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1. Introduction

In recent years there has been an upsurge of interest in the research
on the spin-glass phenomenon. The term "spin glass" was introduced

in 1968; now about cre paper per day 1s published which uses this
wvord in its title or abstract (For recent reviews see: Fischer, 1983a

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

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

Spin glass refers to a magnetic state of a system in which 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. Taking these features together means that we are going

to apply the term "spin glass™" here in the restricted sense, as mostly
done; and not to all random non-ccllinear ordered magnets, e.g, not

to systems with random anisctropy axes (see section’ 9) or to systems

with randem fields, The new type of magnetic order is represented
schematically in Fig. 1 where its magnetizatien measured in a small
applied field is cempared (in its magnitude and temperature dependences)

with that of two wellknown types of collinear magnetic order, too.
The increasing interest in spin glasses may have the following reasons:

(1) ' Spin~glass properties are fairly universal. They have been
observed in a wide variety of different systems with competing
interactions between the spins e.g. in crystalline metals
FexAul_x (Cannella and Mydesh, 1972}, in crystalline insulators
EuxSrl_XS (Maletta and Crecelius, 1976) as well as in amorphous

alloys deAllmx (Mizoguchi et al., 1977).

(ii) Spin glass behavior is novel; it is an intrinsic effect of
disorder and competition of the magnetic interactions, Attempis
“to understand the_origin-énd behavier of . the épin-glass state
.:haue_led.to‘the appreciation of several new concepts-and -
to the recognition that the fundamental ingredients for these
concepts are '‘much more wvidespread in gccurrence than spin
- glasses. The study has had important impact -in statistical

mechanics, and fecently élsonapplicationsaqn.complex optimation
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problems (Kirkpatrick et =2l,, 1983) and bioclogical problems
(memory (Hopfield, 1982), prebiolegical eveliuation {Anderscn,
1983)) have been discussed.

(iii)  In spite of more than 2000 publications with many important
results and in spite of a close interaction between experiment,
computer simulation and analytical model caleulation the
essential gquestions for instanece about the nature of the
spin-glass transition and the spin-glass state are still
controversially discussed. Spin glasses are still a challenge

to solid state physics,

Fig. l:;-'Comparison of the magnetization measured in a small applied
field for (a) a ferromagret (FM), (b) an antiferromagnet (AFM),
“and (c) a spin glass (SG). The dashed lineindicates 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 all ‘three. Values of
 the;paramagnetic Curie~Weliss temperature Bp are indicated,
‘At the bottom the corresponding ordering of the magnetic moments

'is_Sketched schematically “(From Moorjani and Coey, 1984),




-3 -

The present review attempts to give a survey of the field, including
discussions of the most exciting questions which have come up. Obviously,
it is nearly impcssible to cite all the papers on spin glasses, hence

the authors apologize at the outset to those whose work is not explicitely
referenced. Additional references are found in other rTevieus (Fischer,

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

The organizaticn of this chapter is as follows: First, twe 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 seme basic requirements for any type of
magnetic order such as interactions and anisotropies, and an introduction
of some tybical systems out of the large 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-
iities, anisotropy and excitations, The upsurge of interest in spin
glasses in recent years is related to the "spin-freezing" processt

near the spin-glass temperature TF’ wvhich is discussed in see, &

and 7, Experimental work on the dynamics of spin-glass freezing is
reviewved in sec. 6, vhile attempts devoted to analyzing the data

in terms of a phase transitlon at TF are discussed in sec. 7. We

then give in sec. 8 recent results of studies concerned with the
Imagnetic behavior in the crossover regime from spin-glass to long-range
ferro- br antiferromagnetic order. A brief discussion on systems

vith random anisotropy axis is iﬁcluded'in sec, 9. Finaily;'éec.

- 10 ‘contains some concluding remarks.
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2. Characteristics of a spin glass

Before beginning a survey of experimental results on tare earth spin
glasses and their interpretation by model calculations, we wéuld
first suggest a brief discussion on twe 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 glass:

There is no unique experiment which is able to definitely identify

a sample as a spin glass., Some of the characteristic properties of

spin glasses which will be discussed below also occur for cother sorts

of magnets, so in practice it is necessary to observe several characteri-
stics before classifying any material as a spin glass. As an example,

wve present experimental data in Fig. 2 on the spin glass sample,

"U0.40°"0. 60
properties:

5, which may be taken as a possible collection of defining

(a) In the ac-susceptibility: A peak in ¢¥AT) at low magnetic fields., -
It defines the spin-glass temperature Tf, not necessarily the
phase ifransition temperature TC (if it exists at all} because:

T]c is often dependeni on 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 long-range brder at.T;gT%.

(c} In the magnetic_épecific heat: no anomaly in C(T) at TF._A broad.

peak exists at higher temperature (at about 1.3 TF)'

(d,e) In the magnetization: Below T]C severe history dependency (the
magnetization measured after zerc-field cooling, ZFC, is different
from that in field cocoling, FC), remanence (TRM measured after
FC, IRM measured a?ter.ZFB) and slow (naon-exponential) relaxation
exist after magnetic perturbation (TRM denotes the thermoremanent

- magnetization, and IRM the iscthermal remanent magnetization}.
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Fig. 2: Collection of defining properties of a spin-glass. Data of
- Eugue®To.ep
bility WC(T} (Maletta and Felsch, 197%b), (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, YRM and IRM, for:different

S are taken from measurements of (a) ac-suscepti-

- values of the acquisition time % , as indicated, at T = 1.32 K
cand H = 40 Ce (Ferré et al., 1981), and (e) magnetizations
. M-after field-cooling (FC) or zero-field-cooling (ZFC) (Maletta
and Felsch,'i979b). The insert_shows_the.éorresppn@ing_dc—sus—

lim dM/dH.

ceptibilities,




2.2 Ingredients for a spin glass:

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

S (see also

phase diagrams of two systems, EuXSr XD and EUXSr

Westerholt et al., 1977), displayed i; Fig, 3._Bot§"§nsu1ating systems
are based upon a ferromagnet, Eul (TC = 69 K) and EuS (TC = 16.6 K),
and are magnetically diluted with Sr. These twe Eu-monochalcogenides
are rather similar chemically, and crystallize in the NaCl strueture,
The magnetic moments at the divalent Eu ions are coupled via short-range
exchange interactions to the first (Jl) and second (Jz) nearest Euy
neighbors. Thus, in both dilution systems the percolation threshold
(depending on the crystal strueture and range of interacticn only)

is the same and equal to xp = 0,13. It means that for Eu concentratiens
x £x_ the system consists exclusively of independent finite magnetic
clusters (superparamagnet), whereas from geometrical arguments within
percolation theory long-range magretic order may be possible for

all x >xp (i.e. as long 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.

tu Sr, O By, Sr S

Fig. 3: = Schematic magnetic phase diagrams for*Eu*Sri_xG and.EuXSrlﬂxs.
- PM = paramagnet; FM = ferromagnet; SG = spin glass. Xp = percolation
“threshold. The exchange interactions to the;fi:sti(Jl) and
second_nearest~neighbors'(32) are of equal or Qf'opposite sign .

. in-EuXSr XD arT EuXSrl S’ITESEE?#%V?lYf ' : .

1- -X
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Fig. 4: (a) Simulated Curie temperatures TC (triangles) of a fcc Heisen-

berg ferromagnet with J2/3 -1/2 plotted vs, concentration x

l=
of magnetic ions (Binder et al,, 1980). Circles dencte experimental

data for EuXSrl“xS (Maletta and Convert, 1979a).

(b} Ground-state magnetization of a classical fec Heisenberg
ferromagnet as a function of concentration x for various ratios
J /J of exchange interactions, as obtained from Monte Carlo

51mulat10ns (From Blﬂder et al,, 1979).

By dilution of a ferromagnet'cne;expegts the Curie tempgrature Tc(x)
first to decrease linearly with (l-x) due to the linear decrease

in the effective exchange‘field rand, as x is Further decreased,
ferromagnetlsm to persist doun to the critical concentratien xp where

T hes to go to zero. This happens ‘in the dilution series Eu Sr1 Ce

The origin of'the fundamental difference in magnetic ordering ‘observed
in Eu Sr1 S has been proposed (Maletta and Convert, 1979) to lie

in the presence of comEetlng exchange 1nteract10ns._80th exchange
couplings,. J1 and J2, are positive in EuO, ‘whereas in EuS they are

of ‘opposite sign, u1th ratlo J /Jl :'~O 5 (Z;nn, 1976 Wachter, 1979).

The 1mportant_role played by the ‘competing ékchange'is confirmed .
in Monte Ca;lo simulatiqns:by Binder. et al. (1979, 1980). In.a realistic
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model for EuxSr S, censidering an fec lattice with JZ/J

= -0.5,
they even find éagntitatiue agreement with experimental résults without
adjustable parameters by calculating the concentration dependences
of the Curie temperature Tc(x) and the magnetization {Fig. 4). Obviously,
the ferromagnetic state in EuS is unstable against dilution with

SrS already at X = 0.50, far above the percolation threshcld xp = 0,13,

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

the ground state of a diluted square lattice with 31> 0 and JZ< .

[SING: XY
HEISENBERG:

8 .
T
é(jO ;—‘4
e;%T;o E

cose=-(1+3R/2)IR—

Fig. 5: Spin configurations near nonmagnetic atoms'(circles)'oﬁ’a:diluted-_-:”
ferromagnet with cgmpeting_nearest'(Jl)fandfhext-nearest-(Jé) =

ﬂeighbor interactions, R :-32/31< 0.:0nly the. spins which are o

not aligned in the direction of “the spontaneous magnetization RSN

(pointing upwards) are indicated by arrows. The:most simple

_cases of both the Ising and XY or Heisenberg model are shown.: . = ..

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

32 (broken lines) there occur spins or spin clusters near the non-magnetic
atoms (open circles) 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 ¢ (in the XY and
Heiserberg model) which is dependent on the ratic of the exchange
interactions R = JZ/Jl. Even more interesting is the behavior shown
between the double arrows in Fig, 5. For instance in the lower left

part it is favorable to have either one of two spins (in the middle)
antiparallel to the ferromagnetic network but it is undecided which

of them, and hence the states with these tvo spin configurations

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

two spin cluster is only weakly coupled to the ferromagnetic environment,
in both states some interactians are unfavorable ("frustrated" bonds).
Systems with frustration (Toulouse, 1977) cannct minimize simultaneously
the emergy because of competition between different requirements.

This high ground state degeneracy due to frustration is a basie feature

of spin glasses,

Similar frustration effects occcur 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 decoupled from the ferromagnetic alignment

within the long-range ferromagnetic order, until ferromagnetism breaks
down completely already aboveAxp, as observed experimentally in EuxSrlmxS
(Maletta and Convert, 1979). A new 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 xj»xé (deSrquU), unless competition in the exchange couplings
comes into'play (EuxSrl_XS). On the other hand, frustration alone

is also not sufficient to create a spin glassy for example a system
on a triangular lattice 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 spin-glasses

The basic requirements for any type of magnetic order in a solid
are the existence of magnetic moments associated with unpaired electrons

on the atoms, and interactions to couple them together.,

3.1 Interactions:

In systems with lanthanides the 4f shell builts up a well-localized
moment guBSi which may be coupled to neighboring moments by the isotropic

Heisenberg exchange

- —p :
R - .23.5.-5, (1)
1j ij7i 7j

vhere Ji' is the exchange parameter between spins at site i and site j.
It is positive for ferromagnetic coupling and negative for antiferro-
magnetic coupling. The insulating Eu-monochalcogenides Eu0 and EuS

are believed to be some of the most ideal realizations of the iscotropic

Heisenberg model of ferromagnetism (Zinn, 1976; Wachter, 1979},

In metallic systems with 4f atoms the ‘most prominent source of long-range
interactien between magnetic mements 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 BKKY-interactions are its long range

and oscillatory nature:

”"cos(ZkFR + @

¥

C(kR)S BLT R 2y

The effective exchange parameter J between spins of distance R falls

of f as R_B“and oscillates in sign and magnitude with R, so the coupling - 7

can ‘give ferro- as well as-antiferromagnetic alignments. Here, kF"
is the Fermi wave number, @ a phase factor, and V, 'is proportional "=
to J?S where st is the exchange interaction between the localized
f-electrens at the lanthanide and the conduction electrons of the
host metal. The oscillaticns arise when the Fermi surface is sharply

~defined, For further discussions on the RKKY interactions in disordered
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systems we refer to the literature (de Gennes, 1962; Kaneyoshi, 1975:
de Chatel, 1981; Levy and Zhang, 1986).

3.2 Anisotropies;:

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

however, may influence the magnetic ordering substantially. Here,

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

{i) Magretic dipolar interaction
—5p - - =%
. R ¢ 3, «T..) RN N
‘g{dlpfl s ) (uy 13) (uJ u) -
ij 3
T, r5
J 1j
iz e
tends to align the twe mements by and p, parallel, along the
. L . . - J
line joining their sites, rij‘
This anisotropy is of order 1 K only and probably not important
for typical metallic spin glasses. It may be relevant for insulating
spin glasses EuXSrl XS (Binder and Kinzel, 1983). N
(ii) Dzyalpshinskii-Moriya (DM) interaction

(Dzyaloshinskii, 1958; Moriya, 1960):

M = - - o
- _
= -D... Here, a conduction electron of the

vith vector D.. .
ij ji

LT . , .
host metal is first scattered by the spin Si’ then. vig Spln—prbltziﬁz__

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

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

'by a second spin E?.'The same mechanism,'but wvithout the process .

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

is of third order in perturbation theaory.
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Fert and Levy (1980, 1981) propose this DM interaction to be
responsible for cbserved anisotropy effects in metallic spin

glasses. The anisotropy field D is randomly distributed (like

the T atoms), i.e. there is no global anisotropy axis, but

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

character

- . ITEl Nz
EDM = K -cogs B with K~D (5)

EDM is only dependent on the angle 0 of spin rotation from
any axis, there is no preferred direction. In this sense the

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

(iii)Single-ion anisotropy

W = p(s?H)? (6)

in uniaxial crystals where z being the easy-axis direction.

This anisotropy is also related to the spin-orbit coupling

which is rather strong in 4f atoms. It occurs in systems containing
non-S state ions, mostly from interaction between the ncn-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 properties of such crystals.

3.3_Spin-glass systems

Let us consider 1ngredlents of typlcal systems. out of the large varlety
of substances containing rare earths, for uhlch some - spln-glass propertles

have been reported (see also Durand and Poon, 1979)
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hik = 0.221K i35

0.8~ J2/k =-0.100K EusS
Jalk = 0.006K
% L Juik =-0007K 130
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(a) Spin-wave dispersion in EuS, measured by'inelastic_heutron
scattering at T = 1.3 K(TC = 16.5 K); ?he»solid lines represent
the best “fit using up to fifth neighbors. exchange interactions,.
The arrows indicate the boundary of ‘the first Brillouin zone.

in the varicus symmetry directions (From Bohniet'éla;-1980)§'

(b) Dependence of the ‘exchange interactions,iJi_and“Jz, on the -

Eu~-Eu distance Rr in the Eu-chalcogenides,
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Insulating crystals: The system EuxSr S has been studied in great

1-x
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, spin-only

8

o >7/2
groundstate of the Eu™ ion at a site i of the NaCl lattice of EuX,

which is coupled to each of the zZ, Eu spins Sr in the r-th neighbor

magnetic moment of by = 2 “Bsi =7 tg carried by the 4?7 -

shell by the isotropic Heisenberg interaction yielding the sum

R
K:—Z 2z, Jr?i*g: . (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. éa) confirms previous assumption
that the range of the exchange interactions is essentially limited

to the second nearest neighbors: Jl/kB = 0.220 K and JZ/kB = 0,100 K,
while the exchange interactions to more distant neighbors decrease

to a few percent of 32 only. The dependence-of Jl and J2 on the Lu-Eu
pair distance R = a/ N2 (a = lattice parameter) for each of the

four members of the EuX series is summarized in Fig. éb. Eub with

the shortest Rr values obviously is a special case where both Jl

and 32 are positive, cthervise Jl and JZ are opposite in sign. Obviously,
going from Eul tc Eufe, i.e. in the direction of increasing lattice
constants and covalent character of the chemical bond, Jr shifts

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

{1973) the following exchange mechanisms for Jl and JZ are proposed:

-~  An Eu-Eu superexchange with virtual transfer_of a 4f .electron
.'to the.5d-tZg expited étate:cf'é Eu hearest'heighbor (Jl;_zl = 12).
- An -indirect superexchange between Eu next-nearest neighbors -

'inuolving.fhe antibonding.5dgeg orbitals_qf:the Eu and ‘the -.

p orbitals of the-anion(Jé; z, = 6

~For further discussions on-EuX_see;Wachterj(l979)..--g_,,p-u';
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A caresful analysis of the high-temperature susceptibility of EuxSrl_XS
versus tu concentration by Kdbler and Binder (1980) has been used

to search for pessible deviations in the atomic arrangement from

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

chemical short-range order in EuxSr S is found. The experimental

1-x
data can be quantitatively understocd over the whole Eu-concentration
range by taking only into account the weak dependence of the exchange
parameters on concentration and temperature via lattice expansion

(EuS: a = 0.597 rm, SrS: a, = 0.602 nm).

The presence of well-known competing exchange interactions of short
range, Jl and 32, in EuXSrl_xS over the whole x-range has made this
system a famous spin-glass material where the conditions fer spin-glass
behavior discussed above are realirzed very clearly. For this reason
a lot of different experiments has been performed on this material,
and experimental results on this rare-earth system will be somewhat

emphasized im this review.

-

Eu,Sr, (Te

s

Fig. 7: Magnetic phase diagrams for the diluted ferromagnet EuXSrl_XS
' (Maletta and Felsch, 1979b) and the diluted antiferromagnet

EUXSrl ;Te (Bérgermann et al., 1986b). PM = paramagnet; FM =
- ferromagnet ; AFM = antiferromagnet; SG = spin glass. Note that

 the boundary betueen SG and AFM in Eu Sr, Te is not yet studied

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

fuTe the dominant interaction {Jz) to antiferromagnetism, both possessing -
competing " exchange, Jl and 32. Thus, as expected from discussions

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

in the diluted ferromagnets EuxSrl_xS (Maletta and Felsch, 1979 b)

and in the diluted antiferromagnets EuxSr Te (Borgermann, Maletta

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

in Fig. 7).
Westerholt et al. (198la,b) started by mixing the ferromagnet EuS with
the metastable antiferromagnet EuSe together, EuSySe1 ye From ac

susceptibility and specific heat measurements they claim to obtain

a narrov concentration regime arcund y = G.10 with spin-glass or
"mictomagnetic " properties (Fig. 8a). Theoretical work often predicts
in such a phase diagram an intermediaie region with mixed ferro-

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

As leng as neutron diffraction studies have nct yet been performed,

g finite decision on the type of magnetic order is still open in

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

EUS).SE1_Y EUXS[‘LX SYSELY

T T Y T T T T T
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Fig. 8: 'Magnetic phase diagrams for-EuSySel“y for 0gyg 1, and Eu_xSrl_xSySel_y
with y = 0,2 and y = Q.5 for 0 € x ¢ 1. FM = ferromagnet; AFM =
antiferromagnet; 56 = spin glass (Ffom WEsterhplt and Bach, 1981b),
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Sr which stabilizes the spin-glass ordering, and broad spin-glass

regimes versus Eu concentration are cbserved (Fig. 8b} in EuxSrl S Se

=Xy Tl-y”

It can be understood by systematically changing the ratio JZ/J1 with

concentration y, for instance they estimste JZ/J1:5~0.75 for the
system with y = 0.2, and Jz/Jl¢z ~0.6 for vy = 0.5, This featurs is
in qualitative agreement with model calculations in 2 dimension by

Binder et al. (197?) where just this behavior has been predicted,

Fig. 9:

T IK)

Magnetic phase diagram for EuxSr . PM = paramagnet; AF =

As
-X

1 3

antiferromagnet; IC = incommensurate antiferromagnet; LSG =

longitudinal spin glass (freezing only for #,[fb); SG = spin
glass (additional freezing of transverse components). Triangles

dencte. specific~heat results, cther symbols denote the temperature

“of the maximum in the ac susceptibility ¢/ . The crosses dencte

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

entrant" phase boundary {dashed line) is only tentative, neutron-

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

is the dilution system EuxSrl_xAs3 based upon the semimetal EuAsj.
EuAs'3 and SrA53 are again isostructural, namely moncclinic, with

nearly equal lattice parameters (Bauhofer et al., 1981). The anti-
ferrcmagnet EuAs3 undergees two successive magnetic transitions (Bauhofer
et al., 1985 and 1986; Chattopadhyay et al., 1986) at 11.2 K and

1.3 K. First, a transition to an incommensurate magnetic structure

occurs which 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 investigation of

the incommensurate state has been performed (Thalmeier, 1986; Chattopadhyay
et al., 1986), sugoesting that there exist competing exchange inter-

actions to the nearest and next-nearest Eu2+ neighbors,

Therefore, it is not astonishing that Lecomte et al., (1984, 1986a)
cbserve a spin-glass regime in Euxsrl-xASB' Very recently, a study
of the directional dependence of the ac susceptibility (Schriader

et al., 1986) reveals anisotropic 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 cf

EuxsrluxASB'

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

often cited as '"classical" spin glasses, referring to the ploneering

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

susceptibility, 7 (T), in low magnetic fields is observed in these
dilute alloys. In such systemé, howvever, - the interactions gre rather
complicated and not precisely known: ' '

- .Magnetism created by 3d electrons are not brcperly described
by localized moments, :at least for concentrations up.to about -
'Jlﬂ at% or even more, és:often used in expe:iments.'Modificatiohs

of fhe far too idealized RKKY interaction and additional direct
. overlap of -the d electrons have to be included in realistic

. ‘model calculaticns,

The situation is even more complicated as sometimes an interplay

with atomic short-range order occurs.
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A careful analysis 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 (<8
at %) Mn and Fe impurity concentrations. Nevertheless, there exist
competing interactions which are respeonsible for the appearance of

the spin-glass state in such systems,

Here we will cencentrate an rare-earth systems which built up well-
localized moments. In the class o? 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 low-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 case of a

very weak depression of the superconducting transition temperature

TC with magnetic impurity concentration x, as in Ndehl=xRu2’ Hiser

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. 11. For recent reviews on the competition between super-
conductivity and magnetic order, with more compliete 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

Sc 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}, It also turned out that spin-glass behavior in yttrium based

- alloys occurs at much lower concentrations than previcusly claimed.
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Furthermore, diluted intermetallic compounds with 4f atoms also reveal
spin-glass properties, for example (Gd, LE)Alz {v. Lhneysen et al.,
1978b), (Gd,Y)Al, (Besnus et al., 1980), (Gd, La)B, (Felsch, 1978),
and {(ET, X)Alz (Bruss et al., 1979).

