger.

In order to decide between reentrance or coexistence, Wong et al, (1985a)

carried out neutron-diffraction experiments . We recall that because

the system is antiferromagnetic, the magnetic and nuclear Bragg peaks

are separated :in :recipracal (q-) spare, and this .allows one to study -

the magnetic Order with little ambiguity . The.scattering near the reci .M

procal lattice point :(O,0,3), which . in principlegives . information about
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Fig . 96 : ZFC- and FC-susceptibilities, M/H at H = 50 0e, for Fe xMgl^xC12

with the following Fe concentrations x : A : 0 .610 ; B : 0.552;

C :0.495 ; D :0 .413 ; E : 0 .286 . The curves through the experimental

dataare guides to the eye (From Bertrand et al ., 1984).

10
Tempercture EK}

15

Fig . 97e . Temperature dependence of the ac susc .eptibility %t for

Fe

	

Mg

	

Cl measured parallel to the easy axis atthree
0 .55 0 .45 2

different frequencies . Detail of ° and

	

" at low temperatures

are displayed in the inserts (From Wong et al ., 1985b) .
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the transverse spin component, is faund to be independent of both

T and q which implies no transverse components . Thus only a langitu-

dinal component is present, and this is measured at (1,0,1) m The tem ..

perature dependence of the peak intensity I(1,0,1) .and the diffuse

scattering 1(0 .98,0,1) slightly off the peak (Fig, 98) indicates

a well-defined Neef transition at T N = 7 > 5 K, but remarkably there

are no obvious signs for a SC transition at T f = 3 K . In particular,

1(1,0,1) increases smoothly down to 1,2 K,suggesting that the AFN

Order persists below T f (in contrast to the behavior shown in Fig, 88),

However, the diffuse scattering is much higher than the background

at lau temperatures, uhich implies that not all the spins are anti-

ferromagnetically ordered as T 40 . Analyzing the line widths and
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shape, it turns out that the AFM order is of lang range (> 10 3 Ä)

below TN and unaffected by the SG transition (obtained from the Bragg

line), but simultaneously a Lorentzian magnetic diffuse peak appears

underneath the Bragg peak .whose width and amplitude are constant

below 6 .0 K . This frozen short-range correlation of approximately

10

	

is most likely the origin of the SG behavior observed in the

ac and de susceptibility experiments . There is no indication of atomic

clustering in the Sample.

In summary, the magnetic Bragg scattering demonstrates directly that

the long-range AFM order is not destroyed by the SG transition, i .e.

.55Mg0
.45C12 does not reenter into a disordered phase . Instead,Fe

0
combining all observations, the authors (Wong et al ., 1985b) conclude

that the low-T phase of the system consists of both SG and long-range

AFM orders.

lt is natural to question why coexistence is observed in a dilute

Ising antiferromagnet Ilke Fe0
.55Mg0.45C12,

but not in a dilute Hei-

senberg ferromagnet such as Eu 0a52Sr 0.48S (see sec . 8 .1) . Since there

is no existing theory that explains this difference the authors offer

several eonjectures . In any case, both observations are consistent

with the phenomenological model of intrinsic random fields (Maletta

et als, 1983a) described in sec . 8 .1 : The effect of random fields

is to raise the louer critical dimension from 2 to 4 for Heisenberg

systems, but only from 1 to 2 for Ising systems (see e .g .Birgeneau et al .,

1986) . As consequence, one expects a coexistence of SG and long-range

periodic order in 3-dimensional Ising systems„ but a destruction

of long-range periodic order, i .e .. reentrancy, in 3-dimensional Heisen-

berg systems,

In order to further test this model of intrinsic random fields in

the crossover regime to SG order, neutron diffraction experiments

an the diluted Heisenberg antiferromagnetic system Eu xSr l-x Te are

underway (see its preliminary magnetic phase diagram in Fig . 7b).

As described in sec, 6 .1, the borderline between SG and AFM behavior

in EuxSrl-xj e has been .determined up . to now (Börgermann et al,, 1986a b)

only from bulk measurements . disappearanceof the frequency steift

of the ac-susceptibility-maximum (Fig . 43) and of the irreversibi

lities(FC ZFC

	

Fig . 44) .
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Westerholt and Bach (1985) haue studied magnetic ordering in Eu xSr l-x Se

by ac and specifie heat experiments . EuSe is a Heisenberg antiferro-

magnet with rather complex magnetic behavior (see e .g . Wachter, 1979),

since the exchange interactions 3 1 and d2 are nearly equal in magnitude,

but opposite in sign . lt shows at H = 0 a First-.order transition

to AFM ordering at TN = 4 .64 K .The metamagnetic transitions in an

applied Field (from AFM to ferrimagnetic order and finally to FM

alignment), mostly studied in M(H) experiments, can also conveniently

be observed by measuring the field dependence of the ac suscepti-

bility (-› maxima in ae.= ,(H)) . Dilution of EuSe with SrSe leads

to spin-glass behavior for x e 0 .70, established by a frequency dependence

of the ac maximum and a broad maximum of the specifie heat C(T)

at an even higher temperature . Compounds with x? 0 .85 are definitely

different : no frequency shift of the susceptibility, and the N6el

temperature as derived from the position of the broadened maximum

of the specific heat (see also Scherzberg et al ., 1981) coincides

with the maximum of d %/dT, as in normal antiferromagnets . The authors

claim to haue found evidence for the coexistence of SG effects and

AFM order for the intermediate concentration range around x = 0 .80

for EuxSrl-xSe . This compound (x = 0 .80) wich a frequency shift of

the , -peak has a structure in the ac- 0g(H) which resembles the response

of metamagnetic transitions . There is a maximum in ac- versus field

at finite H (similar to the more concentrated compounds), while for

x < 0 .70 (only shown for x = 0.50) the susceptibility decreases

continuously with H similar to other spin glasses . Since a metamagnetic

transition is a collective phenomenon of a large number .of spins

coupled rigidly, Westerholt and Bach (1985) argue that these experimental

results indicate a coexistence of lang-range AFM order and SG order.

Again, neutron-diffraction studies would give more direct information

an the behavior in the crossover regime.

Hiraoka et al . (1986) haue found the cnset of spin-glass order at

the dilution concentration (1-x)e. 0.11 in similar compounds of.the . ..

diluted antiferromagnetic system, Eu xYb1-xSe, by measurements of
153ac

	

and

	

Eu-NMR .
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8 .3 . Crossover via modulated s .in structures:

Competing exchange interaetions not only induce spin-glass ordering,

but are also responsible for modulated spin structures as is wellknown

for rare-earth metals (see e .g . Koehler, 1972 ; Elliott, 1961) . Dilution

of heavy rare earths with yttrium or scandium stabilizes the antiferro-

magnetic spiral structure at the expense of any ferromagnetic component

or phase present in the rare earth (Child and Cable, 1969) . The Ni6e1

temperature TN decreases smoothly with dilution, while the interplanar

turn anglers of the helical structure increases (G7 is also temperature

dependent) . Thus, one can expect to observe the crossover to spin-glass

freezing upon further dilution.

An early study by Sarkissian and Coles (1976) has triel to find the

boundary concentrations between helical antiferromagnetic spin ordering

and a spin-glass stete in Y and Sc based alloys with 4f magnetic impu-

rities . 8y measuring the ac susceptibility and resistivity, they pro--

pose a critical rare-earth concentration of 2 .6 at . % for YGd and YDy

alloys, 5 et .

	

for YTb, and about 23 at . % for Sc based alloys with

Gd, Tb and Dy . In recent years there have been further attempts to

distinguish experimentally between both types of magnetic ordering,

which will be reviewed now . The studies reveal that spin-glass behavior

in Y based alloys occurs probably at lower concentrations thanprevi-

ously believed.

Magnetization data (Wendler et al ., 1984) of single crystals of ScGd

(5 and 15 at . 96) and YGd (1,2 and 3 at, 96) demonstrate different

types of magnetic ordering . The•ScGd system Shows all the experimental

features of a spin Blass (Fig . 70) (see also specific-heat data by

Caudron et a1 ., 1981), while YGd even at a Gd concentration as small

as 1 at . % exhibits some kind of long-range antiferromagnetic order

(Fig . 99) . Surprisingly both Gd systems are definitely anisotropic.

Fig . 99a displays the dc susceptibility M/H as a function of temperature

for the 1 at . % and 3 at . % GdY single crystals .The applied.field

ranges from H _ 10 G to 15 kG and is applied in both directions parallel
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(b) Magnetization of YGd at T_ L5 K . For H

	

b in YGd

3 at% a small magnetic hysteresis in M(H) is observed,

the direction of the field scan is indicated by the arrovs

(Fron Wendler et al ., 1984) ..

and perpendicular to the hexagonal c axis . When the field is perpendi-

cular to the c axise the .susceptibilityshousa cusp at atemperature

Tc $ For parallel fields only clear deviations fromCurie-Weiss behavior

are measured at low T Important features of all these curves are the

absence of "FC-ZFC" irreversibility effects, normallyobserved in

spin glasses(see_ ::e .g . ScGd9 Fig . 70) Inadditionp a sein-Floptran-
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sition is observed for H , c in YGd 2 % and 3 % (Fig . 99b), This ob-

servation is consistent with Features shown in Fig . 99a : Below 7 .5 kG

there are large differenees for M H and M ~ of . YGd 3 %, while M is in-

dependent of the (nientatian of the crystal at higher fields . Similar

effects are detected for the 2 at . % sample, but for the 1 at . %

sample lawer temperatures (< 1 .4 K) would be needed to establish the

effects The Small magnetic hysteresis in M(H) at the spin-flop transi.