Amorphous alloys: This class of structural disorder contains for

instance adeXAl vhere detailed studies provide evidence for spin-glass

1-x
behavior in the concentration range 0.30g xg 0.40 (see phase diagram

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

On the ether hand, amorphous systems like a-DyCu whose magnetic orders
are highly influenced by the random distribution of local énisotropy

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

will be called "speromagnets" (Moorjani and Coey, 1984) and not discussed
here, but in section 9. Remember that we decided to adopt the term

"spin glass" te dencte disordered magneis whose magnetic properties

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

To discuss this rew type of ordered phase in spin glasses, one would
like to have a microscopic model where 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 analytieally. In addition, there exists another
difficulty because a proper itreatment of systems with quenched disorder
like spin glasses involves averaging the free energy f rather than

the partition functign Z

Trpr - [m 3], e

where T depends on a large set of variables {:x} describing the randomness,

4,] Edyards-Anderson model ;

In 1975 Edwards and Anderson (EA) published a paper {Edwards and Anderson,
1975) which revolutionized the statistical mechanics of disordered spin
systems. Stimulated by Cannella and Mydosh's cbservation 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 éolving it. They c¢onsider

the Hamiltonian

-

7}{3 QE; Jlj N J - guBH_ gz o - .t9):”

. -~ o .
where . classical spins S are. put onto the sites of a regular lattice

and disorder: 15 1ntroduced by asuitable. distribution P(J ) of exchange_
interactions. H is an external magnetic fleld For 1nstance a Gau531an '
‘distribution of the J-j can be taken o ' '
TP, )% exp - — R 10
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For IJOI < A J there are ferromagnetic (Jij > 0) as well as antiferro-

magnetic (Jij < ) 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 peried of Lime to find
the spin pointing in the same direction. They propose a new type of order

parameter which describes long-time correlations (instead of long-range

spatial spin correlations)

Gy = Lin [<5,(05,@ > ], (11)

t=»pog

vhere ..o > T denctes a statistical mechanics averacge for a given

set of interactions and [.., ] is an average over the distributicn

av
of interaections (=configurational average). It should be emphasized that

what differentiates the spin-glass phase from the paramagnetic state
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 1nZ, EA use the so called replica trick,
where one averages guantities such as Z" when n is an integer. The relevance

of averaging Z" instead of InZ lies in the relationship

InZ = lim & (2" -1) . | (12)
n-@O

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

phenomena in spin glassses (de Dominicis, 1978).

The EA model contains the tuo 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 havefto discuss hov
yell'this model reproduces spin-glass properties, Up't0.ﬁow.fhere:is'.H -

no analytic solution available for the short-range EA model. Even quern'
methods like real space renormalization yield inconclusive results (Kinzel
'and_Fischer, 19783 Tatsumi,§1978)1 Hence numerical methods like the Monte

- Carlo simulation have been applied to answer this guestion 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 faken up in the
last part of this section, We restrict ourselves, however, to describing
always scme iypical results only; further detéils of the model calculations
are deferred to the feollowing sections where they are presented in direct

comparison with experimental data,

4.2 Monte Carlo simulations:

Extensive studies of the Z-dimensicral EA-Ising model with Gaussian distri-
buted nearest neighbor bonds by Monte Carlo simulations (Binder and Schréder,
1976; Kinzel, 197%2; Kinzel and Binder, 1984) provide evidence that the

EA model reprcduces many experimental findings on real spin glasses re-

markably well, For instance

A peak in the time dependent susceptibility ]KT) at TF (Fig. 14b).

A broad maximum in the magnetic specific heat C(T) above TF (Fig. laa).

A plateau in the field-ccoled magnetization M(T) (Fig. l4c)} and an
S~shaped curve of MZFC(H) (Fig. 14d).

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

on 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 Mean-field theory {(Sherrington-Kirkpatrick model):

“4,3,1 Ising spins: The infinite-range model of Sherrington and Kirkpatrick

(SK) (1975) vas originmally introduced as a model for which the mean field
analysis of EA would be exact Here, each épin couples -equally uith
BVery- “other spin in the systém. One takes in eq. 10.the mean EJ av =
-f:J /N-and-the uarlance AN S 3/'rﬂw1n order tg get-a non-trivial- thermo_
-dynamlc limit (N is the number of splns in the system)
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But vhile the formulation of mean field theory e.g. for an infinite-range
ferromagnet is rather trivial, the formulation for spin glasses has been
“a major challerge of theoretical physics. It has taken eight years to
achieve an essentially complete understanding of the thermecdynamics of
this model, In fact, this model starts from én unphysical assumptien,
but equally as for conventional pure prcblems it has proven very instructive,
and many experimental results sre in remarkable qualitative agreement

wvith the 5K model's predictiens,

It has been shown that the SK model has a true phase transitien in thermal
equilibrium at a finite temperature TF’ wvith & cusp both in the magnetic
susceptibility &K?) 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 ﬁKT) does get rounded, however the fields required

for the rounding are approximately twenty times stronger than the ones

observed experimentally.

In the original sclution of this madel by SK the low-temperature phase

is characterized by a single order parameter, Ay » defined by

g = 1<, 02 1, . E (13)

qSK(T) Vanlshes at Tf as Ggy = l-T/? and is unity at T = 0. The cusp
in 9T at Te is glven by

AT =€ Qegg) . L aw

This solution was subsequently shown by de Almeida and Thouless (AT}
(1978) to be unstable below a line in the H-T plane termlnatlng at T = TF

for:H:= 0, and varying for small flelds as
.§Tf(H)/3 =-(3/4)1/3--:(H/J)2-/-*3 S sy

with o -Z'ST-i_. = Tf(H = 0) - Tf(H).
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It 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 longer correct, but a whole
order parameter function q{x) is necessary, monotonic in the range Cgxg1,

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

function g(x) was initially cbscure. It has been obtained by the replica

method together with a selfsimilar replica symmetry breaking (fractal
structure; see e.g. de Dominieis, 1983), but g{x) is also given by a

dvnamical 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

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

of the phase below the AT iine in the SK model,

Sompolinsky (1981} shows that there are relaxation times which diverge
exponentially in the thermodynamic limit (N-pew), This idea is connected
with the fact that the mean-field equations of Thouless, Anderson and
Palmer (TAP) {(1977) which describe the magnetizaticns for a particular
set of Ji., have many solutions (Bray and Moore, 1980; de Dominicis et
al., 1980): For a system of N spins the number of states metastable against
single spin flip scales as NS(N) e exp( ®{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< oo, Sompolinsky's diver-
gent times scales presumably correspond to the rare fluctuations over

these barriers which can cccur for finite N.

Thus spin-glass ordering is non-unique: there exists a large number of
equivalent states with the same macroscopic properties but with different
micrescopic spin configurations - contrary to usual periodic order where
on1y one state cccurs (up tc rotation or Si= + 1 Ising symmetry). In

Fig. 15 a schematic picture of the free energy is shown as functicn of
‘one coordinate in phase space, with many !valleys" separated by high

* free energy barriers.
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Fig. 15: Schematic plot of the free energy F of a spin glass as a function
of a phase-space coordinate ﬁ which measures the projection
of the considered state on a particular ordered state. The insert

shows the situation in an Ising ferromagnet for comparison.

Now the meaning of the order parameter function g(x) can be understocd
for instanee in terms of dynamics: If one takes Nsew before the time t
tends to infinity, the system will stay in a single valley and one will
measure G, . 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, g:

.qEA = 1lim 1lim q(t) o (16)
t2ca Neveg S
g = lim lim lim q(t) o (17)
Ho0 Neveo t-sea

‘Here in the time dependent autocorrelation functicn

alt) = [<:Si(g) 5;(8) >t' d av. .  . (18)
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the time average <... > £ is performed over the observatiocn tlme The
canonical Gibbs average must be evaluated with a small field H which
breaks the spin reversal symmetry (Siw§ -Si for all i) and which is taken

to zerc after taking N=v ea,

The parameter x labels a spectrum of relaxation times W (x) where T{x}

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

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

mechanics order parameter g is associated with the longest time (marked

byx:D)
g(x=0) =g (20)

wvhich leads to an average over all valleys,
From the monotonic increase of the lifetimes with N it follows that in

the thermodynamic limit the SK model is non-ergodic (Palmer, 1982) below
TF (H): The time averacge of the order parameter Aep doces not agree with

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

1-qc, (T) = T2 for T<eT_ o, - (21)

~ C
%(T) = ri:' (1-=qEA) et |
For the ensemble average cne cbtains

1-q(T) e T . | (22)

%eq(?) = %: ~'(_J_-q} =z const,

- These two limiting processes in ¢(T) are sketched in Fig. 16.
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0 T

Fig. 16: Susceptibilities, eq. Z1 and 22, vs., temperature as obtained

for the SK model with infinite-range interactions,

The Parisi order parameter function gq(x)-with 0 Xx<& 1 is shown to be
related to "overlap functions' between different valleys. Defining an

overlap

ot Z6b<st> o

between two states (S %  and ( 82_} {or two valleys), i:hen the probablu
lity- dlstrlbutlon P(q) OF phases. having overlap equal to q lS JUSt the o

derlvatlve of the inverse function x(q)

P(q) = dx/dq (24)

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

Looking at overlaps betveen three valleys (Mézard et al,, 1984) it turned

~out to-ones surprlse that .there are restrictions on: the values these overlaps

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

~Such restrictions characterize an ultrametric space. Physically it arlses

_;From a hlerarchlcal structure of “Ualleys within valleys within...".
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Sunmarizing'the thegretical picture of the SK model of a spin giass,

there are many thermodynamic states below the phase transition at TF

"~ which can be characterized by a whole order parameter function q{x)}.

In a single thermodynamic state ("valley") the order parameter is the
largest value of the Parisi function, i.e. g(x = 1) = Ipa e The many valley
structure of phase space leads to diverging relaxation times and to non-
ergodic behavior. The freezing temperature Tf signals the onset of irrever-

sibility (= replica symmetry breaking),

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

the AT line (see eq. 15 and Fig. 17). There is an analcgeus transition
when H = 0 but the mean of the exchange distribution JO>=O: 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'-5G phase boundary is vertical in the

T—JO phase diagram in the Parisi theory.

4,3,.2 Heisenberg spin glasses in magnetic field: Up to now ve 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 isctropic vector spin

glasses within the SK model are rather similar to the Ising case. Interesting
nev features, however, occur in the presence of a magnetic field H, as

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

1982a).

The EA-Hamiltonién in.eq..9-is nov written for classical Qectqr'épins

Si with m components Siu, wo= 1, ,,,,.m. The.g = 1_component'§s'defined

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

in spin space with

Q_H [<Si >12? ja\r (25)

n

TR D T I S COI
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H/J

SG

1 T

Fig. 17: Plot of the deAlmeida-Thouless (AT) line for the SK model (Ising

Fig._ia

spins) with J; = 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's order-parameter

functicon is believed exact. The AT line signals the onset of

irreversibility.
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M
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Magnetlc phase dlagram For the SK model (EA) model For 131ng

"7“sp1ns with: infinite range- couplings). 3 and. J, denote the Uldth

‘and mean of" the" exchange dlstrlbutlon.'P paramagnet M=

.'3fferromagnet S5G = .spin glass. Fr 1s a Ferromagnetlc phase Wlth

::repllca symmetry breaklng, i.e. 1rrever31b111ty ("mlxed phase")

-'and is separated from FM by an AT line.
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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 nonzerc transverse spin-glass crdering. The deAlmsida~Thouless
(AT) line (dashed line} strictly no longer occurs but there

is a welil-defined crossover region which follows 2 similar curve.
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Flg.-ZU Magnetlc phase dlagram for an- 1nF1n1te-range uector-spln glass

: 0

_;w1th nonzerc mean, J 03 1n the exchange dlstrlbutlon. P .= paramagnet»

COFM Ferromagnet 56 = 'spin-glass. The. "mlxed ‘phase". F"where '
_::iferromagnetlsm coex1sts with transverse spln-glass order is

:}separated From FN by a- GT line’ (solld 11ne) The dashed llne

:'flndlcates a crossover reglon as- 1n Flg. 19
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. 1.
In the presence of z field one always have M = [<Si > T Jav # 0 and
ay # 0, but Gabay and Toulouse (GT) predicted a transverse freezing,
with QL# 0, below the GT line (for small H):

STL(H) |
m+ &4 H .2
= Teo (7 (27)

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

field H within the SK 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 cccurs in the
longitudinal component qg but there is a crossover to strong irreversi-
bility im qy at a region which goes as HZ/3 like the AT line ({(indicated
by the dashed line in Fig. 19).

Again we also report on the corresponding behavior in the 7.J, phase
diagram, as sketched in Fig. 20. There is an eanalogous GYi-transition,

when H = 0 but Jy» 0 , from a collinear ferromagnet FM to a "canted FM
state" F', where the spins are not all parallel because QL#'D as wvell

as M # 0. Thus, in vector spin glasses with J; > 0 a "mixed" phase F'

is predicted in the 5K model where ferrcmagnetism coexists with transverse

spin-glass order. The F'-5G phase boundary is again vertical.

4.3.3 Anisotropic spin glasses: Now 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) have predicted a rather rich magnetic

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

Hamiltonian is given by

| - i 1,2

- vhere the anisotropy energy D is allowed any magnitude or sign. The
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limiting models are (i) D=» +e0 , Ising; (ii) D —» - &0 , planar

XYs D = 0, Heisenberg, Let us consider the case J, = H = G,

if the anisotropy D > 0 is weak compafed to the exchange ﬁ,.ﬁﬂg successive
transitions are expected (Fig. 21): As the temperature is decreased,

spin compeonents along the easy axis {("1"-direction) freeze at TF (longitudinal
spin-glass phase L-5G, with qH¥ 0 and Q= 0). Then, at a lower critical
temperature T2 the transverse components freeze as well (LT - SG, with

qﬂi 0 and q$f% 0). This second transition does not exist for sufficiently
strong anisctropy. Corresponding features are found if D¢ 0 which favors

transverse freezing (T - 5G, with qgé-o).

Ol t+
_at,bq
I

~J
=
L)

-2

Fig. 21: Magnetic phase diagram for an infinite-range 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 as both together (L + T). .
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4.3.4 Dynamics: The non-ergodicity of the spin glass as described by

the SK model suggests that an understanding of spin-glass dynamics is
essential. It 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 Sampolinsky's theory which introduces time-dependent order
parameters and obtains a spectrum of timescales which diverge in the

thermodynamic limit below the AT line.

For temperatures shove ?F one has exponential decay of the spin correlations
with a characteristic time ¥ and critical slowing down with a divergence
of ¥ at Tf, as expected from dynamical sceling (Hehenberg and Halperin,

1977):

T z T - TF —Z VW )
e % ag, [ m—) vith z 3 = 2. (29)

Te

Egis the correlation length and z the dynamic exponent.

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

tion function g(t) (see eq. 18}

qt) = (/)Y Cfor T g T, . (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

'”ﬁ{hold$ for all temperatures below'TF (Scmpolinsky, 1981). Sompolinsky.

énd Zippelius (1981 and 1982) ocbtain an exponent ¥ which decreases with

temperature below Tf:

-z QLT foTeTo, (31)

Lo w{T) = =
B LIRS B

_Eﬁil—-ﬂ
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Fischer and Kinzel (1984) calculate the dynamic susceptibility #(&r,T,H)
near TF and determine the crossover for low frequencies from the expected

analytic behavior at high temperatures

03) o I ' .
Im '){,( ) at T> T, (32)
to the behavior on the AT line:

In (@) ¢ eri/? at T =T (33)

f

vhich is consistent with the eritical exponent V= 1/2 at TF from eq.
31. The crossover relations also reproduce the sharp increase of Im % A(T)

as measured in spin glasses.

4.4, Transition in real spin glasses:

We saw.aboue that the SK model has a transition at TF > 0 with a com-
plicated ordered state below Tf. It is of great interest to know how
many of these features of the mean-field theory are confirmed in

real systems in three dimensions {d = 3). This will be discussed in the
next sections where you will see that despite extensive experimental

and theoretical studies several problems are still unsolved.

The ‘question about the existence and nature of a spin-glass transition
in d =3 has remained controversial., The SK model does not answer the

' guestion since it is a mean-field theory, and the upper critical dimension dU

for spin glasses is du = 6 or for certain exponents even du = 8 (Fisher

and Sompolinsky, 1985).

Suggestions for the lower critical dimension d1 for Ising spin glasses
crange from d; = 2 (Southern and Young, 1977; Anderson and Pond, 1978)
to.cil = 4 (Fisch and Harris, 1977; Sompolinsky and Zippelius, 1983).

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

_Heisenberg spins (dl = 1 for Ising ferromagnets: dl = 2 for XY or Heisenberg_
fferromagnets). Below dl no transition occurs at finite temperature due
* to thermal fluctuations, and for d = dl one expects e.g. a divergence

¢f the exponenty with 145 = 0.
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the absence of a finite-temperature equilibrium transition of EA-Ising
spin glasses in two dimensions has been inferred from transfer matrix
calculations hy Morgenétern 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 now generally believed
to have T; =0 and 1/¥ > 0 (i.e. dy # 2).

A similar concept of “TF ;D—fzeezing" has been assumed to be valid in

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

Young, 1984). More recently, however, 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 TF in d = 3, Monte Carlo simulations on a very fast specigl-pur-
pose computer by Ogielski and Morgenstern (1985) and Ogielski (1985)

which exceed the previous ones by several orders of magnitude confirm

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

AS
obtain TF/J;xlez and the following values of the critical exponents:

¥w=1.3+ 0.1 for the correlation length %aﬁa T - Tf i el
Y =29+ 03 for the non-linear susceptibilify f%SG = iT - Tf igakh
'? = =0.22 + 0.05 for the decay of corrslations (345
_ 2 -2
G(r) = f(sosr) 1., “"E ?g(r/g)a

z2¥=7.2+ 1 for the correlation time T e T - TF f gid
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The exponential decay of spin correlations at high T changes to an algebraic
(power-law) decay as the system goes through TF. There is a divergence

of & at Tf following the dynamical scaling hypothesis. The magnitude

of critical exponents, and the rather unusual behavior of the spin-glass
phase below T]e are not typical for a conventional phase transition to

a state with long-range order, This suggests that d = 3 is close to the

marginal dimension {i.e. dlﬁs 3}, So far, the data are ccnsistent with

the hypothesis that the spin-glass phase is always critiecal at all Ts'Tf,
i.e2. 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 case of the Kosterlitz-Thouless (1973) transition .

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

sizes and lower temperatures are required teo clarify this last point.
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5. Spin glasses at low temperatures

In this section characteristic properties of spin glasses at temperatures
well below the freezing temperature T]c are discussed, Tf being determined
e€.g. by the maximum of the lowfield, low-frequency ac-susceptibility.

A number of fascimating phenomena are kmown te 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; Kouvel,
1961; Tournier and Ishikawa, 1964) long 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 small fields are found to be dependent on temperature, field, time

and on the "magnetic history"™ of the sample. Observations of such irrever-
sibilities provide potentially useful information en 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-Tield-cooled (ZFC)
magnetization is obtained by cocling the sample to.the.measuring temperature
"ﬁ*<1’ in ZET0 externel fleld starting at high temperature 1'>ng then

a Fleld H is applled at T* and M is measured (MZFC) After this ZFC proce-
dure one can. switch off the field H at T* in -order to cbtain the so called

isothermal remanent magnetization (1§M>' Theveecond, Fleld=coollng (FC)
procedure is to turn on the'field H elready aboue'T?_énd then to cool .
~the sample in this field H down to the measuring ‘temperature T*:<T

where one measures either the magnetization MFC or, arter eu1tch1ng off

H, the so called: thermo—remanent magnetizatlon (TRM)
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Fig. 22: Static susceptibilities M/H of Culn spin glasses vs. temperature
for 1.08 at% and 2.02 at% Mn. After zero-field cooling (H& 5x10

the initial susceptibilities (ZFC) were taken for increasing

-3

mT )

temperature in a field of 0.590 mT, The field-cooling susceptibili-

ties (FC) were cbtained in the field of 0.590 aml which was applied

above TF before cooling the sample, and they are reversible

(From Nagata et al., 1979).