tion (Fig . 99b) also appears in the M(T)-curves of Fig . 99a as a small

difference between ZFC and FC at the spin-flog field (7 .5 kG) . These

experiments rule out the existence of a spin-glass stete in the YGd

alloys down to 1 at . % Gd and strongly suggest the occurrence of

an antiferromagnetic ordering with the Gd moments lying in the basal

plane .
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Neutron diffraction measurements confirm the existence of long-range

magnetic helical order in dilute YGd alloys for Gd concentrations of

2 and 3 at . % (Brown et al ., 1985) and 1 .5 to 4 .4 at . % (Wenger et al .,

1986) . For all Gd concentrations, the diffraction patterns reveal mag-

netic satellites at positions (0,0,1±& ) where S .7, O.28c* is the

wave vector of the incommensurate periodic order (c* is the reciprocal

lattice vector) . They correspond to a modulated spin state of about

20 Ä wavelength with the Gd moment directions in the basal plane of

the hexagonal structure (or very close to it) and the propagation wave

vector along the c axis . The observed widths of the magnetic diffrac-

tion peaks are resolution limited, indicating that the scattering

originates from a long-range ordered state . Below the ordering tempe-

rature, no shift in the position of the satellite peaks nor change

in their width is measured . Fig . 100 displays the temperature depen .-

dence of the satellite peak intensity (its position is shown in the

insert) for the YGd 2 .2 at . % single crystal as well as its ac sus_

ceptibilities and magnetic specific he gt (Wenger et al ., 1986).

The existence of such a lang-range ordered magnetic structure down

to at least 1 .5 at . % Gd in YGd alloys implies a driving mechanism due

to the electronic structure of the yttrium matrix . lt has been proposed

(Sarkissian and Coles, 1976 ; Wenger and Mydosh, 1984b) that the rare-

earth moments stabilize the spin density wave (50W) (Overhauser,

1959 and 1960) in the matrix . A somewhat different mechanism, first

suggested by Freeman (1972) to explain the AFM ordering in 4f-metals,

considers the nesting properties of the Fermi surface of the rare

earths as giving a maximum to the electron gas susceptibility at a

given ("nesting") vector o . These result in a RKKY exchange integral

J(Z70 ) which can explain the observed helical spie struetures . The

4d conduction electrons of the Y matrix are expected to participate

in both mechanisms of magnetic coupling . More acc.urate measurements

of the Gd form factor are required in order to reveal .a possible con-

tribution of delocalized electrons .
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Additional support for the SDtI approach is obtained by Wenger et

al . (1984b and 1986) . They present a quantitative Interpretation of

their specific heat data, also measured in applied fields, within a

mean-field model of the SDW mechanism for AFM ordering . Note that al-

ready the bare data of C m(T) shown in Fig . 100 demonstrate the non-SG

like behavior of the YGd alloy : The semicusp_like peak of the specific

heat C m(T) appears at the temperature T N of the d(T%)/dT maximum,

as common in antiferromagnets (in contrast to spin glasses where

a very broad maximum occurs at a temperature far above T f).

Alloys of Y or Sc with small concentrations of non-S-state ions,

Ilke Tb, Dy or Er, are expected to exhibit an anisotropic ordering

behavior strongly influenced by the low-symmetry crystal-field acting

en the highly asymmetric 4f electron cloud of the magnetic impurity

(see also sec . 7 .2) . A comparison between ScGd and ScTb alloys is

given by Sarkissian (1977), reporting an static and ac-susceptibility

measurements . At present there is seine ambiguity of interpreting

several bulk measurements either in terms of SG or long-range AFM

ordering, as will be discussed now:

In the Gase of YTb alloys, Ketelsen and Salamon (1985) observe small

differentes between theFC and ZFC-magnetization at H = . 20 0e for

Tb concentrations of 5 at . % and 3 at,

	

Using neutron diffraction

in addition, they demonstrate that YTb 5 % is a helical antiferromag-

net (similarlas deseribed above for the YGd alloys), despite the

"SG-like" history dependence of its magnetization . In the other alloy

YTb 3 %6 no magnetic satellites are found in the neutron-diffraction

pattern . Hence, .the..authorsconclude that only YTb 3

	

is a SG . They

emphasize that irreversibility alone cannot beused to characterize

the SG state . The same system has also been studied by Rainford et

al . (1985) . Their neutron-diffraction measurements on six single

crystals of YTb with Tb concentrations of 2, 3, 4, 5, 6 and 7 at . %

show the existente of long-range helical AFM for all the measured

samples, in contradiction to the result above . Extrapolation of the

N6el temperatures versus concentration would indicate a critical con-

centration for the disappearance of Jong- .Tange AFM order near or

below 1 at .

	

Tb in Y .
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In the rase of YDy alloys, a similar confusion exists in interpreting

the data . Lecomte et al . (1986b) have studied three samples of Y

based alloys with Dy concentrations of 2,5, 3 .5 and 4 .5 at .

	

For

all three alloys the characteristic temperatures deduced from the

maximum in the specific heat, the dc and the ac susceptibilities

caincide within experimental error . This behavior is not characteristic

of a spin glass . In addition, the specific heat data can be used

to estimate the entropy change betueen Q K and TN 9 which agrees to

Mithin 5 % with the theoretical value of Nk B ln (2 3+1) for J = 15/2.

Hence, the authors rufe out a SG freezing in these samples and suggest

lang- range AFM ordering . They also- argue that the early experiments

with YDy 2 % by Edenger (1978) are probably not properly analyzed

who found the ac_% maximum even at a higher temperature than the

maximum of the specific heat.

The Einding by Lecomte et al . (1986b) is consistent with results

from neutron-diffraction measurements an YDy 3 % by Rathmann and

Touborg (1977) which reveal helical AFM ordering of the Dy moments

belaw TN = 9 K (again very similar to the YTb and YGd alloys) . In

contrast, Baberschke et al . (1984) measure an a similar sample YDy

3 % differences in the ZFC-. and FC-magnetization (see Fig . 71) below

Tf = 9 .2 K and Field dependences of the remanences (IRM and TRM),

very similar to features in spin glassec.

YEr alloys have been studied by Fert et al . (1982), Wendler et al.

(1983), Baberschke et al . {19847 9 Bonjour et al . (1984), and Bouchiat

et al ., (1985).

Much more work is still needed to clarify the question about the

crossover to the sein..glass state by dilution of rare-,earth metals.

It is wellknown for Jong that ' Y and Sc based rare.earth alloys behave

quite different . This has been explained by different spin-density

wave effects : in Sc the .congruence of the band structure with that

of the 4f elements is weaker (Sarkissian and Coles, 1976 ; Touborg,

1977) . Baberschke et ale (1984) estimate the ratio, I D{/J,between

anisotropy ..D and exchange variance J to be
. systematically ....smaller
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in the Sc- than in the Y-based alloys, Rare-earth impurities in the

Sc hast seem to behaue as "good" spin Blasses ' while there is a strong

tendency in the Y hast to form a helical or m©dulated magnetic struc-

ture . It could be that the strong SDW effe.ct in Y-based alloys induces

some kind of mixed state with long-range AFM correlations and SG

irreversibilities (as directly observed in the diluted Ising AFM

(Fe, Mg)C 12, see sec . 8,2).

So far we have considered 4f systems but in principle similar effects

may be expected in diluted 3d metals„ too . Cable et al . (1984) have

performed neutron measurements an CuMn single crystals containing

Fig . 101 : .. :Results from neutron-polarization analysis in CuMn 25 at%

atT

	

10 K . The non-spin-flip or nuclear (in part a) and

the spin .flip or magnetic (in part b) cross sections are

displayed (From Cable et a1 .„ 1984) .
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5, 10, 15 and 25 at . % Mn . Indeed, the results show the presence

of a spin modulation with a period that varies continuously in terms

of the edge of the fcc crystal cell from 6 a o at 5 at . % Mn to about

3 ao at 25 at . % Mn . Für Illustration, the intensity contours from

nuclear and magnetic scattering are compared in Fig . 101 for CuMn

25 % at 10 K . In these systems, however, the correlation length as-

sociated with the modulation is of finite range (about 6 a o ) at all

Mn concentrations . There are smaller regions of atomic short®Tange

order in coexistence, which have net ferromagnetic moments, and which

complicates the studier because both effects are not independent

from each other (see also a similar work by Gotaas et al ., 1985).

F ig . 102 : Magnetic field dependence of the elastic scattering intensity

for Fe70
.4Al29o6

at 10 K . Note the very good Q-resolution

(e0.01

	

represented by the bar) as indicated by the

steep increase of the intensity near Q

	

0 (From Bdni et

al ., 1986) .
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In this context it is interesting to mention the very recent work .

by Fsöni et a1 . (1986) They have studied the reentrant spie- .glass

system Fe70 .4A129e6 in applied fields by neutron scattering technique >

In zero field the elastic scattering peaks at Q = 0 in the low-tempe-

rature RSG phase, whereas for an applied field parallel or perpendi-

cular to Q the intensity peaks at finite Q (Fig . 102) . The peak po-

sition is field and temperature dependent and suggests a field-induced

modulated spin structure within a finite correlation range of about

20 R . This work opens a wide field of studying the field-dependence

in other high-concentrated SG systems 9 which may help in further

understanding the magnetic ordering in the crossover regime from

SG to Jong-range FM or AFM order .
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9 . Systems with random anisotropy axis

Spin glasses are only one part in the issue of recent studies concerned

with "frozen-in" disordered magnetic stetes . Random fields or random

anisotropies also may destroy long-range ferro- or antiferromagnetic

Order . While it has been shown above that amorphous Gd-Al alloys

(eag . a-Gd0• 37A10 .63 , see Fig . 13) are typical spin glasses like

crystalline CuMn or (Fu,Sr)S, due to competing exchange interactions,

amorpheus alloys with non-S-state ions are characterized by single-ion

anisotropy axes (eq . 6) which are distributed randomly in space.

In this last section we shall discuss briefly recent research concerning

magnetic order in amorphous materials with significant local random

anisotropy, emphasizing their similarities to spin glasses (see also

Moorjani and Coey, 1984) . We shall use the term s eromagnet to denote

spin-glass-like magnetic structures that result from single-ion aniso-

tropy to distinguish them from spin glasses which occur due to competing

exchange interactions.