“Susceptibilities, M/H,:deduced from such measurements in low field H
are shown in Fig. 22 for two spin glasses Cul Mn with concentratlon
X _.G 0108 and 0.0202 (Nagata et al., '1979). One reallzes that even in

such ‘a small Fleld of H 5 90 G, MFC is different from MZFC (here the

“zero" field is- less than 0 05 G). below T £ On. hsatlng,_the Fcfmagnetl- ?_:'

zation is reuer31ble,'whereas”the ZFC-magnetization is not. If the ZfC-ma-
gnetization is cooled back down sufficiently below TF’ a reversible and -

relatively T-independent magnetization is obtained,

 The field dependehee of both. sorts of magnetizations is displayed in
.Fig. 23, taking as example aata of the spin glass EuD 38SrO 7GS at 70 mK
‘(Maletta and Felsch, 1979 ). The magnetization after ZFC exhibits a smaller
'gslope versus H than.MFC (H) below Tf vhich is consistent with the findings
at very lov fields discussed above. An interesting feature is the S-shaped
_3_curvature of MZFC (H) with an inflection p01nt wvhich moves downward in

H with increasing T and dlsappears at about T (see also: Knitter-and .

':'Kouvel 1980)
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fFig. 23: Magnetization M of Eu Sr.._.5 spin glass as function of the

applied field at T = 0.07 K. Both the macnetization MZFC and

isothermal remanent magnetization IRM, measured after zero-field

: “cooling in increasing field, as well as the magnetization MFt

CEand thermoremanent magnetlzatlon TRM, measured after ‘coocling

“in the field By, are shoun, The insert dlsplays schematically
the- correspondlng ZFCe and FC—SUSCBptlbllltlES vs._temperature
"(From Maletta and Felsch l979b) ' '
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We nov turn to the remanent magnetization which is only a small part

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

with
IRM (H,T) < TRM (H,T) for small fields (33)

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 C.5 Oe {Ferré et al., 1981) below which

no remanent magnetization is observed as claimed by some authors (Tholence
and Tournier, 1974; Gray, 1979). In high enough fields, both IRM and

TRM saturate to the same value Mrs for H » Hcr' The IRM approaches it

in a monotoncus way, while the TRM passes a maximum versus field. At
fields exceeding Hcr (T) where IRM and TRM merge the history-dependence
and hence irreversible effects are negligible., The total magnetization,
howvever, does not saturate even in pulsed fields up to 40 Tesla {Smit

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

of the saturated remanent magnetizaticn obeys the relationship
M. (T) = My exp(-aT) (36)

except at very low temperature (just where the TRM is found to be larger

than M__, see Fig. 23} as shown in Fig. 24,

It has been wellknown from the beginning of these studies that the ZFC-
magnetization and both types of remanent magnetizations show long-time,
non-exponential variation in time (Tournier and Ishikawa, 1964; Tholence

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

M(E)ec Int. .0 . (37)

n tha_éther hand, the FC-magnetization has been generallyiassumed to
yield: informations on the -thermal equilibrium behavior of spin-glasses
because ﬁf_its'reversibility-and'time—independence (Malozemoff and Imry,
1981 b; Chamberlin et al.,:1982; Monod and Bouchiat, 1982). Recently,
‘several authors (Lundgren et al,, 1982 énd 1985;fWGnger.and Mydosh, 1984'a;. '
Bauchiat and Mailly, 1985; Kinzel and Binder, 1984), however, question

: the validity of this assumption., We shall discuss this ppint_in_context-

. with the time-dependent susceptibilities in sec. 6.1 .
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As first suggested by Tholence and Tournier (1974) one can decompose
the FC-susceptibility j@: lim MFC/H intc a reversible and irreversible
H=+0

contribution at temperatures below Tf:
Loy T+ (1) = AL for T 2T, (38)

where the sum stays almost constant, and

?Qreu = lim dMZFC/dH (39)
H== 0

lim dTRM/dH . (40}

i

?éirr

H=0

The ac-susceptibility as discussed later only measures the reversible
part fyreva Equations (38) to (40) are consistent with the following
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) = MFC(H,T) - TRM (H,T) + IRM (H,T) (41)
Thus, the S-shaped curvature of the virgin magnetization, MZFC(H}, is

directly connected to the field dependence of the remanences, -

The shape of the TRM(H) curve is a consequence_df the imbortance of thq .
measuring time as shown by Ferré et al.(1981). They demonstrate that

the maximum in TRM versus H results from an increase of ihe 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 -

Cin EUU.405r0‘688 (From Maletta and Felsch, 1979b).
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Fig., 25: Time decay of the TRM in EuG Qoer 605 for various fields at
T = 1.32 K (From Ferré et al., 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 menticned in
eq. 37:

TRM (t) el “SRM‘ Int (42)

where the coefficient SRM is ealled "magnetic viscesity” (Guy, 1977 and

1978). An example is shown in Fig, 26: Mrs(t) is displayed for the spin
glass (La G

0.98%%. 02’1
and Tholence, 1979).

2 at various temperatures below TF = 520 wK {v. LShneysen

Measurements over two decades of time by Ferré et al, (1981) show that

the data are better approximated by a power-law decay:

t--a{T,H)

TRM(t) =¢ {43)

However, this power law fails for more than 3 decades of time, as already

8 i T T 7 T7TT77 ] T LI
\\.\ - T(mK}
51 ‘*\ o —~n3

Mrs (10"2 emulg)
£~
/
/
/
1
L

2 - T \‘ﬁ""—:‘:" 285‘ TS
-h,HH‘:::::.H\h s
— “-'"““-‘:3\55\--342
0 o NP B
20 50 100 200 500
t(S) SRR

Fig. 26: Saturated femanent magnetization Mrs'as a function of time {log-
: & - ’ * F’
arithmic) for (L80.98Gd0.82)A12 at yaplpgs temperatures  (From
v, Lihneysen and Tholence, 1979).
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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 = AJ/QRB.

(b) Remanent magnetization Mr as a functicn of time. The sguares
(TRM, B = AJ) and dots (IRM, B = 1.5:A4J) have the same-initial
enerqgy, the dots and crosses (TRM, B =aa) have the same initial

magnetization (T = 0.5+ AJ) (From Kinzel, 1979}.

mentioned in that paper. A power-law decay is proposed by Monte Carlo
simulations of an EA spin. glass (Binder and Schrider, 1976; Kinzel, 1979;
see Fig. 27) which is nicely cenfirmed by the detailed Faraday-rotation
measurements of EuO,QGSDO.SDS by Ferré et al. (1981) as illustrated in
Fig. 28. As additional information, the experiment reveals a drastic
change in the dynamics very néar_TfO = 1.55 Ki 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 M (t) data for AgMn and CuMn is given by an exponential function

- of time ralsed to a fractional pover (a. ‘"stretched exponential'):

ST = R0 ee(<(/2)Y )
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Fig. 28: Time decay of theiTRM in Eu0 40S

0,60

S spin glass close to
= 1.55 K (the dnitially applied field was H = 56 Qe}, showing

- a power-law-decay, t“a, where the exponent'é-is'dependent on

.. the priviously applied field H and on temperature. (From Rajchen-

- bach et al.; 1981, and Ferré et-al., 1981). =
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. . . . | _
with a characteristiec mean relaxation time ‘tb. New Mr(t) data of EUD.QOSFO.SO

over 5 decades of time (Ferré et al., 1986) and data of EugnagsrgnggTe

(Borgermann et al., 1986b) can also be fitted by eq. 44. In E”o.aosro.soTe

the time decay depends on the waiting time tw spent during cooling the
sample from T. to the temperature of measurement, similar to other spin
glasses (Lundgren et al., 1983; Chamberlin, 1985), Fig. 29 shows data

of EuD‘aoSrO.éoTe at T= 0.890 TF which follow .eq. &4 with the fitting
parameters M (8) = (.08 MFC’ n = 0.80 ¢ 0.02, and the waiting-time de-
pendent . Qi (t ) 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-on an universal relation used to describe relaxation

phenomena in glasses, polymers, dielectrics, etc. (Ngai et al., 1984).
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Fig, 29: Time dependence of the TRM in EuD 4(.}Srg 6GT8 spin glass as a
~function of the wait tlme t that -the sample ‘'spent in the fC
.state at T = 0.890 T before the field of 1.0 mT was removed,
for t = 5,10,30 and 60 min, M (t = 0) is not a function of

'Zt but M relaxes more slowly For longer t . The best fits to

S

the data by the Mstretched exponential" (eq 44) give a characteristic

mean relaxation time %’ vhich increases with £y exponentially,

as, shown in the 1nsert (From Bdrgermann et . al., 1986b;.
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Recently, it has been predicted for glasses and spin glasses by Palmer

et al, (1984) using modéls 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;@»ﬁzp. The prcoblem,
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 phenomenclogical models to describe the irreversibilities
in spin glasses is proposed by Tholence and Tournier {(1974), following
Néel's (1949) model for an ensemble of fine magnetic grains or particles,
Their main assumption is the existence of well-defined "spin regions"

or Yspin clouds' in a spin glass which can relax between equilibrium

orientations. For each cloud a potential barrier is determined by the
dipolar anisoiropy energy Ea which separates two easy orientations of
its magnetization. Due to thermal fluctustions the magnetization can
overcome the barrier within an average time T given by the Arrhenius

law

T :‘fb exp(Ea/kBT) (45)

vhere T, is some intrinsic time constant (73;1 = attempt frequency).

This implies that a particular cloud is blocked at a temperature TB for
wvhich the relaxation time T becomes equal to or larger than the measuring
time tm' As a consequence there appears a maximum in the ac-ﬁé(T) at

the freezing or blacking temperature ?B vhich is dependent on-the measuring

frequencyCJ=27t/tm:

T () = -(g/E) o (Tgw) L | (46)

- Turning to the remanent magnetization Mr’ this model provides a general

‘relationship between the time and temperature dependence of Mr' Let p(Ea)dEa
be the number of regions with an anisctropy energy between Ea and Ea +

dEah Then-the-cor:esponding change, of the ?emangnt magnetization-is.

LMo lgEREIE, D
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wvhere M (E_) is the mean moment of those clouds and the factor % takes
into account the projection of M_ on the direction of field initially
applied. By partial differentiation of Mr in eg, 47 with respect to 1Int

and T aone obtains with eq. 45

FAL S -T-QM‘: (48)
21t T Int - 1In<y, al .

For a number of years this concept of'spin clouds’ has been very popular
for analyzing experimental data of spin glasses (Tholénce and Tournier,
19743 Wohlfarth, 1977; Prejean, 1978; v. Lihneysen and Tholence, 1979).
As an example, Fig. 30 reproduces a plot according to eg. 48 for data

of (LaU 98 O Dz)Al spin glass (with T, 6 sec), which also follows
eq. 36 and eq. 37 (Fig, 26). v. LBhneysen and Tholence (1979) claim that
Fig. 30 gives support to the model of "spin clouds'.
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' Fig. 30: Plot of the data from Fig, 26, M {(T,t}, according to eq. 48
o ‘within the "spin cloud"-concept. The straight line ylelds
T, = 10 %sec (From v, Lhneysen and Tholence, 1979).
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Certainly, the "spin-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,
It 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.,

Superparamagnetic behavior of independent spin clusters can be studied

experimentally in very dilute EuxSrl_xS with Eu concentrations x below
therpercolation threshold xp = 0.13 (see discussion in sec. 2.2.), as
demonstrated by Eiselt et al. (1%7%a,b). Counting the number of all small
independent (since x< xp) clusters by computer wvith calculation methods
known from percolation theory and caleulating energy barriers due to
intracluster dipolar anisotropy energy one gets time-dependent susceptibility
maxima at TB(t) similar to eq. 46 and in good agreement with experiment
vithout adjustable parameters (Fig. 31). On the other hand, the frequency
dependence of ac-susceptibility maxima #(T) also observed in spin glasses,
cannot be interpreted by means of the picture of blocking of superpara-
magnetic clouds, as done by v. Lthneysen et al. (1978a); a description

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

O o 200 30 400 500
TimKl
. Fig. 31: Temperature dependence of the static (0 Hz)} and ac suscepti-

bilities of the superparamagnet Eu0.058r8'958 for various measuring

frequencies (From Eiselt et al., 1979a).
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Experimental evidences for a distinction of spin-glass freezing from
superparamagnetic blocking are collected by Maletta (1981b) from systematicJ
studies and comparison of superparamagnetic compounds (x'<xp} and spin-glass

compounds (x>x_) in the dilution system EuxSr1 xS. Hence, the interactions

among spin clusters (which are partially frustrated) play an 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 see. 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 rarge 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/TF only, when they are normalized
wvith Mrs (T) and the field H is normalized with Hcr{T). The same conclusion
appears to hold in CuMn, Aufe, (Lgﬁd)Alz, and (Eu,Sr)S spin glasses.

The authors argue that the mechanism responsible for the existence of

a remanent magnetizaticn in metallic spin glasses exclusively involves

exchange interactions {without additicnal dipolar anisotropy).

Finally, we refer to work by Alloul (1979 a and b) on zero-field NMR
cn Cu in CuMn alloys (Mn concentrations from 0.4% to 4. %) at low temperatures
T'ﬁ 0.2 Tf,.who finds no evidence for independent domain structure. The

enhancement factor v of the rf-field and NMR.signal intensity, associated
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vith the rotation of domain magnetization, is found roughly proportional
to the remanent magnetization Mr and is negligible when the sample is
ZF€. These results contradict the independent "spin cloud" model, for
which‘q should be independent of Mr‘ A similap conclusion has also been
reached from the square hysteresis loops cbserved well below Tf in CuMn
(Monod et al., 1979) and is corroborated by computer simulations of ggﬂn
alloys (Walker and Walstedt, 1980).

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

of irreversibilities of spin glasses at Jlow temperatures. These distinct
properties are obviously due to their encrmous number of equivalent states
be low Tf. Hence, the picture of free energy valleys in phase space (Fig.
15) is useful to explain the effects phenomenclegically. In the FC proce-
dure the system can go immediately intc the lowest valley. On the other
hand changing the field at fixed temperature below TF gives rise to pro-
nounced irreversibility. After ZFC the system can be trapped in a lccal
minimum before it relaxes slowly into the lower minimum, More detailed
theoretical work, however, would be desirable in order to understand

the nature of the "frozen state’ in spin glasses at low temperatures.

5.2 Anisotropy :

The very existence of a remanent magnetization, Mr’ vhich keeps the direction
of the cocling field is already a direct evidence of anisotropy in spin
glasses (Alioul, 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 with an inhomegeneous
.'description of the spin system, subdivided into. domains or spin clouds,
.Recent experiments, however, have provided evidence for a macroscopic
character of the anisotropyin spin glasses. Even a microscopic - origin

of anisotropy in metallic spin .glasses has been proposed,
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Measurements of the transverse susceptibility 15L(Alloul and Hippert,
"~ 1983) for instance allow the determination of the anisotropy energy E (0)
whlch keeps the remanent magnetlzatlon M aligned along the cooling Fleld
( Il z) 8 being the angle (M o 2). In the standard method after inducing

the remanent magnetization Mr along Z, the response ﬁxL of M to a small

alternatlng field h (< 1 G “ y) is measured in various statlc fields
n z (Fig. 32). In the most simple situation, assuming a collective

response_to a small field, one can define an anisotropy field

HA = K/Mr | : (49)

T T

CuMn 67%
He=17kG  T= 15K

|y Mn LT%
Te 42K
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Fig. 32: Transverse susceptibility ﬁﬁL

N (a) Typical %, data of CuMn 4.7%, obtained at 1.5 K in the -

- cooling field H = 11.7: kG, shoving perfect agreement with eq.50,
the anisotropy - fleld HA = K/M being the only parameter, The
isotropic part %, is measured after ZFC, while Mr(_ef) is measured
independently on the same sample (From Alloul and Hippert, 1983).
(b) A = %y~ ¥, 8 measured for H = 0, plotted versus Mi
(2652) for various values of the remanence. The straight line
with slope unity perfectly fits the data, which allows to con-.

. clude that K = M2/A%y from eq. 50 is independent of M_-(From
Hippert and Alloul, 1982).
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and the transverse susceptibility 79L

M

I -
K= %o = TTH . (30)

The decomposition ofggL in eq. 50 into an isotropic part QB, measured -
after ZFC, and an anisotropic part is assumed to be reasonable since

?60 is not modified by the presence of Mr within the experimental accuracy.
Measurements on CuMn spin glass show perfect agreement with this concept

in eg. 50 as illustrated in Fig. 32. %, is obtained after ZFC, and M.

is measured independently on the same sample, hence the anisotropy field

HA is the only fitting parameter.

From the experimental definitien of a unique anisotropy field by these
QQLmeasurements and from the result of an NMR anmalysis (Alloul, 1979a and b)
that almost all local moments are involved in the magnetization rotation,
Alloul and Hippert (1983) conclude that for T« T, small applied fields

induce a macroscopic rotation of the spins in their metastable cenfiguration.

Further evidences for a macroscopic snisotropy in spin glasses are also
found by ESR experiments {Monod and Berthier, 1980) and measurements

of the magnetic hysteresis (Monod, Préjean and Tissier, 1979).

One has to point out, however, that the anisotropy of spin glasses is
not induced by the field. Although HA depends on the magnitude of Mr
(eq. 4%9), K has been found to be rather well defined., Measurements of
both Mr and HA at & given temperature for various coeling conditions
and therefore for a large range of Mr values give a straight line with
slope unity in the plot 1n (%ﬁ;-g&ﬁ-us. 1n Mf; thus K is strictly inde-
pendent of Mr for CuMn (Hippert and Alloul, 1982), as well as for an
insulating spin glass (Velu et al., 1981). Not only is K independent

of M , but it remains meaningful even in a zero-field cocled state where
no remanence exists as clearly-eviden;edkpy.a:new-Egﬁ signal for Mr =0

(Schultz et al., 1980).

Fign 33 shows both ESR signals versus field corresponding to the large

(slope 1) and ¥ g (slope 1/2) limits. In the presence of a large.
_M ﬁ}ﬂé H and. for small enough Flelds H £ 2 HA’ a ferromagnetlc like
ESR mode is detected by Monod and Berthler (1980) at frequen01es _

W =+ Hy with-HA = K/Mr : (51).
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where HA is found to be identical with that obtained from QQLdata (see
eqg. 50). Now even in a zero-field cooled state with Mr = { a second new

ESR mode is pfedicted and found (Schultz et al., 1980) with frequency

Gy =% S(H o+ 2H) o with H, = {k/%,
(52)
K/QCO for HZ =0

Further ESR results are found in recent publications (Gullikson et al,,
1983 ; Hoekstra et al., 1984) suggesting a breakdown of the rigid spin

rotation at large field angles.

CuMn10%
ZFC 18K
L ! o
3600 Lo-”
) T . . slope 1/2 1
A 12
: Hiz(KfXQ
@ L CuMnbT%
3 2000 | ©FC ]
20 b T=2125K
~ o
]000_ HA:KIG’I . R _
R '\i e Sslope1 7
. e»q‘ﬂ.a’ - :
.-1-)’ 1

200 0 200 500 600
Z(Gauss)

'Fig.'BBI:ESR Frequency in CuMn UeESUS'field in the two limiting cases
of large M (slope 1) (Monod and Berthler 1980) and M_ = 0.
(Schultz et alo, 1980)(M | 5}. |
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Thus the anisotropy constant K and hence EA (8} is an intrinsic property
of the spin glass state, It defines a macroscopic anisctropy. 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(S) will be the same whatever the axis af 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 anisctropy axis.

The triadic character of the anisotropy sheows up in an unidirectionsl

angular dependence

E,(8) = K (1-cos8) , (53)

rather than in an uniaxial dependence

K

Ea(®) = 5% sinlg (54)

which would result from & vector anisoiropy. In principle the difference
between both types of anisotropy should be seen from hysteresis cycles,

While in the first case (eg. 53) a reversible reversal of M. should occur

at Hd = -Kd/Mr, in the second one (eq. 54) a hysteresis cycle around

H = 0 vwith half width Hax = Kax/Mr sheould be cbserved., Experimental hysteresis
cycles of CuMn show a mixture of these two features, but HA-valueS deduced

from egs. 53, 54 are not in agreement with values from 'QQL—experimentsa

Another éxperiment, howvever, demcnstrates the purely unidirectional character
of the anisotropy in CuMn spin glass, Hippert, Alloul and Fert {1982)

nate that G{l is Uery_Sensitive to the ratio Kax/Kd when beihg measured

in the presence of a static field Hy applied in the direction of the
susceptibility coil., The H dependence of 3C¢ is found to agree perfectly
with Kax = 0 (Fig, 34). The authors argue that the disagreement with

the hysteresis experiment stems from the fact that a rigid-bedy rotation

of the spin system can only be produced on a limited angular range {in

CuMn for & £ 40°). This is fulfilled in the Y, -experiment but not in

.the hysteresis,
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The triadic character of £, 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 of T around x induced by rotating an applied field from
z to -z in the yz-plane, the spin system does not have thé same responses
in the yz- and xz-planes (as would be the case for a vector anisotropy
(Fig. 35)). Especially the torque F; = dEA/dtp is found nearly zero
for a further rotation of(g in the xz-plane, as the total rotation angle
of the triad undertaken from the initial state is stilqu(the axis of

rotation is different of course).

Microscopically, this type of anisotropy in metaliic spin glasses is

linked to the existence of Dzyaloshinsky-Moriya interactions (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 compenent

is a nonmagnetic impurity of concentration x. Whereas Mr and Tf are found
to be independent on 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 demenstrate that the gpin-orbit interaction is

responsible for the anisgtropy.

Many experimental results in spin-glasses have demenstrated that for

T T,
glasses. The spin-glass state is characterized by a triad and EA is only

a macroscopic anisotropy energy can be defined even in ZFC spin

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
ahd at increasing temperat&re, In metallic spin glasses this anisotropy
is associated with DM-interactions between the-spins,:ln_insulating _

(Eu,Sr)S no study of this'kind has-been performed up to now.
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Fig. 34: Transverse susceptibility C{L now measuresd versus Hy (compare
with Fig, 32) in CuMn 4.7% for HZ = 0. Very good agreement is
found with a purely unidirectional anisotropy energy (Kax = 0,
- dotted line), while the data cannot be explained assuming the
ratio Kax/Kd given from QQLexperiments in the 8 = 0 and 8 =%
:stgtes“(full line) {(From Hippert, Alloul and Fert, 1982).
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Fig. 35 Torque measurements in CuMn 20% at 1.5 K {Fert and Hlppert
f_ 1982) The torques F; and rﬂ measured after a T rotation
-QF M (-5?) in the yz-plane are displayed. These two responses
are-qu1te different and point out the triad character of the aniso-
'fropy. The sequence of rotations during the torque experiment éan 
‘be followed in the right part of the. figure (From Alloul, 1983). -
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Fig. 36: Hysteresis cycles of various ternary LuMn 1%—Aux spin glasses
in low field, The remanent magnetization is cbtained after removing
a field ot 18 kDe 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 ~ 1 sec for the more dilute
to cver hours for the most concentrated (From Prejean et al.,
1980) . ' '

5.3 Excitations:

Here we focus attention to the low-temperature excitations in spin glasses
and especially to the question_ébout-the possible exisience of spin waves
in spin glasses. Low-energy éxcitétions in disordered materialsfiﬂ general
are far from being understocd. 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 low temperature with.bther more or less .localized modes which ére _
still hard'toféharacteri;e_(twosleuel'systems-(Phillips;fi972;:Anderson-:

et al., 1972), fractons-(Alexander et al., 1983)). In Heisenberg spin




- 63 -

glasses both magnons with a linear dispersion relatien at long wavelengths
(Halperin and Saslow, 1977) and diffusive modes (Dzyaloshinskii and Volovik,
1978) have been proposed from hydrodynamie appreaches depending on 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
damping. Walker and Walstedt (1980) and Walstedt (1981) present data

from numerical simulatiens in a harmonic approximation for a dilute Heisen-
berg spin glass with RKKY interactions and obtain well defined oscillating
medes within one of the many local energy minima. 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
have come from compariscon between measured and calculated values of the
specific heat. From calculations of the density g(E) of spin excitations

one can obtain the magnetic part Cm(T) of the specific heat versus tempera-

ture at low T.

The magnetic specific heat, Cm(T)s of spin glasses exhibits three interesting

features (see Fig. 2):

(1) A rather broad maximum at a temperature exceeding the spin-glass
temperature Tf by about 30%. Typically, about one third of the
total magnetic entropy is attained by the spin glass when T = Tfw

(ii) At temperatures below Tf, Cm varies approximately linear with

T,
(iii) Cm(T) is progressively reduced in a magnetic field.

These properties of Cm(T) are cbserved in metallic (e.g. CuMn: Wenger

and Keesom, 1976) as well as in insulating spin glasses (EuXSrlmxS: Meschede
et al., 1980), in spite of quite different types of magnetic couplings.

"The dependence {ii) at low T is not strictly linear. Cm(T) can be represented
as a power law in T with exponents ranging from 1.2 to 1.7 (Thomson and
‘Thompson, 1981; Caudron et al., 1981}, or alternatively several authors
 (Martin, 1979; Fegle et al,,_l983; Sato and Miyako, 1982)_suggest_thei'

8 ; o : . 2 ) . :
relation C,(T) = )T + eT" where e}, ) ave constents.
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The eccurence Qf a roughly linear T-term of Cm(T) below TF has been_knowh

for long, 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

cccur in Heisenberg spin-glasses with RKKY coupling have not been given.

It reminds one to the linear specific heat-of ordinary glasses which commonly
is explained exclusively with the phencmenological 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 Cm(T) can be explained quantitatively

(Fig. 37) by a high density of states of delocalized modes, i.e. magnon-like
excitations of the spin system around either of its egquilibrium configurations.
For insulating spin glasses EuXSrl_xS the same conclusion is obtained

by semewhat different numerical techniques of Krey (1989, 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 _ P ;

)

m.)
mole K

o

Fig. 37: Molar specific héat of a.dilute RKKY-coupled spinnglass obtaineq |
' by Walker and Walstedt (1977) by numerical simulations (solid
curve), Circles are data for CuMn 1.2% spin glass from Wenger

and Keesom (1976).
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Fig. 38: Specific heat C of EUU.ZBSPD,TB

temperature T for various magnetic fields B between 0 and 6 T.

S spin glass as a function of

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 comprehensive. specific-heat study of EuXSr S has been performed'with

x. between 0.25 'and 0.80 in magnetic fields ugngc & T {v. Lohneysen et al.,
1985; Wosnitza et al,, 1986). The experimental results agree guantitatively
with recent numerical calculations by Krey (1985) who has extended his
earlier calculations to high fields. Fig. 38 shows the specific heat

C of the spin glass Euy 55T 45 . _ | |
magnetic fields B between 0 and 6 T (Wosnitza et al., 1986) (The lattice.

.:contribution_playS'a negligible role at low T). A strong'depfession of

S between 0.1 K and 30 K for .various

'C'is found ‘gt lower temperatures; wvith a crossing-over towards higher

T where C 'is increased in a magnetic field. The ‘upturn of C 'belov 0.2

K'towards low T-is due to the nuclear specific heat'contribution'CN arising

“from the ‘hyperfine splitting of Eu151 and Eu153 nuclei_(Thefapparent

 decrease of C, with B is discussed by v. Lohneysen et al, (1985)).
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The most interesting cbservation in Fig. 38 is the evidence for a gap

in the excitation spectrum. The roughly linear T dependence of C in zero
field below Tf = 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 AE)

in the magnetic excitation spectrum at £ = 0O:
Ca(T) o< exp(~ AE/kyT) (55)
E = gup( B-By(x)) .

These data can be explained quantitatively, without any fit parameters

(Jl and J2 are known), from a direct numerical calculation of the collective
excitations of the system., In Krey's calculation (1985) the continued
fraction method is used to obtain the density of magnon-like states,

g(E), as displayed in Fig. 39 for various Eu concentrations at B = 6.6

T. The arrow denotes the Zeeman energy EB = guBB. 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/kg T

C* kg = j dE g(E) ( e )

B (e 1)?

o

The solid lines in Fig. 38 represent some results of these calculations.

The agreement. with the éxperimental data is “indeed excellent.

Three. obvious trends of g(E)_with Eu concentration x can be inferred

from Fig. 39:

(1) With decreasing x, the energy" range of g(E} Shrlnks i.e, the

upper band edge decreases,
(ii)..HSimultaneously, a p:cnounced peak appears around EB‘_: B

(iii) Finally,~fhe.iower band edge is separated from E = 0.by an-energy
;_lgap whose magnitude ;ig depends on B énd x as found experimentally,
eq. 55. The effective field By(x) is negligible small for the
ferromagnetic samples, 0. 70‘4X=$l 0, whereas in the.reentrant .
;fand spin-glass - reglmes, X . D 78 By . 1ncreases with decr8381ng L

"Eu concentratlon x. o
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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

Eg = qugB = kg « (8.87 K) (From Wosnitza et al., 1986).

Hence, all these Cm data can be explained even gquantitatively by dominant

magnonwlike excitations in (Eu,ST)S spin glasses.

There have been other experimental attempts to study the nature of low-tempe-
rature excitations., Alloul and Mendels (1985) have recently measured

-the T dependence of the local magnetization in RKKY spin glasses (Egﬂn,
AgMn and AuMn) for TﬁjLZ-Tf} as obtained from the variation of the zerc-
field NMR frequency of Mn55; It follows the Tzwdependence expected for
magnon excitations with a linear dispersion relation, its spin-vave stiff-
ness, however, does_not”égree with numerical estimates. Such an analysis
implies, according to the authors, that the speéific heat C(T) should

be attributed to modes which do not contribute to the M(T) dependence.
Obviously, more work is required to test this analysis and interpretation.
Alloul et al, (1986) demonstrate that for T £0.1 < Te the T dependences .

“of the local and macroscopic magnetization are quite identical within

experimental accuracy, the latter being measured by the remanent magneti-
' Zati0n Mr.'The'phenomena responsible for the time decay of M_ and its

- T dependence are shown to operate on completely different time scales.

" The authors speculate again on the mature of the excitations but the

©-present data do not éppear to be specific enough to-distinguish between

fthe.uaripus.types of -excitations.
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Neutron scattering technigue 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 gpins is given (Marshall

and Lovesey, 1971) by

2
e = ..i‘.,,,,,, 2 g (s, S + 5p(a,t) (57)

wvhere Ss(q) is the static and 5 (g,&3 ) the dynamic structure factor,
representing the elastic and inelastic/quasielastic scattering, respectively.
The incident neutron beam with wavevector k, is scattered to give a beam
with wavevector k', with wavevector transfer q = k, - k' and energy trans-
fer Fuus= tL2/2m'(k§ - k'z). The dynamic structure factor may be written

in terms of the generalized susceptibility Y(q,w)

1

which provides the information on spin dynamics. For a simple relaxational
process with lifetime r1-l one measures a Lorentzian lineshape of the

guasielastic line at J= 0 with

wl”
——
sz +f“2 _
uhile for ferromagnetic ordering with propagating Spin'waves one cbtaines

two. inelastic lines centered at (J="+ gda with“the'sPectral shape function -

Im/X(q, W) =< - (59)

wi” + el |
R R DL

Im %(q,:cj.)_& : (60).

'uhere fﬁ -1 is the lifetime of the spln waves, and the spln-uave dlsper31on

is quadratlc at low wauevectors q

:CS’ ?_D_;:q._ e e :32 f ' _.g. "(51)
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Neutron studies have been performed very extensively by Murani (see 2.0,
1978b) on metallic spin glasses such as CuMn and reveal a distribution

of relaxation times (see discussion in the next sectien). So far, no
‘experimental evidence for spin-wave excitation exists in the typical
metallic spin glasses. It is likely that in metals all modes are overdamped
due to the strong Korrings relaxation of the spins to the conduction
electron sea. In insulating spin glasses this mechanism is missing, and

theories of the spin-glass dynamics might be more realistic,

In'EuXSrl_XS considerable effort has been made in the seach for spin
waves in spin glasses by neutron inelastic scattering technique (Maletta
et al., 198la; Maletta, 1982c). The idea in these experiments is to probe
the dynamics of the spin-glass phass by studying the evolution of the

spin vaves from the ferromagnetic phase (x»0.70), where the dynamics

are reasonably well understood, 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 zone has been measured
and analyzed by Bohn et al. (1980), 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 fact that the predominant exchange interactions to the

first (Jl) and second (JZ) nearest neighbors have opposite sign.

The measurements on EUD.Yoer.BGS {in powder form) which orders ferro
magnetically below TC =z 8.5 K show well-defined spin-wave excitations

at 4.5 K (Fig, 40a}, and a gquadratic form of the spin-wave dispersion

at low q (eq. GI)ISimilar'Eo'Puré EuS, The stiffness éonstant-ﬁ,-rélated:”

to the exchange constants in the hon-dilqted ferromagnet.by_the relation

is found to be D = 1.1 meV- A% in Euﬁ,?uerEBOS’-aS compéred to D =

2.5 meV-R% in EuS at low temperatures (see insert in Fig. 40a)7 Thus,

D decreases much faster than linearly with dilution. One should note

that there is a non-negligible broadening of the inelastic line which

is only partly due to powder averaging. Fig. 40a also demonstrates {see
spectrum of x = 0.70 at g = 0.6 ﬂ“l) that one has to operate the spectro-
'meter_with a good energy resolution in order to resolve the inelastic

-dine. from the peak centered at £ = 0.
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Fig. 40: Inelastic neutron spectra of EuxSrl_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 (From Maletta, 1982c).

Fig. 40b displays spectra of EUU=5ZSTU¢488 measured for various vave

vectors q at T = 0.35 K, i.e. in the spin-glass state. True inelastie
scattering-is bresent'aszéuident by the asymmetry between the intensities
for neutron energy éain (E < 0) and neutron energy loss (E» D), i.e. the
so-called detailed balance factor. As q decreases, the intensity shifts

to lowver ‘energies consistent with the width of.the distribution and position
of the intsnsity maxima shifting to lower energies, Af the same time,

the intensity at £ = 0 increases dramatically.
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The difficulty in interpreting these data is deciding which form of Im
#Y(q,65) gives a better representation of the data, The physics implicit
in the forms of eqgs. 59 and 60 may he different but the spectra will

look very similar at low temperatures: As described in eq. 58 the inelastic
scattering intensity is proportional to Im?é&qyaf) and to the Bose-Lin-
stein factor, hence at low temperature if I > kBT the spectra will

peak at a finite emergy for both forms of Im g&(q,@;) (egs. 59 and 60).

The authors convoluted the cross section using eq. 59 and 60 with the
instrumental resolution function and performed a least-square fit to

the data varying F‘, D and a normalization parameter, The Q&Z for the

fit was slightly better using eq. 60. If one accepts the spin-wave like
form for Im 4(q,Cy), a stiffness constant D = 0.6 + 0.2 meV 82 for

X = 0.22 is obtained formally, which is reasonable in magnitude compared
with higher Eu concentrations. The line widths [ obtained at high q are
much broader than that expected for any powder broadening, and [ decreases
as q decreases. The additional strong intensity at E = 0 increases 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
with the spin-glass samples x = 0,50 and x = 0.40 at lov temperatures
where the inelastic scattering intensity is shifted to lower energies,

thus the analysis is even more difficult.

The authors (Maletta et al., 1981a) prefer tc attribute the inelastic
‘lines to spin-wave like modes even in the spinw-glass phase of (Eu, St)S.
The accessible g-range, however, is restricted to large values q » 0.4 §-1
and the observed modes are highly damped., Probably these magnon-like
excitations cannot be labelled by the quasi-momentum g, since one is
'dealing with a strongly disorderéd system, - These modes are superposed
by a guasielastic contribution centered at E = 0 with a high density
of states 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. 4l1: the theoretical neutron spectra for'Cloﬂj (and
~Eilﬂj } show a "ferromagnetic like" spin-wave dispersicn, vhereas there
'::is no dispersion along [lll] . See also the calculated spectral density
of states g(E) for magnetic excitations in EuXSrl_xS-in Fig. 39 and dis-

cussions there,
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6. Dynamics of spin-glass freezing

In spin glasses a freezing of spin motion cccurs at low temperature in
such a way that no conventional long-range magnetic order exists, as

we have seen above. The upsurge of interest in spin-glass systems in

the last decade appears to be related to tweo important events eoncerning
this freezing process. First, the discovery by Cannella and Mydosh (1972)
of a sharp maximum ("cusp") in the low-field, low-freguency ac-suscepti-
bility of AuFe spin glasses at the spinwglass temperature TF leads to

the theoretical interpretation by Edwards and Anderson (1975) in terms

of a nev kind of phase transition in such disordered systems. The second
event, the observation of a particularly complicated spin dynamics near

TF seems to contradict the concept of a phase transition. Experimental
studies on the spin freezing reveal a2 wide spectral distribution of re-
laxation times (Murani and Heidemann, 1978¢c) 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 interpretation of these and similar experi-
ments. In this section, we will present data from different experiments
which in principle might provide detailed insight into the dynamics of
spin-glass freezing, Subsequently in sec. 7 aitempts to interpret data

at the transition into the spin-glass state in terms of a phase transition

will be discussed.

6.1 Time dependent susceptibilities ;

One of the most prominent methods to study the onset of spin-glass freezing
remains the low-field ac—suscgptibility q& . Since the dbservation of

a "sharp cusp" in §{(T) at TF of AuFe alloys in 1972, an ac mutual inductance
technique is commonly used to measure ¥(T) and to determine T., with

a very small driving field (< 1 Qe) and a rotation-frequency (normally

< 100 Hz) which "should be*large'énough to prevent the appearance of long-
time metastable éffects;'Thus'the-revérsible 3usceptibility,(ses eq. 38)

-is generally believed to be measured by this ac-#, method,.due'to the

iong-time scale of the irreversible behavior especially in small fields.
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Cne often also describes the different susceptibilities (see sec. 5.1)
phenomenologically by means of the picture of the many-valley structure
of free energy in phase space (Fig. 15): The ac—95 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

taken with great precautions, as we will discuss below,
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Fig. 42: Frequency dependence of the temperature-Tf
EuXSrlaxS'with-x = 0.15 (Maletta.and.Felsch,-l978b).and x = 0.40

. {Ferré et al., 1981). TF(&j)aiS determined.From-ac-sqsceptibiliﬁy.
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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-¢y experi-

ments with various measuring frequencies &5 , As an example the result
of Eug,15°Tq. 85
by going from 10 Hz to 1000 Hz. Such a behavior is also cbserved in (Lgpd)Aiz
spin glasses (v. Ldhneysen 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?o in the range 1 Hz

to 1 kHz has been measured for most spin glasses.

S is shown in Fig, 42a where a 15% increase of TF ig found

The frequency dependence in spin glasses cannot be explained with the
simple picture of thermal blocking of superparamagnetic clouds, eq. 46,

as already discussed in sec. 5.1. Ferré et al. (1981) pursued the time
effect on Tf over 7 decades of frequency in Eu8.405r0¢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 description of Tf(QI)
with eq. 46 does not work. The data are also incompatible with the Vogel-
Fulcher law where one substitutes T, (&J) in eq. 46 by (TB{QT) - To)e

The law is proposed by Tholence (1980b) to apply to TF {¢7) in spin glasses
but the meaning of T, remains unclear. This phenomenological relation

has long been known in the literature devoted to viscous fluids and glasses,

It is quite interesting, however, that the pronounced TF (T )=effect

in insulating spin glasses can be used to determine the limits in concen-
tration of the spin-glass regime of a dilution system, as already shown

Lo (Maletta, 1981b) where spin-glass freezing is distinguished
experimentally from superparamagnetic blocking. Very recently, Bdrgermann
et al. (1986a,b) established the phase diagram of Eu Sr,  Te (Fig, 7b)

in a similar way. The frequency shift of TF’ ng(Q?), within the spin-glass

in EuxSr

regime is found to be equal ?n both systems, EuxSrquS and EuxSrlnXTe:
It is independent of the Eu concentration x-and even equal in magnitude,
_g'ffkar)ff 30 mK per «-decade within the frequency range displayed in
Fig. 43 (compare with Fig. 42). o
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“magnetic field (0.05 mT); (b)4, in 0.15 mT for "ZFC" (X: after
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FC curves coincide for x = 0.60 {From Bdrgermann et al., 1986a).
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For Eu concentrations x above (.50, EUxSrlwae shows ng (€3) = 0 (Fig. 43)
which coincides with the disappearance of irreversibilities (FC- and
ZFC-magnetizations) as can be seen in Fig. 44. Obviously these samples

order antiferromagnetically. At low Eu concentraticns, i.e. below the
percolation threshold xp = 0.13, the x = 0.10 compound for example exhibits
ro ancmaly in-de-M(T) {(the lowest temperature of measurement was 20 mK)

but an ac-4,(T) maximum at 150 mK for 5 Hz with a smaller ng(o¢) compared
to the spin-glass regime, which nov can be explained quantitatively with

eq. 46 similar to the EuXSr xS superparamagnetic compounds below xp = 0.13

1- .
(Eiselt et al., 1979). Such type of experiments cbviously provides evidence
for the collective character of spin-glass freezing around Tf (Maletta,

1981b) .

The unigue properties of ng (t~) described above are a challenge to
get more insight into the dymamics of spinw.glass freezing, At present,
however, nc theory is available to be compared with. Nevertheless the
data already demonstrate the essential role played by the competing exchange
interactions (frustrations) in producing the éTf(os) of spin glasses,

because EuxSr XTe is based on the antiferromagnet Cule (with JZ/Jle:mZ/l)

and EuXSrl_XSlon the ferromagnet EuS (with JZ/Jl = <1/2). Thus, it is
misleading to comsider T {Gg) as a Ycluster property" (Fischer, 1985)
since clusters are expected to be x-dependent and different in diluted
ferro- and antiferrcmagnets. Apparently, the competing exchange interactions
within the infinitely connected network of magnetic moments at the Eu
ions create a constant frustratien effect on spin dynamiecs in diluticn
systems above the percoclation threshold, independent of concentration x
as long as JZ/Jl stays constant. The only necessary condition is a suffi-
ciently high disorder (together with the frustration effects) in order

to destroy leng-range periodic magnetic order (Note that the competition
of J, and J, has no essential influenée on magnetic eordering in the pure

1 2
systems, x = 1). Obviously, both diluticn series, EuxSrl_xS and tu Sr. Te

X Tlex 7.
‘exhibit an even quantitatively comparable behavior due to the same magni-
tude of competition relative to the different dominating exchange Jl(> 0)
.-and 3, ( < 0), respectively. It seems to us that competition in the exchange
'interactions isjgenerally_Weaker.in metallic_gpin g1asse3a_consistgnt )

with a smaller frequency dependence of Te. .
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Partiecularly valuable information on the dynamics of spin-glass freezing
has recently besn gained by experiments where both the real and imaginary
component (77, ") of the complex susceptibility 4(T,6F) have been
measured accurately, As regards metallic spin glasses, eddy currents

in the material easily obscure an accurate obeervation of K'. Such measure-
ments, however, have been possible mainly for insulating spin glasses
(Lundgren et al,, 1981; Hiiser et al., 1983b; Paulsen et al., 1984; Rajchen-
bach and Bontemps, 1983; Baumann et al., 1984; Wenger, 1983; Paulsen

et al., 1986a and b).