9 .1 RAM-model:

In order to describe the magnetic order behavior of amorphous inter-

metallic compounds containing rare-earth atoms with nonzero orbital ..

momentum such as a-TbFe2 , Harris, Plischke and Zuckermann (1973)

have introduced a model (RAM) defined by the Hamiltonian

where S is the total angular momentum at site i, and J ij are the

ferromagnetic exchange interactions of any range . The second term

with a constant second-orderenisotropy parameter D represents,the

local anisotropy where the unit vectors
n.

point in random easy-axis

directions . The properties of this model are still controversial .
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The mean-field treatment of the RAM-model (eq . 102) with interactions

J
ij

= J a /N between all pairs

	

S
j
. predicts for all ratios D/J o a

ferromagnetic stete below T o (see e .g . Derrida and Vannimenus, 1980),

But there is clearly a competition between the "aligning" effects

of ferromagnetic exchange and the "scattering" effects of random

anisotropy . Using renormalizatlon-group techniques Aharony (1975)

predicts that there is no ferromagnetism for dimensions d <4 . The

result is in agreement with domain-wall arguments (Jayaprakash and

Kirkpatrick, 1980) . lt has been suggested by several authors (Chen

and Lubensky, 1977 ; Pelcovits et al ., 1978 ; Bray and Moore, 1985b)

that a speromagnet (= spin-glass-like phase) may occur instead . Aharony

and Pytte (1980), however, have found a novel "infinite-susceptibility

phase" in uhich the magnetization vanishes (calculated to lowest

order in D) . This unusual property is obtained by an expansion in

terms of M/H which becomes singular for H e>0 and might be incorrect.

A low-temperature scaling theory by the same authors (Aharony and

Pytte, 1983) indicates for the case of small D/J a that % should be-

come very large but not diverge . They suggest for T and H-e 0 that

the maximum value of

	

is given in d = 3 by

a cg. ( J a/D) 4

	

for T < T c ro

	

(103)

Chudnovsky and Serota (1983) recently have given a phenomenological

theory for the RAM problem introducing into the model the length

scale Rc of the spatial correlation of the easy axes . Then, the magnetic

structure of amorphous Magnets is shown to be strongly dependent

an the parameter Ar =

	

(R c/a)
2
, where

	

= D/J p and a is the

atomic spacing . For weck random anisotropy (Jr < 1) a new magnetic

stete is predicted : the "correlated speromagnet" (CSM) . This stete

is characterized by a smooth rotation of the magnetization M over

a ferromagnetic correlation length RD » Rc , even ..though the net magnetization

is zero . Thera are no domains separated from each other by thin domain

Walls, as it is in a crystalJ.ine ferromagnet . In the CSM, M is reversible

and the zero-field susceptibility becomes very large but remains finite
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tja 8 (Ar/4) -4	(J 0/D)4	(104)

in agreement with eq . 103 . In contrast"to the C5M, für large random

anisotropy (Ar », 1) the magnetization is irreversible as discussed

by Callen et al . (1977).

9 .2 Properties in comparisontospin glasses

Amorphous binary rare-earth alloys
a-RxX1-x

with non-magnetic X atoms

are expected to show most clearly the influence of random anisotropy

on magnetic properties . Hence, we mainly discuss here resuits from

such materials with X

	

Cu, Ag, Au, or Al, which have been prepared

in the amorphous state over a wide range of concentration by sputtering

or evaporationa

1 .0
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Fig . 103 : High-field magnetization, p = M/Msat, of amorphous RAg

alloys at 4 .2 K (R m rare earths as indicated) . Dashed

lines are fits based on the RAM-model in mean-field approxi-

mation, eqe 102 (From Boucher, 1977 ; Moorjani and Coey,

1984) .
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lt is always difficult to obtain saturation of the magnetization

in these alloys even in the case of Gd, as demonstrated by pulsed-field

measurements in Fig . 103 (Boucher, 1977 ; Moorjani and Coey, 1984).

Gd3+ (4f7 , J = 7/2) is an S-state ion, thus single-ion anisotropy

is expected to be negligible or very small (See also Nigh et al .,

1963) . The behavior in Fig . 103 indicates the presence of antiferro-

magnetic interactions which prevent a complete parallel alignment

of the moments favored by the generaily stronger ferromagnetic inter-

actions in these amorphous a-RX alloys . The corresponding crystalline

RX alloys of CsCI-type structure are antiferromagnetic, which corrobo-

rates the Statement . In the crystallized structure only the second

nearest neighbors of a rare-earth ion are rare earths again, while

in the amorphous state they are randomly distributed with a finite

probability of rare-earth Ions to become first as well as second

nearest neighbor . Thus, both ferro- and antiferromagnetic interactions

are present in amorphous RX alloys with noble metals . In a_GdxX 1-x

the competing exchange interactions lead to spin_glass behavior for

sufficiently low Gd concentration x . Examples are a-GdxA1 1Tx (Fig . 13),

a-GdxCul-x (McGuire et al ., 1978), a-GdxAg
l-x

(Baucher, 1976) and

a-GdxLa0
.80-xAu0

.20 (Poon and Durand, 1978) . For high Gd concentrations

they become ferromagnets.

Table 4:

Random-anisotropy parameter D and exchange coupling constant J a ob-

tained from high-field magnetization data (using the modei in eq . 102)

of three amorphous RAg alloys (From Ferrer et al ., 1978).

a-Tb
0 .52Ag0 .48 : D = 4 .0 K D/J o _ 7.6

a
Dy 0 .50Ag0 .50 : D = 3 .0 K D/J o = 22 .0

a--Ho0
.50Ag0 .50 : D = 1.5 K D/J o = 10 .0
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The approach to saturation in a-RX alloys when R Gd (Fig . 103) is

mainly governed by single-ion anisotropy . The dashed lines in Fig . 103

are fits based on eq . 102 in the molecular-field approximation (Ferrer

et al . 1978) . The analysis allows one to estimate the values for

the random-anisotropy constant D and for the exchange interaction

J,, es summarized in table 4 . For the light rare earths (Pr, Nd:

Fig . 103) this simple model is inappliable, influences of fourtha

and sixth-order electrostatic Fields obviously have to be invoked.