The magnitude of the imaginary part 9" of the complex susceptibility

only amounts to a few percent of ﬁo’, but %) is directly indicative of

the spectral distribution of relaxation processes because it singles out
processes with relaxation times arcund the measurement time ‘Em = 1/er .

In contrast, the real part A ' integrates over all relaxation processes which

are fast compared with T = 143 and, therefore, is rather inconspicuous,
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The complex susceptibility, 9U(T,(5), of the EUD,Zﬂer,BDS spin glass

is shown in Fig. &5 as function of temperature for three different fre-
quencies (Hiser et al., 1983b). At the highest temperatures, T > 1 K,

no difference is cdbserved in the dispersion (?ﬁ') for the various measuring
frequencies within the experimental accuracy. This feature plus the absence
of any absorption (") indicates the measured %' is the isothermal
susceptibility, qgr, 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 g& are
evidenced., We also note that the temperature of the inflection point
of‘yg‘(T) caorresponds to the temperature TF of the #'(T) maximum for

each measuring frequency. Both features shift to higher temperatures

with increasing frequency.

If the magnetization would relax with a single relaxation time &, the
frequency dependences cf*ﬁj and K" could be expressed by the Casimir

and du Pr& (1938) equations:

QCT - Ocs
P e At A
1 +ty2q?

X6 =
{(63)

T - ?ﬁs
W T
l-&@z"t’z'

o ()

whereix% is the"igothermal susceptibility in the limit W-» 0 and ﬁXS

the adiabatic one in the limit &5-p<@, 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

a single -one. ‘Then, following Lundgren et al. (1981) the equatieons (&3} -

are generalized and.one obtains for instance

TR -”'."mocfmwt Sl e R
5 | s a(T)d InT"  (e4)
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vhich reduces .in the spin-glass state (%’min &K 1/60(('1;@(} to

m_{1/¢7)
Tt g, ()
o

AR (ADEVIE

: mo(?f) is the magnetization of the magnetic entities with relaxation
time € in the field h, and in the limit £$%9; g(7') their spectral distri-
butien function and m_ (€ )g(%) their spectral weight, In order to reduce

eqg. 64 to eq. 65 one has to assume that

mo(ﬁf)g(ﬁ?) & const {66)

around the measuring frequency (= 1/°T , Hence, in this approximation

" (63) is directly proportional to the spectral weight of relaxation

processes with relaxation times T=1/¢y (eq. 65). In a more complete
treatment and using the same assumption, Lundgren et al. (1981) also

obtain

(? 9 X : (67

Relation (67) can be used to test the applicability of the approximation
in eq. 65, and indeed good agreement is cbtained with various samples

(Lundgren et al., 1981; van Duyneveldt and Mulder, 1982; Baumann et al.,
19843 Paulsen et .al., 1986a and b). We vill come back to this point in .

sec.. 7 1.

Thus, - the absorption data ﬁﬂ"(TQQr)-provide important information about
the'felaxation*spectrumfof-the freezing process in spin glasses. In Fig. 46
such data of "the Eug 468 9. 545 'spin glass are compiled in dependencef '

of temperature and freguency on a logarlthmlc scale (Baumann et al.,
.1984). The measurements were performed in the frequency range 10 Hz to

50 MHz, the earth‘s magnetic field was compensated; however the results
vere not corrected For demagnetization effects which should have been

- done. -At hlgh_temperatures,.Ti>Tf = 2 K, the maln-part of the spectral
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wveight is concentrated in the high-frequency relaxations. On cooling

these relaxations shift to lower frequencies, their spectral weight function
decreases and seems to broaden. Low-frequency relaxations suddenly appear

in a narrow temperature interval on approaching Tf from above. Obviously,

at least these low-frequency relaxations are incompatible with an Arrhenius-type
description {eq. 45). It is reascnable to assume that their appearance

argund Tf is due to the collective nature of the freezing process.

In summary, the relaxation time spectrum in spin glasses is broad already
above Tf.f and it dramatically broadens at Tf, extending even to macro-
scepic times. This seems to cecur in all spin glasses which have been
studied by this technique so far. Hiuser et al, (1983) and Wenger (1983)
try to analyze their data quantitatively via a plot of " versus o' with
&5 as a parameter vhich is a generalization of the "Cole.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. .

@ 1.24
5
: _;,: 0.6
.00+
T

Fig. 46: Absorption A" in dependence of temperature and frequency, ob-
tained from a fit to the measured data of the spin glass EUO,4650,545'_-
(From Baumann et al., 1984).
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6,2 Inelastic neutron scattering :

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 invaluablie 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 magnetic neutron scattering techni-
ques provide information about elementary spin excitations (see sec. 5.3)
or via the quasielastic line S{q,&r) around &= 0 (eq. 58, 59) about spin
relaxations, Typical results from this latter method will be presented

now, and we emphasize that in the limit g=0 _75(q,gf} in the cross-section
eq. 58 reduces to the dymamic susceptibility discussed just above. Finally,
measurements on the neutron spin-echo spectrometer will be reviewed where

one measures directly the time correlation functicn,

Results of a detailed neutron scattering study of the metallic spin glass
CuMn 8% by Murani and Thelence (1977) are given in Fig, 47. Spectra at
b
dbtained on a time-of-flight spectrometer using a constant-g interpolation
technique. Neutrons of incident energy 3.0 meV (A= 5.14 ﬁ) were selected
by a multichopper system with an eslastic energy resolution (FWHM) of

230 peV. The spectra consist of a strong elastic line superposed over

. . 0.
four different temperatures are shown for various wave vectors q (A

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. Usingffhe
results of these fits the integrated elastic and quasielastic CTOSS~
section as well as their sum (given as total é:oésésectioﬁ) have

been determined as shown in Fig. 47b, Note-that the ‘elastic scattering
begins to increase markedly with~decreaéing-temperature below about

75 K, where simultaneously the quasielastic cross-section begins

_to diminish. In comparison,Lthe:temperature of the ac susceptibility

peak is TF = 39 K.
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Fig. 47: Neutron scattering data of CuMn 8at%: (a) Spectra S{q,4r) vs.
energy‘h(gr for various gp-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,
_dET/d;QL ;-@s a function of temperature is given for the total,
~the elastic, and the quasielastic scattering from data in (a).
The vertical érrows.indicate the temperature where marked changes
in the cross-sections ﬁecome_euident-(?rom Murani and Tholence,

1977).

Two essential remarks, however, should be added to this analysis

wnich are related to each other. We have seen above in sec. 6.1

that with decreasing temperature a whole spectrum of relaxation

times develops. -Therefore, fitting the quasielastic line by a simple
'Lorentzian;becomes'inadequate near*Tf.'Indeed,fthiS has been demonstrated
by Murani (1978a) who measured CuMn spin glasses-of various Mn concen-
trations-over a much broader energy range. Lxamples for a small

'q :fU.DSQﬁ_l;ianig,;ﬁS-clearly'reueal strong. deviations ‘from a. .
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Fig. 48: Neutron scattering spectra, S(q,W), vs. energy'ﬁu& for g =
'D.DS'E'l at T = 300 K, for CuMn alloys with ¥n concentrations
-as indicated. The data points for-elastic scattering are not
._shown_in'the figure., The continucus curves rePresentfthe best
fits to the data using the Lorentzian form. Note the progressive
" narrowing-of 'the spectra accompanied by increasing deviatien
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 exceptiosn :is the spectrum for the 1.1 at%'Mn.
~alloy where cbviously the description with_é_single=relaxatidn'time..”
‘works ét highatemperature& The-p:oblem of ‘a proper description of .
the spin relaxation.spectrum is.éven worse in-metallic spin glasses.
wvhere 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-splute
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' Fig. 49: “"Elastic” scattering cross-section vs. temperature'for various
g-~values in CuMn 8at’, employing different energy resolutions:
{a) Results from IN1O meausrements with elastic energy resclution
CAEA~ 1,5 peV. (b) Total intensity within an energy window |
A E~ 25 peV centered about &= 0 in the IN1Q measurements.

(c) Resglts from the IN5 time-of-flight measurements with elastic
energy resolution AE~230 ﬁeUg The arrcus indicate the tempera- :
tures where marked increases in the cross-sections begin., The
dashed line marks the temperature of the ac'susceptibiiity peak,
measured with a time constant Tfﬁﬂlo_z‘seca The statistical errors
ére smaller than the size gf the data points and the curves

-are drawn to guide the eye (From Murani and Heidemann, 1978c). -

'exchange interactions {(Murani, 1978 a and b). The first mechanism
if separated leads to a Lorentzian form, eq. 59, with a single.g-in- . ..

dependent relaxation time T'= h/f.
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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, which 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 AE, can only resolve processes with the longest relaxation
times T, given by T, = h/ A Eg, the rest with times longer 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 ocut by measurements of Murani and Heidemann (1978¢)
as shown in Fig. 49. The temperatures, indicated by arrows in the
figure, where the marked increase of the elastic scattering cross-
section occurs depend strongly on the energy resclutions (4E) employed
and hence on the measurement time constant = h/AL., All these
temperatures, however, are systematically higher than the temperature
TF of the maximum of the ac- gg (time constant Tz 10'25} shown by

the dashed vertical line in Fig. 497

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 13 formally related

to the Edwards-Anderson order perameter qEA

GepE [<’S >T -.]au -ﬂj D G (/2 2@ @

vhere F{g) is the magnetic form factor. Due to the finite measurement-time
_cohstant of any spectrometer, however, e is not accessible (Murani

and Heidemann, 1978c), i.e. a decision about the existence of:an
equilibrium spin-glass state with this type.oF“order-parameter:iS'

impossible by ‘these techniques.
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The neutron-spin-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 neutron
spins Larmor precessed arcund the external field. This spin-echo
technique was -used to decouple the energy resolution from the momentum
resolution. Thus, one can look at much longer times, doun to 5x107° sec
(higher energy resolution), without the leoss of intensity inherent

in conventicnal neutron techniques. The NSE-machine glso has the
advantage of measuring the spin auto-correlation function directly

in the time domain which is the Fourier transform of S{q,4r} measured

in conventipnal neutron spectroscepy:

oo
- S(g,Fcosart
s(g,t) = S 30 der (69)
- D
o)
Here S(q} = S S(q,t ) der reflects the short-range order. By definition
- G

s(g,t = 0) = 1. This technique gives also information (in contrast

to uSR) on the spatial correlations (Mezel, 1983)

S(q,t) = S(q) - s (q,t) . (70)

It has been shown that the ac susceptibility and the fumction in
eq. 70 are related in a gocd approxlmatlon for relaxatlon type dynamlcs;:

by the equatlon (Mezei, 1981):

(@) o< im -L;%.-—.s_(_q>-'<1-s(q,__t_.n, I
. g0 - I g .

where t = Q.7/¢¥ . This equatlon has a 51mple physical meanlng
(1-s(q§t)) is the fraction of the magnetlc moments whlch can respond

“-to an external fleld w1th1n tlme t

- Up to now it has been applled to three different . Splﬂ glasses Lulin
“with %_and- % (Mezei and Murani, 1979; Mezei, 1962), La 'G,7E 0.3, . 
(Mezei, Murani and Tholence, 1983), and Eu Srlﬂ S with x = 0.40.

“and x = 0.54 (Shapiro, Maletta and Mezei, 1985). |
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Time {sec)
fig. 50: Spin relaxation in Cu Mn 5at% spin glass at various temperatures.
Data points at times shorter than 10_8 sec vere directly measured
by neutron-spin-echo technique at q = 0,093 R -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 w27 K) by

Mezei and Murani (1979) where the time-dependent correlatlon function

s(q,t) is plotted on a logarithmic scale. The thick continuous curvet
represents a simple exponential decay function, exp (-{"t) for <05 meV,
whereas 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 3"l<'q< 0.4 ﬁ—l, thus the results in Fig. 50 indeed represent
the spln autocorrelation functlon.§(t) = s{q,t). Data points beyond

107 s were calculated from ac- % measurements. It is remarkable that

at Tf'%‘:’ 27 X (from ac- % measurement} at ieast half the spectrel com-
ponent has relaxation times below 10"9 sec and that this fraction
decreases slowly below TF‘ The time-decay is distinctly slower than
exponential already above and below TF,_indicating again a broad
distribution of relaxation times which extend progressively to 1onger
times with decreasing temperature. (it should be noted that on such

_a diagram.a simple exponentlal function always maintains the ‘same

shape being only . replaced laterally for different values of F*)h

 At longer times the data can be approx1mated by a stralght 11ne 1n B

_the plot wvhich corresponds tc

%(t_) o<, cqnst -Int . o .(72)
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The authors of this experiment (Murani, 1981; Mezei, 1983) interpret
their results as a 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

%(tl)% const + t-y (73)

where the exponent ¥=1/4 near Tf, end Yy=1/2 for T« TF‘ Curiously,
the neutron-spin-echo data on the other sample, CuMn 1%, still yield
va 1/2 near TF' The constant in this form (73} is non-zero only

below T, and thus would imply a truly static ordering.

]C’

Results from neutron spin-echo measurements on the insulating EUXSrl'XS

compounds will be described briefly in sec. 8.

Remember that simulations of the nearest-neighbor two-dimensional

Ising spin glass (Binder and Schréder, 1976) yield logarithmic time-
decay of the spin auto~correlation function wEile for the infinite-range
three dimensional Ising spin glass Kirkpatrick and Sherrington (1978)
find a power-law decay with an exponent ¥= 1/2. Sompclinsky and :
Zippelius (1981 and 1982} also obtain a power-law decay for the Heisen-
berg spin glass with infinite-range randem exchange ieteraetiens '

at and belov T {see eq. 31).

Very recently, Murani (1985) again started the attempt to study the
spin auto-correlation function and to see vhether the infinite-range. .
mean-field model may have dlrect application to relaxation dynamics

in real spin-glass. eystems. He measured the CuMn 3 % spin-glass alley '
using unpolarized neutron-scattering techniques; namely the conventional
time-of-flight spectrometer and the more sophisticated backscattering i
spectrometer. Both these teehnlques permlt measurements over a wide
g-range., The slight dlsadvantage of the shorter tlme Tange covered

by these "classical" techniques (8.8 x 107 s) cempared to the neutron
spin-echo method (leongs) is compensated by the greater statistical

accuracy of Ehe data, due to the higher neutron intensity -using un-
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polarized neutrons and due to integrating over this wide g-range

in order to obtain the correlation function. Murani shows in the

paper that within a reasonable approximation for spin glasses the

time correlation function %(t} can be determined by these techniques
from the '"elastic" component using various energy resolutions AE,
There is a direct relationship between the "elastic" scattering coniri-
bution, measured with finite resolution AE, and the local or auto-
correlation function l§(t) at time t = 1/AE, Including ac-¢/, %easure—

ments on the same sample he finds a power-law decay

?(t)%t“"? ’ (74)

with Y& 0,25 at T/TF = 1.25 (Tf is determined by ac-4( at 10 Hz),
but ¥ = 0.1 + 0.902 at and just below TF' At lower temperatures
(T/7.% 0.75) ?{t) is best expressed as

R 3
%(t) e 7+ logt wvith Y= 0.4 + 0.1 . (75)

At still lower temperatures (T/Tf.ﬁ 0.5) ?(t) can be expressed again -

as a power law with a value of V= 0.5 which is consistent with the

theoretical predictions. The anomaiously low value of V close to
(see eq. 74 and 73), also found in muon spin relaxation measurements.’

(Heaner et al., 1984), is still unexplalned and calls for further

theoretical investigation,

6.3 Muon spln relaxatlon: o

Arother new microscopic technlque wvhich can determlne in principle _":”
S{g,t) in spin glasses is the measurement of muon_spln relaxation

(uSR). Here the g dependences are not tunable-as in'fhe NSE'method _
{eq.70) but are broadly averaged over alil q. The ”Wlndow" of relaxatlon _
"lls to 10 Ss reglme,'and hence partly -

times. seen by uSR spans the 10
123 to lD -8 )

'overlaps with that of the neutron technlques (lO
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This technique was first applied to CuMn and Aufe spin glasses by
Murnick et al. (1976), who observed the spin precession of u+ around

the applied transverse magnetic fields (transverse-field uSR) and found

a rapid increase of muon-spin depolarization rate on cooling towards Tf’
Similar TF-uSR measurements were performed later in Cun (Emmerich and
Schwink, 1981) and AgMn (Brown et al., 1981). It was not possible, however,
to distinguish the effects of static inhomogeneous random fields from those
of fluctuating dynamic fields since the TF-uSR experiment corresponds to :
the T2~measurement of magnetic resonance. This difficulty also limited “
the information obtained from previous linewidth measurements in NMR

(Mac Laughlin and Alloul, 1974;, Levitt and Walstedt, 1977) and EEE (Dahlberg
et al,, 1979; Salamon, 1979; Wu et al., 1985; Baberschke et al;} |
1986). Furthermore, such experiments with external magnetic fields are

not quite suitable for probing spin glasses in which the "cusp" of

cﬁ(T) is substantially rounded by a small H,

To overcome these difficulties Uemura et al. (1980 and 1981) have
applied the zero-field pSR (ZF-uSR) to spin glasses, They have also
made measurements on Cun in finite longitudinal magnetic fields

(LF-uSR) 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 SR the longitudinal muon spin relaxation functiaon 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 Gz = 1, complete depolarization Gz = 0). The observed time
“evogluation G (t) of muon-spin polarization reflects amplitudes, randcmness,
~and fluctuatlons of local magnetic fields at muon sites in the sp601men
-There appear two essential problems in analyzing gSR experiments

on spin glasses (i) Ore has to make model assumptlons about the

‘shape of -G (t) (ii) Any relaxation slower than 10 -2 sec appears

' Las a_“statlc" component in. pSR (llfetime oF the muon is qik— 2.2 x 10 ésec)o

“In the.early stage of such.studles on spin glasses (Uemura, 1981)
‘one assumed & 81mple exponentlal decay of spin correlation at all
Itemperatures aboue and below TF‘ With recent_hlghfstatlstlcs data,

‘as :shown in Fig. 51, Uemqra et 'al. (1985) includE'é stochastic theory
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of spin relaxation to analyze the ZF-uSR data onIQEMn spin glasses.
Assuming a simplified autocorrelation function of the impurity spins
{which is not in-accordance with the experimental findings described

above)

[Ks(t)s(@) >/ < 5(0) %] = (1O )exp(=Vt) + Gy (76)

the authors calculate Gz(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 Gz(t). For the purely dynamic
case where the averaged amplitude ag af the "static' random fields

is zero and QEA = 0, the Gz(t) function exhibits a "root-exponential®
decay, Gz(t) = exp(u'{7§2? ), similar to the ansatz in the early
work {Uemura, 1981).Here ﬁﬁ is the dynamic muon-spin depolarization
rate which is proportional te the ceorrelation time TE = 1/ above
TF“ The "static" effect is reflected in the quick initial decay of
Gz(t) followed by the “% tail" (for'as %0, ?ﬁ =0, Oy = 1). The
only fitting parameters in Fig, 51 are ag and fkd which are displayed
in Fig., 52. It turns out that ag exhibits non-zero values only below
T. of each specimen. The }ﬁ value increases rapidly -when TF is approached

f’
both from higher and lover temperatures. The spin correlation time

% in CuMn (Sot%,T; = 27.4 K]

l.O 3 i
0.8
Q.6
0.4
0.2
.
. S Y WS S RN S IR SN SN B SR ST
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0.04 0.06 0.08 E Qii_ _o.'2 _ _

' . S TIME (psec)’

Fig. 51:-Zero-Field'muoa:spinufelagation.?unction, Gztt), observed in _
the spin glass CuMn 5at% (T, = 27.4 K} at various temperatures.
The solid lines represent the best-fit curves for eq. 76 with
the values of a_ and .QH 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 of static random local field at the muon site;
and (b) the dynamic muon-spin depolarization rate QH. The solid
lines of (b) correspond to the fit of 26 to the pover-lawv behavior

of critical sloving down, eg. 77 (From Uemura et al., 1984).

-12 sec at

’tc deduced from ?"d shows a rapid change from "E?C::;’ 10
Ty ZTf towards 'E:; % lO—geec at T & TF in all the specimens. Comparing -

ﬁ,d or.f?;:with the power law behavior of critical slowing down

the authors obtain values of z = 2.9 for CuMn 5% and z = 2.6 for

CuMn 3% from the eor:esponding-?ituﬁo ﬁﬁ, shown by the solid linee

in Fig. 52b. Below T. "static"” and dynamic effects are found. to co-. " -
exists. The broken line at 26 K in Fig. 51 illustrates the decay

of G, (t) essuming_as = 0 {but eseuming still onlyze single:relaxatioq__
rate and eq. 76). By the way, this kind of coexistence has also been .. -
found by LF-uSR below T (Uemura et al. 1985). The .values of the
-"agverage" relaxation tlme fitted to the CuMn 5% by WSk roughly agree
with NSE abeove and below Tf The authcre also argue ‘that they can . ”..
rule out the extremely 1nhomogeneous spin free21ng (where for example f
10 splns out of 100 are. completely frozen (Q EA S gy whlle the remalnlng
90 splns are paramagnetlc CQEA'“ D)) (see also Emmerich et al»E 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

Gz(t) when the correlation times of impurity moments have a distribution

in a more microscopic way", and hence, "it is difficult for uSR to
directly determine the shape of ?(t}". Nevertheless, a recent attempt
is made in this direetion by Maclaughlin et al. (1983) and Heffner

et al, (1984) with LF-uSR in AgMn spin glasses applying high external
fields up to HL = 5 kCBe. The spectral distribution of the fluctuating
field below Tf is "gated" by the Zeeman level (J= g?&HL’ and the
authors claim to have evidence for an algebraic time dependence of

§ () with Y=0.24 + 0.02 for T/T. = 0.92, and V= 0,54 + 0,05

for 0.3 < T/TF & 0.66 (see egs. 73, 74; NSE data). However, the

studied time region is very limited, and, in addition, the influence

of the applied fields on the spin dynamics ecannot 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 relaxation tlmes down to very low frequencies in such dlsordered o
spin systems and the lack of’ eontributions From eddy current noise

(as for metallic samples). Here we present results obta;ned.near

the spin»glaes:temperature:whereas'eFFects of magnetic Field and
waiting time on- the. magnstlc noise spectrum will be dlscussed in

the next section (sec. 7. l)

Fig. 53a. dleplays typical noise power spectra of: the Euo 40SrD 605
spin glass. at tuo dlfferent temperatures above and below TF = 1.54 K,
compared. to the noise of: the detection system: alone (Relm et al., _."'
1986) . While the empty-eystem noise is white aboue l Hz and shows : B
'_.some 1/03 component. below 1. Hz the noise 1euel of the eample is

up to three orders of magnltude larger and dlSplays a l/Cd behavior

in the whole frequency range with n< 1. The noise magnitude of the
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Fig. 53: Magnetic noise for the spin glass Eu

spin glass is cbtained after subtracting the noise of the empty system
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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
T2 1.6 K{near Tf)°
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of frequency ét'two different temperatures sbove and below Tf = 1.54 K,

and (b) as function of temperature at five different frequencies
0.0, 0.1, 1, 10, and 50 Hz (at zero applied field). The~datai

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)) (From Reim

et al., 1986).

The fluctuation dissipation theorem states (Kubo, 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 éqpiiibrium fluctuations:

S(ty) this reads (Ocio et al., 1985):

S(63) = a gy (er)bkgT/ey

(78)
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wvhere & 1is a geometry dependent conversion factor. Reim et al.
(1986) prove unambigucusly by measuring the noise spectrum S(J)
and the imaginary part X" (&) of the ac- ?& simultaneously, that
the fluctuation dissipation theorem is as accurately obeyed by the
magnetic fluctuations below as sbove TF' This is important because
recent theories suggest that the spin-glass phase below ?f could

be non-ergodic (see sec. 4.3).

Given the validity of eg. 78, 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. Therefore, Reim et al., (1986) studied the
low-frequency dynamics of the EUO,QOSFU.éﬂs spin glass near Tf, Fig, 54
shous the temperature dependence of the noise exponent n(T) in S(@ Yec 6y~
at five frequencies., The data exhibit a maximum slope in the vicinity
of TF, with the magnitude of the logarithmic slope decreasing both
above and below Tee Most important, the slope at a fixed temperature

is frequency depencdent even at TF‘ This second fact implies that

it is not possible to describe the nolse power or the imaginary part

of the susceptibility by a simple pover law, X "(&)e< usl““, as
derived in mean-field theory:by Fischer: and Kinzel (1984) (see eq.33).
The_intriguing éxpe:imental result may be explained. by the.fecent
predictiﬁn (Fisher and Huse, i986)_bf a i/f noise up to logarithmic

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 noficeable already at ts~] sec., For instance

a fit of M(t) with the éommonly used stretched exponential form (eq,é&) o
may lead_fo in some sense “averaged" values for fhe exponent h(T)..'
‘Indeed, Ferré et al. (1986) find for Eug , 05Ty (oS “2“? Faracziay- rotation |
measurements of M({t) and a fit with eq. 44 in the 1077 to 10" sec
time-interval an "averaged" exponent n(TF) = 0.9, compared .to-the

“wvalues of 1.0.at 0.01 Hz and 0.8 at 50 Hz in Fig. 54,
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7. Spin-glass transitipn

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.. Hence, this section is intimately related

f‘
to the results and discussions presented above,

7.1 Search for a static TF :

First we turn our attention to the field-cooled magnefizgtion, MFC’
measured in a small field which has been applied already aboue Tf.

Most important MFC(T) of the spin glass is often assumed to be the
equilibrium magnetization (Malozemoff and Imry, 1981bj; Chamberlin

et al., 1982; Moncd and Bouchiat, 1982) because it does not seem

to depend on time and is reversible as one moves up and down in tempera-
ture, as long as HFC remains constant belovw Tf. In addition, MFC(T)
usually develops a plateau below Tf, and a small "bump™ (4 10%) occcurs
around T, for Cun 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 Tf on cooling but with a pronounced
change in slope at Tf,as can be seen for instance in Fig, Qaa for
EUXSTl_XTe-SPiﬂ glasses (Bdrgermann et al., 1986a and b). The field
dependence of MFC near Tf is often related to the mean~field preﬁietion
-which gives MFC.independent of T below Tf (Parisi.and Toulouse, 1980;
Sompolinsky, 1981) as will be discussed below.

Recently, Lundgren et al. (1982, 1985) however questioned the validity
. of the assumption that the measured FCmsusceptibility is the thermo-
dynamic susceptibility of a spin glass, They study the time variation
of the relaxation rate in spin glasses by ac-%, measuremeﬁts and

show that the time range can.be extended to considerably lenger times
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utilizing ZFC—%I measurements, too. In this method a set of ZFC-4f,
curves is recorded each of which is c¢btained after various waiting
pericds tw at constant temperature before the external field is applied.
Figure 55 shows such ZFCw;g curves for the CuMn 4% spin glass at

T/Tf = 0.9. In Fig. 55%a the curves are represented in a relative
diagram with A¥(t} arbitrarily displaced along the vertical axis.

A relative change of the total’, of 1 % is indicated, Figure 55b
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Fig. 55: Time dependence of the ZFC susceptibility for CuMn 4ath.at T = 0.9 ‘TF
L (Tf =26 K), obtained after different waiting times tw-before :
“the external field is ‘applied (at t = 0). Part (a) of the figure
* shows the curves arbitrarily displaced on the vertical axis,
part (b) on an absolute scale. The estimated equilibrium'x_ﬁoincides-
"with.the”upper'horizontal'1iner¢fjthe frame of the‘figure (Fr0m'":

" Lundgren et al,, 1985},
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shows two curves ?ﬁ(t) for tw = 0 and tN = 270 min in an absolute
‘diagram. The data demonstrate that at a certain cbservation time

t both the relaxation rate, S, and the time-dependent susceptibility,
7@(t), markedly depend on the waiting time tw at a constant temperature.

Both are redated to the acdx,via

(LMY AM(L) 7 Alnt & ~(2/%) Y(os)
(1/H) M(E) & o' () (79)

S(t)

o)

if t = 1/63 . In a logt diagram these ZFC—?@ curves display an inflectien
point at an observation time comparable to tw at constant temperature.
Although the experimental data only cover a limited range in cbser-

4 sec), the authors

vation time (< lO3 sec) and waiting time ( <€ 10
construct a Qiagram describing the evolution of A{(t) towards equilibrium,
They claim that, independent of tw’ the time-dependent susceptibility
attains equilibrium at the same observation time teq (T). For igample,
for Cuin 4% at T/Tf = 0.9 (see Fig. 55) they estimate teq % 10" sec,

or that the cusp of ﬁﬂt) coincides with the equilibrium susceptibility

at T]c at an observation time of about 10° sec, For shorter times,

the data are interpreted as nonequilibrium or aginc phenomena in

the zero-field state of the spin 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 tw-dependence of the TRM-decay de-
seribed by Chamberlin (1985) with the stretched-exponential form (eq.44,

where %r(tw)) is only an artifact caused by the influence of an aging
process of the spin-.glass state on 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 al;r(l986}fpresent nev-data of- the temperature-

and field-dependence of the TRM-decay which they analyze in "remarkable

- agreement" with predictions of de Dominicis et al. (1985) within

“the ‘infinite-range mean-field model (eq. 44)..(See alsc the.results

obtained from magnetic noise measurements as described in sec. 6.4).
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Following Nordblad et al., (1988a) further, they argue that the closely
similar wait-time dependence of the TRM-decay to the ZFC-magnetization

implies that a corresponding aging précess also occurs in the fielde-cooled

spin-glass state. The time effects, however, are drastically weaker
in the M (t), as illustrated in Fig. 56 (Note the striking feature
of an inflection point at t & tw of the MZFC(t) in the M-logf plot).
According to these authors 211 the magnetizations measured in spin

glasses below TF probe the nom-=equilibrium state,

Similar time dependencies are observed in low-frequency magnetic
noise measurements of the insulating spin glass CsNiFeF6 at 4.2 K
(Te = 5.4 K) by Ocio et al. (1986), In the frequency range below
10_1 Hz the amplitude of the noise power strongly depends on the
time t, elapsed after cooling the sample (no field is applied!).

-3 Hz in the first five

The noise power measursd for example at 3x10
hours is 10 times above its value measured after 50 h. There seems

to exist a characteristie frequency (which decreases with t ) above
which the 1A4F noise spectrum is cbserved, but below which the spectrum
presents a 1/e5” dependence with 1.5« x¢ 2. Spectra recorded for
waiting times longer than 70 h are stationary and present a l/wr de-

pendence between leD'4 Hz and 2x102 Hz,

FC
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Fig. 56: ZFC magnetlzatlon oF CuMn Bat 1n.H “ 1 G after dlfferent wait-
7 times. t,at T = 0.9 TF(Tf = 28.0 K) plotted vs. log t. The FC
:magnetlzatlon is also shown, 1% of . the FC-magnetlzatlon value

‘is indicated in the Flgure (From Nordblad et al., 1986a).
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Noise measurements were also performed in the presence of a small
magnetic field of G.3 Qe by Ocio et al. (1986). "Aging effects" are
again chserved in the ZFC state, but not after FC,

The "aging process! is possibly due fto 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 brove the non-equilibrium character
of the spin-glass state. If states with spin-glass order exist as

thermal equilibrium 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 to form ordered regions of its various possible
order-parameter components. As these regions grov there is misfit
at their walls, and hence the growth of the domains might be extremely

slov.,

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 cbservable in 7%, and on 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 lecal field, due to a small temperature dependence

of MFC and the resulting corrections to the local field. Hence, it

is important to establish whether there exists a static freezing

temperature T.

Malozemoff and Imry (1981b) were one of the first who demcnstrated
with two spin-glass samples, CuMn 4.6 % (vith Tf.ﬁf27 K) and a-AlGd
37% {with Tfﬁ$17 K), that no shift of the peak position of de-7(T)
{(defined by MFC/H at a field of 4.5 Oe) can be detected over a long
range of time delays from 6 min to 2400 min per temperature change
AT = 0.2 K. Further below the peak temperature, however, it is more
difficult to achieve time-independence of'MFC in épin-glasses,_Results |
- ‘from recent experiments.by Matsui et al?_(l985) are displayed;in
"Fig. 57. The data on a-AlGd 37% in Fig. 57a indicate that even at
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Fig.. 57 Susceptlblllty,ﬁg M C/H at H = 0.13 Oe, of. a-AlGd 37% spin
glass (T £ = 17 K) after coollng from 23.5. K at dlfferent rates;

:_(a}ﬁé at T z 5. k (b)?L at various T measured after different. '

| cocling rates, n o= l +..5 correspond to 4x10 - 7x18 5 l Qxlﬂ

”2.5_x_10f45 5x 107 K/sec (From Hatsui et al., 1985).

l;.
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the lowest cooling rate applied € (= MFC/H at 0.13 Oe) seems to

be not yet independent of the cooling rate at the lov temperature

of 5 K (compared to TF = 17 K}, Nevertheless, the authors interpret
the curve QC(T) in Fig. 57b measured at this lowest cooling rate

of 4xlD—5 K/sec as the "squilibrium 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 femperature
Tne at which a given curve in Fig, 57b "peels away™ from the commen
curve, Then, a slower cooling rate determines a lower value of Tne'
The authors interpret ?ne as the lewest 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.&x10_4 K/sec down to 12 K (i.,e. 5 K below Tf) when cooling
in C0.13 Ce, and down to 11.5 K for 10 Ce.

Detailed dc-magnetization measurements on the spin-glass Y&r 1%,
presented by Bouchiat and Mailly (1985), alsc reveal the existence

of long~-time relaxations of the FC-magnetization which, however,

is not inceompatible with the existence of a well-defined temperature,
charécteristic of the occurrence of thermal hysteresis,; independent

of the cooling rate. Figure 58 illustrates these findings: Below

?F = 0.59 K strong irreversibility occurs in the magnetizaticn when
measured at 10 C 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 cnset of hysteresis occcurs at TF independent
of the rate, This temperature is defined with an accuracy of better
than 0.5 % and coincides with the temperature at which the system

deviates from the Curie law.

A completely different behavior is found in a cobalt aluminosilicate
-SiOz- Co0, by-Wenger and Mydosh (1984a). A higher FC-ma.

glass,.AlZGB-
gnetization is observed at a slower cooling rate (Fig. 59),but
apparently inconéistent_@ith that, the magnetization stays'constant
at 4.4 K vhen monitored over a period'Of}BxlOQ éec. fheyfinterpret
the data as result of a hsupercooling” effect, strongly analogous

to the formation of ordinary glasses.
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Fig. 58: Thermal hysteresis loops for YEr 1 at% obtained by cooling the
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 (From Bouchiat and Mailly, 1985).

M/H (104 emurg)
~J

T I T

Su,_al
5%3&
% g e glass

: °oo WG::;L%
H({OCe)

J0 X9 s

o

1 mK/s

a

« Y mK/is«pertcdic

L]

stopoing %

200 mK/s

o ¥

L i J

ey, 143 at. % Co
uminosiicate

©

2 4

T {K)

‘Fig. 59: Field-cooled susceptibility, M/H, of cobalt (14.3 at%)-alumin-.

‘osilicate glass versus temperature for various cooling rates

and magnetic fields (From Wenger and Mydosh, 1984a).




~ 106 -

Guy and Park (1983) conclude that the FC-magnetization in CuMn 0.25 %
is in thermal equilibrium since the thermodynamic (Maxwell)} relations
are fulfilled for their magnetization data together with data from
magneto-caloric and specific heat measurements, Duffield and Guy
(1985) propose on the basis of a similar analysis where CuMn and
(La,Gd) Al, spin glasses are compared that the equilibrium phenomenocn
is often chscured by secondary but large irreversible effects. They
show that (La,Gd) AL,
a relatively large amount of adiabatic cooling below TF and very

little irreversibility. On the other hand, CuMn is much more irreversible

is an extremely reversible system that exhibits

and a definite observation of adiabatic cooling has not been made,

Ancther procedure to search for a static Tf is applied in the EuXSrl_xS
spin glass with x = 0,40 where Ferré et al. (1981) chserve a pronounced
frequency dependence of the acw'x(T) maximum, as shown in Fig. 42b,

Tf (¢3 ) seems to saturate for low frequencies at a constant value

near the temperature determined by static megnetization measurement,

In order to cbtain evidence that Tf (¢r) for an infinite observation
time really saturates at a nonzero temperature Paulsen et al. (1986b)
propase the following extrapolation of the data to W= 0: First, careful
measurements of the real (%') and imaginary (%") part of (T,W)

are performed in the frequency range 7 Hz£Ws< 5 kHz, It is shown

that the relation in eg, 67 between QL"andﬁy holds in zero and finite
fields (examined up t0115 0e). This is remarkable when one considers
that the peak in ' of EUD.aoer.éﬂs shifts toward higher temperatures
in moderate H while the ¢ " Tesponse is moved toward lower temperatures
in fields (Maletta and Felsch, 1979 ; Paulsen et al., 1986a}. Then,

the authors generalize the mean-field relation 4" a:lygeq. 33)

via eq. 67 to obtain the functional form of %(T,lr}:

) =+ L = G+ I+ snes” (@)
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_. 8011d lines in part (a) -and (b). Eq. 8C describes the data qu;te

o well: (crcsses and triangles), obtaining the- parameters MTT)

| and A(T) as shown in Fig., 61. Then, KL (crosses) and jg“ (trlangles)

... can be. predicted in the. very low frequency-range down to 0 Hz.

using these parameters and eg. 80. In addition, the dc suscepti-

bility (M C/H at H = 0.5 Ce) is shoun for comparlson (From Paulsen

et a1., l986b)




- 108 -

T f T T T T
04 R
Aﬁsﬂgﬁ%%% A | _
b= A a -

viT) I . 1A
. booa -
vV s |
01 ﬁaawma§§£ s A — i
! : ; {56‘%}&/\ [
14 16 18
T {K)

Fig. 61: The temperature dependence of the parameters W (T) and A{T)
extracted from least-squares fits to the data, shown and described
in Fig, 60 (From Paulsen et al., 1986b).

where A(T) and W{(T), are shown to describe the data for the E“o,aosro,sos
spin glass quite well at lov frequencies near TF(CJ')e Least-squares
fits to the data of ¢' and %", as illustrated in Fig, 60 for a fev
representative frequencies determine the parameters A(T) and Y7(T)
displayed in Fig. 61. Finally, eq. 80 and these parameters are used

to calculate (T,&5) in the limit =0, The "static" limit is
approached very slowly in Fig. 60 vith the peak in o' (T) sharpening
as it shifts toward lover. temperatures. Also.shOWn.ls the conventional
de susceptibility obtained by ‘cooling the sample at a rate of m0.2 K
per 10 min in a field of 0.5 Oe. The departure from paramagnetic
behavior aboye TF is similar'to'that of the ac-% for a frequency

of '0.04 ‘Hz, which is not inconsistent with the rate of field cooling.
The zeromfrequency behav1or suggests that a phase transition occurs
at T RO D)__ T = 1,54 K for-this sample. TC is even somewhat
below T (dc), but 1t 1s 1nterest1ng to note that the exponent (T}
_'fleuels off Jjust at T (Flg. 61). As this limit is approached ‘in the
'*3extrapolat10n, K decreases toward zero but at. 10+ nd HZ_Stlll has

dfa_small_flnlte value (Fig. 60). .
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7.2 H-T phase diagram; role of anisolTopy:

AT-like lipnes: The mean-field thedry of spin glasses predicts for

Ising spins one and for Heisenberg spins fwo critical lines in the
magnetic field-temperature plane (see sec. &4, egs.l15 and 27), De

Almeida and Thouless (AT) (1978) obtain in the mean-field Ising model

of SK a transition line Hf(T) below which the system becomes non-ergodic.
This AT-line, separating the spin-glass phase from the paramagnetic
phase (Parisi and Toulouse, 1980), ends for H=*0 at the freezing
temperature TF‘ Later on, the instability line is suggested to be

also a critical line for the disappearance of mecroscepic irrever-

sibility (Sompolinsky, 1981).

i HiM iguussx(%:a.‘uﬂ‘*ﬂﬂ‘l 1
Ag Mn W0.6%
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Fig. 62: Inverse of the susceptibility, q5'1= H/M, of AglMn 10.6 at? as
w0 wva-funetion of temperature for various magnetic fields (indicated
on each curve in G). Data points:were obtained by slow coocling
in ccnstant:field H. The cnset of the plateau (marked by érrows)
is defined arbitrarily by the point of the M{T) curve departing
“ by 3% from its low-temperature value. The resulting boundary
for the épinnglass phase HC(T) is shown as én_insert:(FromﬁMonod

and Bouchiat, 1982).
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It is thus very tempting to test this issue of the mean-Fieid theory,
Moned and Bouchiat (1982) perform measurements of the "equilibrium"
magnetization in AgMn 10.6 % by slow field cooling as function of
temperature and magnetic field. Their data in fig. 62 reveal = deviation
from the low-temperature plateau of M(T,H) shifting to lower temperature
with incrsasing field. The temperature of its onset, however, is
experimentally ill defined, nevertheless by means of an (arbitrary)
working criterion qualitative agreement of TF(H) with the AT-line

(eq. 15) is chtained (see insert of Fig. 62).

Chamberlin et al, (1982) present high-resclution SQUID measurements

of the dc magnetization of two AgMn spin glasses containing 2.6 and
4.0 at% Mn. They use the temperature derivative, dM{H,T)/dT, of the
ZFC—curve near Tf 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 law 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 glass. Here, the variation of the
temperature of an adiabatically isclated substance with external

magnetic field is measured which is directly related to the magnetization
via the Maxwell relaticn. 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 HC(T), defined rather.arbitrarily

in the paper, is assoriated with the AT.line.