White there is good agreement between the RAM model description and

the magnetization obtained at high fields, serious deviations are

found (Fig . 103) in the low-field region (H 100 k0e) . The deviations

originate from the presence of sizable hysteresis loops and magnetic

aftereffects . Most detailed informations are available for a-TbAg

(Baucher and Barbara, 1979) and a-DyCu (Coey et al ., 1981) . Fig . 104

displays hysteresis loops measured in a-Dy 0941Cu
0.59

(anisotropy

Parameter D = 3 K) at two temperatures . Time-dependent effects are

found in the dashed parts of the loop at 4 .2 K . The measured value

of the coercive field H o is dependent on temperature and measurement

time . Hc will be smaller the longer the time at which it is measured

after the application of the field . The intrinsic coercivity (H c

extrapolated to zerg temperature) is rather large : 8 kOe for a-DyCu

and 23 kOe for a-TbAg . A

very-low-T loop at 0 .1 K

in the irreversible part

magnetization changes in

of the Barkhausen effect

domains . Each wouldhave

Dy ions .

quite remarkable feature appears in the

(Fig . 104) . Instead of a smooth field dependence

of the loop (as measured at 4 .2 K), the

a series of large discrete jumps, reminiscent

in asample containing about half a dozen

volume 10 2 mm3 and contain some 2x10'8

The remanent magnetization in l©w fields invariably depends an the

manner in which it is acquirede This is illustrated for a_DyCu in

Fig . 105, rohere the field dependenees of the IRM and TRM are shown,

being very similar to the properties of spin glassesa
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Fig . 104 : Initial magnetization curves and hysteresis loops for a-Dy0941 Cu0
.59

at two temperatures, 4 .2 K and 0 .1 K . The dashed parts

of the loops at 442 K indicate the presence of time effects.

Triangles, circles, and crosses denote different cycles

at 0 .1 K (FromCoey at al ., 1981).

For the time dependence (magnetic aftereffect) a slow lnt-decay is

measured, indicating a wide distribution of relaxation tirnes or energy

barriers . Very-Iow-field measurements of the magnetization reveal

different behavior after ZFC or FC (Fig . 106) . Below a welldefined

temperature one can define reversible and irreversible susceptibilities.

Thus, the speromagnet a-DyCu, where random anisotrapy dominates exchange,

exhibits many propertieswhich also characterize spie glasses, i .e.

isotropic spie systems•where competing exchange .interactions are

essential .
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Fig . 185 : Isothermal remaneoce and thermoremanence of a-DyCu at 1 .7 K.

Vertical lines indicate the time variation in one minute

(From Coey et al . , 1981).
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Fig . 106 : (a) Magnetization of a-DyCu measured (i) in the earth's

field and (ii) in 4 .94 (]e applied at 4 .2 K . The arrows

indicate the sequence of measurements, (b) Reversible (solid

lines) and irreversible (dashed live) susceptibilities,

derivedfrom these data (From Coey et al ., 1981) .
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In a recent study von Molnar et al . {1982) present a comparison of

random-anisotropy and spin-glass properties in the amorphous rare-earth

alloys
a-Dy0 .52Cu0 .L8 (D/Jo large), a-Gd0

.52Ag0
.48 (D/J o small),

and a-Gd0
.37A10 .63

(a wellknown spin glass) . This work has also been

stimulated by the theoretical prediction of Aharony and Pytte (1980)

of an "infinite-susceptibility phase" . Detailed measurements of the

magnetization as a function of temperature and applied magnetic field

are analyzed in the form of Arrott plots, i .e . M2 vs . H/M, as shown

in Fig . 107 . The general features of the Arrott plot for a-DyCu (Fig . 107a)

are quite .different from those of a-GdAg (Fig . 107b) . On the other

hand, the behavior in Fig . 107a is similar to the Arrott plot obtained

for the spin glass a-GdAI (Fig . 107c) . As in spin glasses and contrarily

to the low-anisotropy case (Fig . 107b), it is difficult to see an

the plot in Fig . 107a at which temperature the transition occurs.

Low-.field susceptibility measurements (similar to Fig . 106), however,

clearly indicate the transition at 23 K . Below T c _ 23 K the suscepti-

bility remains large but finite (% 0 -1 = 0.69) (intercept along the

abseisso.), and there is no spontaneous magnetization at any temperature

(no intercept along the positive ordinate),

The disagreement with the theory of Aharony and Pytte (1980) can

be ascribed to the fact that the prediction of the "infinite-susceptibility

phase" is developed for D/0 ° < 1 . Consequently, a..GdAg is also studied

where the anisotropy is small . The data in Fig . 107b Show that the

susceptibility approaches the demagnetizing limit, i .e .iX,-l'-e 0.

In addition, a careful analysis of the low_field dataindicates that

the material may develop a small moment despite the apparent vertical

drop in M2 as H/M -)O ; although this conclusion depends critically

an the magnitude of any possible extremely small demagnetizing field.

Finally, the spin-glass sample a-GdAI (Fig . 107c) clearly exhibits

no spontaneous magnetization, a small value for the initial susceptibility

( 0-1 = 13 .7), and the curvature remains positive for all measured

temperatures in the Arrott plot . . Thus, the spin glass a-GdAI shows

many similarities to the speromagnet a-DyCu .
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Fig . 107 : (a) Arrott plot of a .Dy 0P52 Cu
0 .48

for applied fields up

to 7 kOe . The insert is the same plot extended to 50 kOe.
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(b) Arrott plot of a-Gdo .52 Ago .48 for applied fields up

to 400 Oe . The insert is the same plot for intermediate

fields 500 Oe 5,2 H ö 6 kOe .
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(c) Arrott plot of a--GdA12 for applied fields up to 48 kOe.

t - T/Tc9 where To = 15 .75 K

{Fron) v . Molnar et al . g 1982).
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lt would be particularly interesting to know the magnetic behavior

in systems with small anisotropy D/J o . The random anisotropy should

destroy ferromagnetic order e but a large or even diverging susceptibility

is predicted (Aharony and Pytte, 1980 and 1983 ; Chudnovsky and Serota,

1983) . Barbara and Dieny (1985) have recently studied the properties

of a-DyxGd1-xNi (where Ni is nonmagnetic) for various concentrations x.

Estimating D and J a for different x from high-field magnetization

measurements, they find a dependence of yb an the ratio D/J o (Fig . 108)

uhich can be represented by the power law of eq . 103 with the exponent

3 .8 t 0 .2, in excellent agreement with the result (exponent 4) of

non-mean-field theories (Aharony and Pytte, 1983 ; Chudnovsky and

Serota, 1983) . The problem of low-anisotropy systems, however, is

still open . In particular, it is not known for the present, whether

the transition to the infinite . .susceptibility phase occurs at D

	

0

as is theoretically predicted (Aharony and Pytte, 1983) or at D > 0.

Ln Xo

Fig . 108 : Susceptibility

	

vs . the ratio D/J O for a-Dyx Gd
1-xNi

alloys . The straight line in the .ln-.ln plot for D/J4 < 0.7

corresponds to eq . 103 with an exponent 3 .8 + 0 .2 (From:

Barbara .:and :Dieny, 1985) .
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Sellmyer and Nafis (1985) have also studied this problem . In a-Gd
0 .72Fe0,10Ga 0 .18

they find no spontaneous magnetization and a completely reversible

magnetization below T
c
. They suggest that their data may be taken

as evidente for the new 0SM-stete (Fig . 109) predicted by Chudnovsky

and Serota (1983) . The Same authors (1986) also analyze ac- % data

near Tc for a-Dy0
.60Fe0 .3080 .10,

taken in various applied fields,

in terms of an Ising-type spin-glass transition, i .e . they deduce

critical exponents

	

and g' from the behavior of the nonlinear sus-

ceptibility ( p 2 .4 ; £ = 2 .3).
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Fig . 109 : Magnetization M(H) of a-Gd 0e72Fe 0al0 Ga 0.18 et 4 .2 K and

comparison {solid line) .to CSM prediction (From Sellmyer

and Nafis, :19.85) . :



-184-

10 . Conclusions

Spin-glass behavior is anintrinsic effect of disorder and competition

of the magnetic interactions (sec . 2) . In such materials, several

unusual properties are observed belog the temperature T f , and the

transition et T f appears as a complicated freezing process . Attempts

to interpret this novel phenomenon of magnetic ordering have proved

difficult, but in recent years substantial progress has occurred

in our understanding of spin glasses.

Up to now no realistic model of a spin glass has been solved analytically.

The simple model proposed by Fdwards and Anderson (1975) (sec . 4.1),

however, is shown by Monte Carlo simulations to reproduce many experi-

mental findings an spin glasses remarkably well. (sec . 4 .2) . Its mean-field

theory, as realized in the Sherrington-Kirkpatrick (5K) model (1975)

(sec . 4,3), is nou fairly well understood (which has taken about

eight years) . The solution proposed by Parisi (1980) yields a rieh

structure in the ordered phase, described by an infinite number of

pure states related by an ultrametric topology . The onset of irrever-

sibility at T f is associated with a phase transition which also holds

in an applied Field . The critical H-T live is different for Ising

(AT-line : eq . 15) or Heisenberg spins (GT-line : eq . 27).

A large amount of experimental data shows the intrinsic Feature of

irreversibilities of spin glasses at temperatures below T f (sec . 5 .1).