Aé already mentioned above, Tf(H) is also predicte& to be seen by

the disappearance of irreversibility., Salamon and Tholence (1982}

explore this possibility by examining thé relaxation of the magnetization
of zero—ﬁield-cooled éamples <£EM” 0.24 % andrauFelDNi7OP20) following
-.the: application of a step increase in magnetic field. They show that

the magnetic viscosity S(H,T) = dM(t)/dlnt first increases with field

at a'fixed'temperature; reaches a maximum at Hm(T) and then tends

-:gtoward:iéroratnlarge-fields. The values of Hm(T) Vary'similar-to
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Fig. 63: Critical fields HC(T,GS) (or HC(T,t)) for a-FelDNisza spin
glass, as defined by the disappearance if irreversibility (on
different time scales) from different experiments. The dashed
line represents the maximum of S(H) for 30 sec<1t< 1200 sec
(From ‘Salamon and Tholence, 1983). '

the AT 11ne,<gT ec Hﬁz with ?Z 0.66 and 0.55 for CuMn and a-FeNiP,
respectlvely, but the amplitude of the field is much smaller than
expected. Salomon and Tholence (1983) use as another criterion for "
a critical line in the_H_Tfplane.the'disappearance of the dissipatiue‘“_-
part of the ac-susceptibility, %" (&5,T,H), in a-FelBN17DPZD

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-f'7

‘resulls, including the line for S =¥ 0. The characteristic field in-

- creases strongly with the frequency of the measurement, and the functional

form changes. The exponent of T.in H (T):chaﬂges from 1.8~f0rfthe_xh
long-time data to 1.3 for 11.3. kHz, and ‘the. prefactor from 250 Ue
to:3 KDe, SR
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Fig. é64: Critical magnetic field (raised to the 2/3 power to check for
the AT-behavior) plotted versus temperature for Eu0.405r0a605,
determined from the imaginary part <" (T,H,&y) of the complex
susceptibility at various frequencies (From Paulsen et al.,
1984) .

For the insulating spin glass EUO.&OSTO.éos characteristic HC(T)

lines are obtained from the decay of the magnetization after a small
field change (superimposed on a larger constant Field)'dM(T,H,tm)

for fixed time scales tm’ 1 msec <'Hn< 1 sec (Bontemps et al., 1983),
and from the imagimary part (" (T,H,&r) of the complex susceptibility
at different frequencies (Paulsen et al., 1984; Rajchenbach et al.,
1984). Again, similarity with.the AT-line is cbserved, but in the
latter experiments~é 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 TF nearly ‘independent of H. The dynamie
theory of the SK model {Fischer, 1983b) confirms this crossover for = -
lines of constant average relaxation time from analytic behavior -
for ‘high- F;equenc1a3,_é?’ eLHZ ;. to AT—like-behauiqrafor'.gfe%o,{fn-f
':§T' pe/3 ) o . R

To summarize7th333.few'examples, the experimental data exhibit a =~
fairly similar ‘behavior to the AT-line of the mean—field'theory;
“in. spite of some arbitrariness in the determinaticn of the trans;tlon" i

' from the datae Nevertheless, two questions arise:
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(i) Can one interpret the data only by assuming a nonzerc transition
temperature? '
(ii) Why do experiments often show AT-.like behavior rather than GT-lines,

although most spin glasses are more Heisenberg-like than Ising-1ike?

The first question has been studied by computer simulations (Kinzel
and Binder, 1984). Even the two-dimensional EA-Ising model with a
Gaussian distribution of nearest-neighbor interactions reproduces
several experiments described above qualitatively in surprising many
details (see alsg sec. 4.2). Since this 2d-model has a spin-glass
transition at Te = 0, the "Tz = 0 - hypothesis" (Binder and Young,

1984) has been used to describe even 3-dimensional Ising spin-glasses.

We will discuss some examples here and also later in this section.
These Monte Carlo simulations yield a temperature-independent plateau
(Fig. l4c) in the FC-susceptibility, M/H, which diverges for small
fields as H ~1/4 with 1/A = 0.28 (Fig. 14d). The critical field,

H (T}, as determined from the cnset of the plateau tends to zero

as TA*(Flg 65). Both data are consistent with the scallng description

for a static phase transition at T = 0:
M(T H H
M eteo( ) (a1)

The existence of the plateau appears as an effect of the non-linear
susceptibility. Since fhe model has a zero-temperature, transition,

the linear equilibrium susceptibility should follow a.Curie law (e 1/T)
for all temperatures., Magnetizations measured after ZFC deviate from

the plateau-~value at lov temperatures (Fig, l4ec). For é given field

H and observation time t those ZFC curves merge with ‘the’ equlllbrlum_plateaus
at a temperature T (H t). This defines a line T, (H) below which for
- a 'given time scale t irreversible behav1or is cbserved T (H) 15 RS
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 Slmllar.to the AT-line

in mean-field theory. However, this line should vanish -for t ~> o0

(s_ince.TF = 0).
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Fig. 65: Results from Monte Carlc simulations deduced from Fig, ldc:
Static critical field Hiq (T) (open circles) and dynamic critical
fields Hc(t} for t = 600 Monte-Carlo steps per spin (MCS)'(crosses}
and t = 6000 MCS (triangles} plotted versus temperature (From
Kinzel and Binder, 1984). |

Fig. 66: Normalized dynamical critical fields, taken from Fig. 65, where
TF(t) is obtaimed from extrapolating Hc(t) to H = 0, compared
with the AT-phase boundary of the mean~field theory (SK} (From
Kinzel and Binder, 1984), ’

Now, if-one tries to interpret the FC-plateaus of AgMn in Fig. 62
by means of ‘this concept;'one finds a rather different exponent,:
1/A = 0.03, i.e. ten-times smaller than ‘in the*simqlations for d = 2.

This may “well be taken_as_evidenceifor“di$23'(see“sec.'a.é)..

The static critical-fields,.ﬁeq(T), which separate the region of

plateaus from. the region of non-constant magnetizations behave quite
different -from the "dynamical" AT-line in the 2d-Monte Carlo-simulations.
(Fig. 65): Heq'(T)_egTé} . Binder and Kinzel (1983) suggest that |
the experimental data on a-AlGd 37% (Barbara and Malozomoff, 1983)

shown.in Fig. 67:can. possibly be interpreted similarly, but a fit




- 115 -

1200 T : T 7 T
o]
800 - .
’E o
o N N
= o
400 r =) ~
o]
- o] V ~
(o]
o9
o
0 : P o ne 1 @ o° i : ;
15.0 15.3 18.0 16.5 17.0

To (K)

Fig. 67: Temperature TP(H) of a.AlGd 37at% where the field.cooled magneti-
zation has its maximum, It shows a vertiecal tangent at H = 250 Qe
and T = To = 0.07 - T, (From Barbara and Malozemoff, 1983).
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Fig. 68: Ncrﬁalized peak-temperature, tp = (Tﬁ(H) - TP{D))/Tb(O) VErsus
: U field H:For3tw0jafﬂiGdf37at%'samples.pr(D)=was determined as

“the zero-field limit of'a fit to eq. 82, shown by the solid

line, which gives the exponment p = 0.81 (From Matsui et al.,

1985) .
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then again implies a large value, A = 102

, which either means Tf » 0

or dl = 3. Matsui et al. (1985) extended recently these FC-measurements
down to C.01 Oe, using very slov 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 TP(H) of

the maximum of the FC-?{(T). Thus, a fit to a nonzero-temperature

transition

_ P
tp = (Tp (H) - Tp(o))/Tp(D)mH (82)

vith p = 0,8 is very satisfactory, as shown by the solid line in

Fig. &8,

Now we turn to the second question about the cbservation of AT-like
lines even for typical Heiserberg 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
have alsc been found recently by measurements of the transverse sus-
ceptibility which is supposed to be sensitive to transverse freezing
(Ketelson and Szlamon, 1984). An aiternatiue explanaticn comes from
Kotliar and Sompolinsky (1984). They show that random anisctropy
forces, even small, can mix the longitudinal and transverse components
and hence the GV-phase diagram is changed. By a mean-field treatment
of the SK spin glass with additicnal Dzyaloskinskii-Moriya interactions
the authors predict an Ising=like transition at low fields; high
enough‘fieids (relatiue to the DM-interaction) restore the behavior
expected for Heisenberg spin glasses without random anisotropy. Some
indications of such a crosscver behavior come from torque measurements
(Campbell et al., 1983 and 1984; de Courtenay et -al., 1984), in which.
.é hea:ly %ield-independent'irreversibility'iine is'observed. Further

work for a éleavaerification of the GT-lire is certainly necessary.
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Anisotropic spin glasses: Anisctropy plays a crucial 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) miéroscopic anisctropy

is necessary in order to obtain a cusp in the magnetic susceptibility

% (T

The effect of single-ion anisotropy can be studied systematieally

in rare-earth spin-glasses (Baberschke et al., 1984). Those 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 (eq. 28) by Cragg and Sherrington (1982b) and Roberts and

Bray (1982). Finally the behavior in applied magnetic fields will

be discussed briefly,

Baberschke et al. (1984) report on magnetization measurements on
s?ngle crystals of Y and Sc containing Gd, Tb, Dy, and Er impurities.
The crystal-field parameters are wellknown. YEr and ScEr are expected
to be Ising-like systems (longitudinal freszing for D >0) while the
alloys with Dy and Tb are expected to be XY-like {transverse freezing
for D € 0). The ratio D/S,can be changed by varying the rare-garth
concentration, which enables one to go from the Ising or XY limit

st low concentratiens to the most interesting intermediate Situations
at higher concentrations where at sufficiently;émall values_of-/D//Sf
the successive freezing of the tws components at-different'Eemperatures
is predicted; see the phases L, T and LT in Fig. 21. For YGd and
SclGd, D.is very small (ﬂfdxlU"BK) their magnetlc propertles appear
to be almost isotropic (Wendler et al., 1984). S

' ] a2
In Fig. &9 the experimental Tesults are compiled in a plot ‘of /3"
versus T /J vhich can be compared dlrectly to the theoretical phase

fdlagram in Fig. 21. The ualues of D/J are calculated as explained

in the paper (Baberschke et al., '1984), and T is chosen as.the 1ow_f1eld )

_.llmlt of . the temperature at. which the FC- ?é(T) curue departs from |
the ZFC curve, Typlcal experlmental data of the Helsenberg-spln system -
.' Sch 15% (Wendler et al., 198&) and of the XY-Spln system YDy 3% ' 

:(Baberschke et al., 198&) are shown in Fig. 70 and- 71, respectluely f:' 
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Fig. 69-fEXperimental phase diagram for Sc--and Y-based alleys (to be
compared to the theoretlcsl phase diagram of Fig. 21)
-85/ [e T(gy-1)? 3 20/3 versus To/(e 17 54) = T,/3. The ex-
f['perlmental data correspond to YEr (ﬁ), ScEr (1), Yby ((})

. Sch (@), YTb (A), _S_ch (&}, _‘(_Gd ({)), and Sch (%) alloys
(From Baberschke et al,, 1984)., '

- The most remarkable agreement of Fig. 69 with Fig.21 is for fhe ratio -
of about 3 between the values of T /J in the Ising (D/Jsal) and Heisen=-
berqg (D/J O) llmlts. In contrast, the ratio between the experimental
values -of Tf/J in the XY ‘and Helsenberg limits is deflnitely ‘larger
than the.value l > predlcted by theory. At large values of /D//J

( open, symbols in Flg. 69) irreversibility effects are- observed only .

for longltudlnal (or transverse) fields (see Fig. 71) At small Values

Cof /D//J {=full symbols.in Flg. 69) irreversibilities. are. observed
}1n both directions below. the same temperature (see Flg. 70) Thus

‘the two-stage Free21ng predlcted by the -theory . (Flg 21) eannot be
-1dent1f1ed here. '
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Fig. 70: (a) ZFC (dashed line) and FC (solid line) susceptibility, M/H,
of SchGd 15ath ?or[l? and {[@. The curve for 100 G corresponds
to the seale of the vertical axis, the cther curves are shown
with the indicated offset. In the 10 G experiment the experimental
error bars are indiecated by vertical lines., The arrows indicate
the cusp temperaturee (b) Full symbols show the onset of irre-
versibility (T ), open symbols the temperature of the cusp
(fx) versus h = gy (S(S+l)/m)l/2 (kT )'l
are scaled with Tfo = 1rr (10 G) = T%(lﬂ G). The solid curve
_is the AT line (eq, 15), with a scallng factor 1/12, and the
jdgshed one the GT_iine (eq,m27) (From Wendler et al., 1984),_1

. The temperatures

- Very. recently, Schrider et al, {1986) have succeeded in observing

- an ‘anisotropic behavior with subsequent longitudinal and transverse -

' freez1ng at different temperatures in a new anisotropic spin-:glass

EuXSrl ASB whose phase dlagram is displayed in ¥Fig. 9 (see ‘sec,

3u3) The ac susceptibility ﬁKT) at 380 Hz of the x = 0.24 compound

(Fig, 72) exhibits a strong difference in 7(u(= ac driving field
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Hil ¢

T 0 1 2% 3
TEMPERLTURE (K}
Fig. 71: ZFC (dashed llne) and FC (solld line) susceptibility, M/H, of
YDy 3at% for H L @ and H ]l c. insert: Field H vs, £ = 1rr/T
“where T;rr is defined as the temperature where the ZFC curve
-departs from the FC one, The full line corresponds to Hzndl-t

(From Baberschke et al., 1984).

parallel'to the b'directicn)'and GQL, the longitudinal spin components

freeze at T Moo, 17 K, while Xy continues to rise towards lower

temperatures and shows a maximum at Téi 0.20 K. The peaks in Y(T) at

both temperatures are frequency dependent (see inserts of Fig. 72). The inter-
actions in fhis.systemfare'predominantly short-ranged, and there are Euz ions
in an S-state where crystal-field effects'are absent to lowest order. :Probably

a weak aniscotropic.contribution.to.the exchange interactions
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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 EuA83 which is shown to lead to a2 proper
incommensurate modulation of the spin order (see sec. 3,3) if the

exchange interactions are sufficiently anisctropic.

— T T VT T T 7 T T T
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Fig. 72: Ac susceptibility jz(at 380 Hz) of Eu0q245r0076AS3 in different

crystallographic directions. Inserts show the frequency dependence

of & (From Schréder et al., 1986).

Let us return to Flgs. 70, 71 in order to discuss the field dependencies
of Tf. If one deflnes Tlrr as the temperature where the ZFC—sueceptlblllty
departs from the FC one, Baberschke et al. (1984) find & Tl” (H) o< H% for.
XY spin-glasses iike-ipy (Flg. 71 and 1nsert), in agreement with

what is expected for the GT-line. In addition, a general feature

ocbserved for all XY-=like elloys is that T?rr is elways higher than

the temperature T?i of the maximum of the ZFC sueceptlblllty (Fig. 71)

: Both properties cbserved 1n the XY-llke systems apparently follow

the behavior predicted for Helsenberg—spln glasses on the b331e of

the. SK Hamlltonlan (Sherrlngton 1383)




- 122 -

On the other hand, the also studied Ising-like ScEr and YEr alloys
follow the behavior expected for Ising-spin glasses, with a spiitting
between the FC and ZFC susceptibility at the same temperature T;FI

as TX , and with STIT (H) e H2/3,

But surprisingly, Wendler et al. (1984) cbserve in the Heisenberg-

like spin glass ScGd (Fig. 70) the characteristic temperature Ti"

to be shifted to lover temperatures in the field with §T1rr (H) o< H2/3,
wvhile T'% (H) stays constant {2 ;rr). Thus, it is dlfflcult to under-
stand uhy the behavior predicted for Heisenberg-spin glasses should

be observed in XY-spin glasses and not in ScGd or in the classical

Heisenberg-spin glasses such as CuMn, Aghn, 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
guantitatively by mean-field theory. Fisher and Sompolinsky {1985)
argue that several mean-field results for spin glasses apply only

for d » 8. They show that for d < 6 in particular the exponent ¥
of the finite-field tramsition lines, g'?Fe{ qu, if they exist,

should be equal for both Ising and Heisenberg spins in short-range

spin-glasses and different from the mean-field exponents QFAT = 2/3

and WET = 2, respectlvely Recent numerical estimates for a three-di-
mensional Ising-spin glass by Bhatt and Young (1985) and Dglelsky (1985)
yield %= 2/3.7 = 0.54 and Y= 2/3.4 = 0.59 respectlvely, thus the
apparent agreement (see above) between the measured exponent 2 and

the AT-mean-field exponent 1¥AT = 2/3 is acc1dentai as already suggested |
by Malozemoff et ala in 1983

Clearly there is need. for splnnglass theories beyond mean.-field,

One approach in this direction is presented by Malozemoff: et al.

(1983, 1985). They propose a critical fractal cluster model of spin

glasses wvhich is able to deseribe the essential features oF the phenomena
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occurring near the spin-glass transition and to account for the statie
critical exponents, The basic assumption of this fractal model is

the existence of a temperature- and magnetic-field-dependent characteri-
stic cluster sizé s§ on which all relevant physical quantities depend
and which diverges at the transition temperature TF' It is related

to the correlation length'§ and the cluster fractal dimension D by
s§c¢§[{ Very recently, Continentino and Malozemoff (1986) extend

this model to describe several aspects of spin-glass dynamics: stretched

exponential relaxation, magnetic noise, and scaling above TF(H)’

7.3 Evidences for a phase transition :

In spin glasses critical behavior near Tf is not expected in the
linear term ‘¢, of the susceptibility M/H, but in the nonlinear sus-
ceptibility ?%1. This is known from mean=field theory of spin glasses
(Suzuki, 1977) where the order parameter is not the magnetization
but the guantity g =Z E(Si}i 2 :jau as suggested by Edwards and

1

Anderson in 1975(see sec. 4). Then, the field conjugate te the order
parameter g is H2 in spin glasses {instead of H which is coupled

to the order parameter M in a ferromagnet}. Above T_ this transition
shows up in the susceptibility ’}éEA OCZiE(SiSj > T -lav which

diverges at Tf as

’}CEA &< t"f s f=1 (83)

vhere t: = lT—T‘F !/Tf. Furthermore, the magnetic field dependence
of the susceptibility at Tf may be asscciated with the eritical ex-

ponent S(Chalupa, 1977)
| (T o,H) e (Hz)l_/-g . (84)

The nonlinear susceptibility is defined by the expan81on of the magnetl-

zation with respect to an external Fleld as
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The critical parts of fzni and of (y%A are proportional (Binder,

1982), for gymmetric models we have simply

gy (1) = T2 N0 (T)-2/3) (86)

Hence, the nonlinear % of spin glasses is one of the most important
physical quantities characterizing the spin-glass transition, if
it exists at all in the thermodynamic sense, and we will discuss

experimental efforts in this direction now,

In spite of problems as discussed sbove tc locate the static Tf 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 on various spin glasses
either directly or via scaling relations. Monod and Bouchiat (1982) shov
in Fig. 73 that their field-cooled magnetization data of the spin glass
AgMn 10.6 % (with Tf = 37.4 K) indeed exhibit a quadratic variation of
M/H in H sbove TF’ thus }%l (T) is defined according to eq. 85.

Note the general feature and hence difficulty im this analysis that
the field extension allowing a reascnable fit of the nonlinear sus-
ceptibility decreases rapidly when approaching Tf. The authers conclude

that the resulting ‘an is consistent with a power-law divergence

% (T) o< t'xd (87)

with a criticdl exponent ¥ of 1{3?‘(2 as displayed in the insert. -
. Y
of Fig. 73.

Barbara et al, (1981) analyze their data by téking a free exponent
a({T) of the nonlinear.term, Ha(T), instead of the quadratic term
in the éxpansion 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 law that the free energy
has_to be analytic in H) and a pronounced minimum.of“é(Tf)_Q:O.7

as well as a divergence of'?%i (T) at TF(eq. 87).