The picture of the "many-valley structure" in phas« space (Fig . 15)

is useful to explain the effects phenomenologicaily, independent

of whether at T f en equilibr.ium transition occurs . It would be desirable,

however, to have more detailed theoretical work for instance an slowly

relaxing metastable states . The concept of "isotropic anisotropy"

(sec . 5 .2), characterized by an anisotropy triad (Saslow, 1982) and

anisotropic interactions of the Dzyaloshinskii-Moriya-type, can explain

successfully several distinct properties of metallic spin glasses

well below T f . The nature-of low-energy excitations in spin glasses

is far from being understood (sec . 5 .3) . In spite of similar observing

a linear specific hegt in glasses as well as in spin glasses, they

are of different origin : The linear specific heat in spin glasses

is accounted for by linear (oscillatory) spin excitations, while

it is due to two-level tunneling systems in ordinary glasses . In
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addition, recent specific heat measurements (Martin, 1985) en the

spin glass CuMn 0 .88 at% show no time effects, in contrast to the

behavior in ordinary glasses . Thus, there are not much analogies

between spin glasses and ordinary glasses, except the existente of

slowly relaxing metastable states.

Most of recent experimental studies an spin glasses are concerned -

with the nature of the spin-glass transition at T f (sec . 6 and 7).

The appearance of very Iring relaxation phenomena and the lack of

corresponding reliable analytic theories hamper the interpretation

of these experiments . Indeed ., until recently no consensus existed

as to whether spin glasses exhibit a phase transition at all . A number

of experiments an various spin glasses, however, provides now feirly

convincing evidence for a phase transition at a nonzero T f (sec . 7 .3).

An understanding of the complicated spin dynamics near T f , however,

which includes macroscopic times, would be desirable . For the critical

exponents, even numbers close to the Ising values determined from

numerical studies are quoted.

Nunerical studies of Ising spin glasses in three dimensions corroborate

the experimental evidence that a phase transition takes place (sec . 4e4).

However, very similar studies of Heisenberg spin glasses indicate

that there is no transition in short-range vector-spin systems in

three dimensions . In a very recent paper, Bray, Moore and Young (1986)

demonstrate that vector-spin glasses with short-range couplings or

RKKY couplings are in a different universality class, the lower critical .

dimension d l is d l > 3 or d l = 3, respectively . In contrast, Ising

spin-glasses have the same critical behavior for both types of couplings

(2 .d1 < 3) . The authors also show that the critical exponents associated.

with the Ising-type transition in anisotropic vector-spin glasses

are always those of the short-range Ising spin-Blass . The dependence

of Tf an the anisotropy .D in d=3-Heisenberg spin glasses is such

that as D

	

0, Tf°~ 0, but so slowly that for realistic values of

D/J (ee 10 - ), the transition temperature is still Tf :es] (see also:

Morris et al ., 1986) . Thus, one can reconcile the numericalresults

with the experimental work, where most of the best-studied spin glasses

are Heisenberg-type systems, by taking into account a very small

anisotropy .
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Much confusion, however, exists about the interpretation of spin-glass

transitions in an a elied sn.agneti.c field . As reported in sec . 7 .2,

there have been extensive efforts in the comparing of experimental

results wich mean-field theory of spin glasses (AT- and 0T-lines).

Such a comparison has to be done with great coutiousness (see sec,

7,2) as pointed out by Fisher and Sanpolinsky (1985) . In this context

it is quite interesting that several authors (MCMillan, 1984b ; Moore

and Bray, 1985 ; Bray and Moore, 1986 ; Fisher and Huse, 1986) have

proposed a new picture of the Ising--spin .-glass phase in short-range

systems . In striking contrast to the results of the mean-field model

(SK), they conclude that there is onl one Nase in three dimensions:

Bray and Moore {1986) present a theory, based an a "one-parameter-

scaling" picture, the central concept being that of a scale-dependent

coupling J(L) . The equilibrium properties in the ordered phase are

determined from an exponent y which describes the scale dependence

of J(L) at zero temperature

J(L) eJ JL y	(105)

The sign of y determines whether the System scales to weak or strong

coupling for

	

i .e . whether d > d l (y >0) or d

	

d 1 (y «0) .

They obtain y - 4- 0 .19 + 0 .01 for d = 3, which again implies a phase

transition at a nonzero temperature . Then, the exponent y determines

the .decay ofcorrelations in the ordered state uhich is algebraic

(, r-y ) for all T <T . . This result was first suggested by Fisher

and Hase (1986) onthe basis of a droplet model . It implies that

the ordered phase is described by a single pure state, and the skort_

range model does not exhibit "replica symmetry ..breaking",in contrast

to the mean-field model . The exponent y . also governs the response

to a weak magnetic field .. If the ordered phase is replica symmetric

for short-range models, it follous that there can be no AT line)

i .e . a magnetic field destrors the spin-glass ,transition . .This would

imply that .experimentsomly observe "dynamic AT-lines", at uhich

relaxationtimes.become comparable with experimental observation

times .
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Summarizing, this neu, concept would mean that the ordered state of

real spin glasses is simle~r than the complicated structure obtained

from the SK-mean-field theory . Future work will certainly be directed

toward further studies an this central issue of the nature of the

spin-glass Phase.

Finally, systems where Jong-range periodic (FM, AFM) and spin-glass

orderings compete exhibit magnetic properties which obviously are

not in accordance with present theories (Fig . 18 and 20) . In sec . 8

we mode a first attempt to classify the large amount of experimental

data an this subject which nou, needs confirmation by theoretical

work he ond the SK-mean-field theory .
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