- Table 1: €ritical exponents obtained for various spin-glass systems. Some of the values are deduced from scaling laws (e.q.

o a=FMnP

-+ 7AC = ac~technique

"-not's,AC,':'tréatmén£:hoﬁ'SelfQCGnSistent,:as described in the text,

specific heat with = 2 - - 28).
Range of Range of Remarks Reference
é; TY /3 Cﬁ . EiT/T ;zlmax/M
' . f nl
 AgMn(0.4,0.5,0.7,20.5%)| 3.1+0.2 72;230.2 Lo+0. I -~ 3.240.1  -2.2 0.1 0.1 not s.-e. Bouchiat, 1986
Aghn - (10.6% 8 I W 0.6 0.1 Monod and Bouchiat, 1982
AgMn (150 ppm) 6.6 3.8 0.7 4.5 ~3.2 not s.-c, Novak et al., 1986
Cufn (1%) 4.4 13.2540.10 0.75+0.25 4.2 2.7 2 0.5 Omari et al., 1983
CuMn (0.25% 4.5 36403 1 4.5 3.6 0.7 Berton et al., 1982
Cutin(a.6%) 4;1510;15'3.8f0.5 1.2 5.0+0.5 - ol 1 0.5 not s.-c, Barbara et al., 1981
Cubind2%) 1.5¢0.3 0.02 AC Mulder et al., 1981
AdFe (1.5%) o 2.0:0.2 1.1+0.2 0.9 2.0 -1 0.1 0.01  AC Taniguchi et al., 1983
©EuSi, S(X=0,15,0.25, | 4.1 | AC Maletta et al., 1979b
' 0.3,0.4) S
a=AlGd (37% | 6.140.2  3.4+0:4 0.7 4.0+0.5  -2.8 1 0.6 not s.-c, Barbara et al., 1981
~a-AlGd (37% 5.740.2 - 2.7+0.1  0.9/0.6  3.3+0.4  -2.1  0.16 0.3 Malozemoff et al.,1982
a;Fe10N17DPZD 5.240.5 2.3+0.2  0.55 2.9 Sl 0.3 0.15  AC Taniguchi et al,,1985
a-AIMNSi 5+1 0.9 0.2 1.1+0,2 +0.7 AC, not s.-c. Beauvillain et al.,1984a
a-A1MNS i 3.2  3,li0.1 1.440,1 4.5 ~3.9 0.4 0.05 AC Beauvillain et al.,1984b
a-AllnSi 3.4 3.440.1  1.440.1 4.8 4,2 AC Beauvillain et al.,1986
" a-FMnP 5.5 3.6+0.15 0.8+0.1 4.4 ~3.2 AC Beauvillain et al.,1986
5.5 53;6tn¢2 0.8+0.1 4.4 -3.2 Beauvillain et al,,1986

= &1 -
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Fig. 73: Susceptibility, M/H, plotted vs. magnetic field H in AgMn 10.6at¥%
at four temperatures above Tf as indicated, Insert shows a log-log
plot of the nonlinear susceptibility ?gnl vg, the reduced temper-
ature. t =_(T"TF)/TF‘ Straight lines indicate variations fxnl :.t—gh

~with f'=-1.and = 2, respectively (From Morod and Bouchiat, =
1982)4 | | | o

Chikazawa et al, (1983) analyze ac susceptibility data (80:Hz) of
ﬁgfe-ﬂ;?? % énd claim that y%l(T) exhibits a iogarithmic behavior

rather than a power law (eq. 87). But after improving the signal-to-
noise rétio in ﬁhe'ac-technique (discussing also the contributicns

of 3us- and 5us-terms induced by the ac<field amplitude hzh,-sinwt),
the_same;group,(Taniguchi.ﬁt al., 1983) also obtains a critical pqme:—law
behavior: for 4, (T) in Aufe 1.5 % with = 1.1 % 0.2, Taniguchi

et al, (1985) recently studied the a-Fe, Ni_oP, o spin glass by the

. same method which shows ¥= 2.3 + 0.2. '
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Most other work yield somewhat higher values of ¥ (Berton et al.,

1982; Barbara et al., 1981). Careful ac and dc susceptibility measure-
ments were performed on the amorphous manganese aluminosilicate spin
glass with 15at% Mn by Beauvillain et al. (1984b). The aec susceptibility
data are fitted with a series expansion in even‘powers of an applied
static field up to the forth term in order te obtain fgnl(T), resulting
in Y= 3.1+ 0.1 and 8 = 1.4 + 0.1,

Fairly strong evidence in faver of the existence of a nonzero transition
is provided by the measurement of the magnetic equation of state

at T'>ng as done with CuMn 1% by Omari et al. (1983). They analyze
their static magnetization data in the ranges TfeéT < QTF and 0 <« H< 7T

in terms of an expansion including higher-order nonlinear terms:

M gH .2 2 uH |4

1
T =ay =g ey (= )™ g ag - (g )+ (88)

where the expansion coefficients al, 8y, a5 are related to the critical

exponents B and ¥ by

T-T |
a = ( e ) -n(8+ )48 form=2n+13>1 (89)

and are all normalized to ]} for T=+ea, Note that Omari et al., use
the nonlinear variable (T-T )/T instead of t. The values of the para-

5 obtalned in a fit with eq. 88 for various temperatures

meters )58, and a

above Tf = 50 G5 K 3are dlsplayed in Fig. 74b. Whlle al stays constant__ s
(=1) representing the non-interacting paramagnetic contribution, |

the other parameters, as and agy vary by 3 and 7 orders of magnitude?_ 
respectively, between ATF and 1.1 TF énd seem to diverge both at L

the same temperature TFe Assuming Tf-: 0, a pqwerwlaw.diverggnce

of a, in T does not describe the aj(T) data {see insert of Fig. 74b).

3
Both coefficients are found to be related to each other by

ag & 8,27 0P mr i1t 00
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The coefficients a1, 835 8g involved in the series expansion
of the magnetization (eq. 88) for CuMn lat% are displayed vs.
temperature in a semi-log plot on the right-hand-side (part b}
of the figure. On the left-hand-side (part a), log ag is plotted
vs, log ay at the same temperatures. Note that the data extra-
polate fo a point where bhoth 8z and ag are equal to unity, which
should be assoclated 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 a; vs. log T plot shown in the
insert stresses the failure of any attempt to describe the data
with a power law in T (TF = 0 - hypothesis) (From Omari et al.,

1983).

shown in-Fig.ﬁ?&a. The.factfthat é5 ?&(83)2 implies that two exponents,”

T and B,’ére hecessary'to describe. the transition with eq. 88, This

eliminateg.the p0sSibi1ity of a transition occuring at Tf = 0. The

divergence of both as a nd'é5 can be described over the whole - T range “ .
by the pover lay in. T/(T T, ) U1th the exponents 3. 25 + 0.95 and _
t? 25 + 0.05, respectluely. U81ng eq. 89 1mplles '{ = j 25 + 0 lD o
‘and 6 = 0.75 £ 0.25. o |
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Very recently Bouchiat (1986) performed magnetization measurements

on AgMn spin glasses in a wide concentration range, 0.4 %<c g 24%,

by means of an experimental set-up where the linear part of M is
compensated in situ by a small coil mounted on the sample holder

in order to increase the zccuracy of the so diréctly measured nonlinear
part AM/H (=Mn1/H)° A typical set of curves AM/H as function of

H2 in AgMn 20% is shown in Fig. 75 for various temperatures above

= 68.5 K. The initial slope of each curve yields 'an(T) of the
H"~term in eq. 85, which is well described by a power law divergence
{eq. 87) with Y= 2.3 + 0.1 for this sample with 20 at% Mn in the
temperature range between TF and 1.1 Tf (¥=2.1+% 0.1 for the

0.5 at% sample). An apparently higher value of g =3 18 obtained

in an extended T-range between 1.1 and 1.5 ?f"

Turning over to the determinaticn of the critical exponent g (table 13,

one of the first experimental attempts is performed for Eu Srlm S spin
glasses with x = 0.15, 0.25, 8.30 and 0.40 {(Maletta and Felsch, 197%b).
They measure the dependence of the ac-9,-maxima (with 117 Hz) on

a superposed static field up to 0.1 T. The normalized data, ‘%‘nax(H)/rxmax

My H @.uw
F69
[T Ty
e T
f;_./""““ 735 ...... .................
I e 2 | ES-MG o
T t H |. : : L ;
0 08 230& o Hz(gCIuSS 5

Flg. 75 Typlcal set oF curves, @M/H as a function of‘ st._lﬂ AghMn 20 at®
_ For varlous temperatures above T (From Bouchlat 1986)




- 130 -

(H=0), fairly independent of concentration are associated with the

putative order parameter g by the relation

9T M) e 1= (W)/9, _ (H=0) (51)

and are indeed compatible with eg. 84 (Fig. 76a), which gives an
exponent - 4.1. Moreover, good agreement is found (Fig. 76b) with

£ by Stauffer
and Binder (1978) yielding &= 4.0 in three dimensions.

numerical simulations of the EA-order parameter at T

10f
By, Sr S
bt *=
| 655 o 015
= L a 025
;9 o Ozg
= +
2 0.
’FE El
asf » ) e
B s} 8o lmT} — S0 20
T T T ' T
} [ STAUFFERBINDER
[ L
q L. .|
0.5F
T=T
- 13%13x13 -
g =8
a2 §=40 :
05 ! 10 2p8/A)— S0

Fig., 76: {(a} Depreséion of'%fat the maximum of the ac-Y (W= 117 Hz)

in EuXSrl_xS spin glasses as function of the external field,
measured for varicus Eu-concentrations x as indicated. Straight
line on this leg-log plot gives an exponent S= 4,1 (From Maletta
and Felsch, 1979b). fb) Field dependence of the EA order-para-
meter at TF,_calculated from Monte Carlo simulations bf a simple
cubic. Ising-model with nearest-neighbor exchange distributed

'_.éccording to'anﬁaussiaﬂ of width AJ. Data'pointsféregbased |

‘on observaticns-of 2000 MCS (Ffom Stauffer and Binder, 1978);
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Similar measurements of ac-% (332 Hz) on CuMn 2% by Mulder et al.
(1981) yield an anomalously small value of &= 1.5 + 0.3. Taniguehi

t al. =
et al, (1985) obtain &= 5.2 + 0.5 in a- ~FeyNigoPoo.

Bouchiat (1986) determines <§ from the Mnl measurements. At the transition
temperature Tf the data of AgMn 0.5% can be well fitted between 10 G
and 400 G (where Mnl/M € 0.1) by a power law

2/é

Mni/H et H (92)

yielding g::B.l + 0.1 (independent of concentration) as shown in
Fig. 77. Deviations towards apparently higher values of 5 occur at
higher fields (see Fig. 77).
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Fig. 77: Nonlinear magnetization versus magnetic field at Tf(log-log .
:plot) for _gﬂn 0.5 at% in the range of magnetic field where

M ﬂ%<ﬁj 5. Note deviations towards apparent values -of 8 .

(geff‘ = 4, 5) which are higher than the value. (5 3.1 deduced '_

uhen the analy313 is. restricted to the range of Fleld where DR

| l/M«(O 1 (From Bouchiat, 1986) ' ' S
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If a phase transition at a nonzero temperature TF exists in spin

glasses, one expects that the nonlinear susceptibility should satisfy

a statie scaling law:

Mo .8 %[ Hz2 -0
g e M{(T) t } (93)
~d
vhere t = (T—Tf)/TF, M being the appropriate scaling function with
N
M(x) e x for x «» 0 (94)
ﬁkx) &< xl/g for X -» &0

and scaling relations for the crossover exponent ¢

#=8+p (95)
#=38/(3-1) =AS.

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
self-consistent because they determine ﬁé from an expansion in H

with a varying term H a(T) (as described above) which does not agree

with eq. 93. The same ceiticism holds for the recent papers by
Beauvillain et al. {1984a) and Novak et al. (1986). A self.-ccnsistent
scaling analysis is performed by Malozemoff et al. (1982) of magneti-
zation data on a-AlGd 37%, the results of such a fit give @): 3.3 + C.4,
¥=2.7+0.1,8 =093 + 0.04, and §= 5.7 + 0.2. They argue that

the critical region extends from TF = 15.5 K to about 22 K and in

field up to about 15 kOe. Not all scaling relations for the various
critical exponents are nicely satisfied, and low-~field upturpns fail

to be described by the scaling., The authors suggest transition broadening

due to sample inhomogeneity as a pessible cause.

Beauvillain et al, (1986) measured the dc- and ac-susceptibility o
(69 Hz) of two'insulating-spin glasses, the amorphcus'hanganese alum-
inpsilicate {a-A1IMnSi) with Tf = 2,95 K and the amorphous manganese
fluorophosphate (a-FMnP). with T = 2,80 K in the field range up to
600 Oe near the freezing temperatﬁre. The nonlinear parts offﬁhe )

‘ac-% are-well described by the seriesIEXpansion up to the.Hé;te;m,
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yielding the exponents ¥'= 3.4 + 0.1, B8 = 1.4 + 0.1 in a-AlMnSi and

K* = 3.6 + 0.15, B8 = 0.8 + G.1 in a=FMnP, Using these values of f
and B, all data in the whole field range fall onto a unhiversal curve
in a scaling plot with eq, 93. These results are in remarkable agree-
ment with the scaling analysis of the static low-field magnetization
measured on the same a=IMnP spin glass which gives identical values

for X’and 3.

Omari et al, (1983) present an impressive scaling plet as shown in
fig. 78. All the data of CuMn 1% within the anomalous wide range

1.1 Tf<'r< Q-TF in fields up to 7 T superimpose to fit a unigue
function of the scaling variable with {': 3.25 and B = 0.75 as deduced
from the temperature dependence of as and ag {eq. B8) in the H == 0
limit (which is already described above). An even improved scaling

is obtained with 8 = 0.95 {which yield S = 4.4). These values of

the exponents are consistent with those deduced on the same spin
glass, CuMn G.25 %; by a completely different technique using the

magnetocaloric effect (Berton et al., 1982).

~10m2

' I; ra 1 | ! e i '14 L
02 w1 10 102 wooot o wh

Flg. 78+ Scaling plot of the magnetization data for Culn lat% u81ng eqs,:: g:r
88 and 89 for two choices of the exponent B (as indicated) and =%

for §" = 3.,25. Data at H'up to 70 kDe and T up to 4 T, are in-- B

cluded (From Omari et al., 1983).
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Fig. 79: Sealing of the nonlinear magnetization (eq. 93-95) for 15 different
values of temperature between TF and 1,1 Tf ( T denotes the
reduced temperature t) and 200 values of magnetic field for
which Mnl/@l< 0.1. Note the shifted origins on the abszissa for
the three alloys of AgMn 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 AgMn spin glasses is also analyzed in the framevork of

a phase transition. The transition temperature TF is determined by

three methods which give the same value within + 0.5 %: ac-} maximum

(30 Hz); low-field'magnetization; onset of irreuersibility:in the
iowufield.magnetization (FC; ZFC)..Then? Bouchiat uses three independent..
_éxperimentalfcriteria to determine the critical exponents among which

~two 0n1y,ére_independent, assuming the Tqua1ue.from_gbpue,iWhenigj
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the analysis is restricted to the reduced.temperature and magnetic
field range where (T--Tf)/Tf < 0.1 and Mnl/M <« 0.1, Bouchiat finds
{=2.2 +0.2,8 =1.0+0.1, and &= 3.0 + 0.2. (The determination
of § and & vas already discussed above). It is also pessible to
describe all the data with a universal scaling function (eq., 93),

as illustrated in Fig. 79. The best fit is obtained for @ = 3.2 + 0.1
and B = 1.0 + 0.1 independent of the Mn concentration. Note thatq

the crossover exponent ¢ verifies the scaling relations ¢ =3+,

The asymptotic forms of the scaling function ﬁ(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" 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 T5° Monexponential
decay of the dynamic correlation function and the rapid growth of
correlation times on approaching TF from above have been clearly
established in spin glasses, as discussed in sec. §. At present experi-
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 al. (1984, 1986) within the framework of critical slowing

down applying two different dynamical scaling models:

(i) The standard dynamic scaling near the spin-glass temperature

Tcﬁb 0 which is considered as a second-order phase transition

gives for the relaxation time ¥ and the correlation length

?_ the relations
| 't/t;-ea.%zu gV | (96)




- 136 -

—
E / o
0.5 ,L[f_]fvv
e
o Fe/t
e , o~
3 5
!
i§-
,%EJ 0.5
. /V{B
///}B
v
/v/

Fig. 80: Dynamic scaling of the TF(H;ﬁ ar tm) lines for EUD.aﬂer,éos
in the case of a nonzero-temperature transition (TC = 1.50 K).
Data are taken from 7% -phase (1 Hz<06<104 Hz) and remanent-
magnetization (10 msec « t <25 sec) measurements (From Bontemps

et al., 1986).

L

HIT®
a

e

L]

03 ’ 03 TS
, . /T

- Fig, 81: "Logarithmic" dynamic scaling of the Te (H,wr or tm) lines

' for the same data as in Fig. 80, but now in the case of a zero-
~ temperature transition (TC = 0). The insert shows the low-field

. points with'an extended scale (From Bontemps et al., 1986).
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where z is the dynamic exponent (Hohenberg and Halperin, 1977).
The field dependence of § generates the field dependence of

%
T /T, e tEY . &miBT (97)

LA
U being an apprepriate scaling function,

(ii} The alternative picture of logarithmic scaling near a ?C =0

phase transition (Binder and Young, 1984) (see also eq. 81
and discussion there) assumes that thermal activation processes
over free energy barriers AF controlled by ECT) are important,

hence

I(T/ % )ee AFCEI/T o %Z“m’ T s T2V (98)

and similarly:

(T Ce) e T2 0 /18 ) with A=(BeF)/2 . (99)

Bontemps et al. (1984, 1986) study TF(QS,H) lines of the Euo 4USPO.605
spin glass for frequencies 104 Hz < quglg‘z Hz by means of Earadayx
rotation and SQUID measurements. In addition measurements of the

remanent magnetization are performed by optical means in the 10 msec-1 sec
and 500 msec - 25 sec time ranges. lLarge demagnetizing-field corrections
have to be ﬁade'due to-the}plateletmshaped_Sample. The authors establish
a dynamical criterion in Drder.to extract a characteristicwfesponse;

time from the F?Q(CJ’,T,H) data. Taking the response of é;éystem -

in terms of'a complex susceptibility 5{((5) Q'}Lei(b' , they define

the zero-field freezing temperature Tf as the {emperature where

tan @ = (g(o&ff) takes a given phase angle ®,. The value of D

has to be chosen as independent of ¢y and small but;ClQErly:aboye.-_;._1.-

the noise of the signal. This defines R A/c0 .:_-'Hf'
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Table 2:

Parameters obtained for the spin glass EuU q'[351_~0 605 from two dynamic
scaling models, eq., 97 with TC = 1.50 K and eq. 99 with'TC = 0 (From
Bontemps et al., 1986).

T =LS0 K: A, ™ 3x1077 sec zw= 8.2¢0.5  (B+%) =

Tczl} : T, ’310-8 sec zv=9 + 1 A= (B-s-“f’)/z =9

Bontemps et al. (1986) can fit the data with both scaling models,

eqs. 97 and 99, as shown in Figs. 80 and 81 respectively, The generalized
reduced temperatures are t = (T- T /T and t _(Tf-TC)/T (following

Omari et al., 1983) and the reduced field is h = Oy {E%é:j??;jH/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 transition in this
insulating spin glass:

- TC = 1.50 K is consistent with the value of 1.51 K determined

- by dc-magnetization measurement on the same sample.

- T 3x10_12 sec compares very well with ﬁ/kT 2 _4le'§"12 sSec.

- z¥ = 8.2 is comparable to computer simulations by Uglelskl

{1985) which yield 215 7 Z + 1 (see eq. 34).

- (B+§‘) = 4 lS in good agreement vith the Ualues found in other
spin. glasses experimentally and by 81mulat10ns. For 1nstance
Bouchiat (1986) obtains - \6+§‘) =1.0+ 2.2 = 3.2 (see table 1),~ _
Bhatt and Young (1985).(B+§’) 0.5 +3.2 = 3.7; _and:Uglelskl_.. : e 
(1985) (G%g) > 0.5 +'2.9Ie 3.4 (see eq.'34). '

As consequence the scaling vith eq, 97 leads to.a dlvergence of the
relaxation time along -an AT~ llne" S'? o, Hﬂﬁ ; with

Y- 2/(B + T ) = 1/2 in EUD.&OS 0,605 (see discussion at the end

of sec. 7.2 and in sec. 10).

_Summarizing, the fairly ceonvincing 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. Crosscver to long-range periodic order

. 5o 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 on lowering the temperature. By increasing the concentration

of magnetic atoms (less dilution), the exchange couplings become
stronger at the cost of less frustrated bends between the magnetic
moments on the average, thus one expecis the evolution of long-range
ferro=- or antiferromagnetic order out of the spin-glass phase at

a critical concentration X Here, ve are interested in the crossover
regime which may be influenced by the interplay between spin-glass

and long-range perioaic order phenomena.

8.1 Reentrant behavior:

One of the most fascinating aspects of these investigations has been

the discovery of reentrant spin cglasses, It has been claimed that

within a small concentration regime a ferromagnetic-like state occurs

at temperatures higher than the spin-glass state (see e.g. Malétta,
1983b). This is an unusual property since ordered ferromagnetic states
generally have a lower free enmergy than manifestly disordered states.
Nevertheless, many different systems are supposed to show such-a
behavior, the first studied examples are: Al-Fe (Shull et'alegll976),
Pd-Fe-Mn (Verbeek et al., 1978}, Au-Fe {(Verbeek and Mydosh, 1978;

Crane and Claus, 1981), Cr-Fe (Fincher et al., 1980}, (Eu,Sr)S (Maletta
and Convert, 197%9a; Maletta, i979c), and a-(Fe,Mn)PBAl (Yeshurun '
et al,, 1980), The interpretation of the various experiments, however, .

are still highly controversial (Coles, 1984). .. .

Sherrington and Kirkpatrick (1975) were the first to predict a similar
phenomenon of Ising spins for 30/3231 within mean~Field theory. It
turned out, however, that one needs the Parisi solution (Vannimenus,
'Toulouse; and Parisi,'1981) 0f the SK ‘model to get the exact soclution - -
at iow—temperatu:e. But then;, reentrant_spinwglass_behaviop-does :

not occur (see Fig. 18 and-discussion-infsec'4.3)5'With_decreasing';ff"'“'
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temperatures, the system becomes Firsf ferromagnetic {FM) with a
spontanecus magnetization Moé 0 and subseguently goes into a "mixed
phase" (F') with MO#EO and with irreversibility (= a modified FM

with SG-like 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 MO;éU and transverse-spin freezing (Fig. 20). Thus, in
both cases within the SK model the low-temperature state is a "mixed

Bhase” vhere FM and 5G orders coexist.

To date, bulk measurements like the magnetization and ac-susceptibility
have mostly been performed in order to identify a second transition

and a reentrant spin-glass (RSG) phase. This low-temperature transition
at Tf‘manifests itself in a number of ways: drop of the demagnetizaticon-
limited ac susceptibility (Fig. 82) (Verbeek et al., 1978; Coles

et al., 1978; Maletta and Felsch, 1980d); field-dependent peak in

the ac-susceptibility measured in the presence of a de-field (Fig.

83 )Y(Maletta, 1979c; Gechegan 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 effects (Carnegie and
Claus, 19794 Yeshurun and Sompolinsky; 1982); change of hysteresis
loop (Senoussi, '1984). '

Since all these éxperiments are performed in finite field and the -
.sensitivity to the'applied H is remarkable (see Figs. 83 and 84}

one has to work in really lov Flelds and has to introduce g rellable
extrapolatlon procedure in order to obtain the spontaneous magnetization.
and to locate the temperature TF“ At first sight, one would expect

only fields of the order of-(kTF/uB).or (kTC/gB) to give significant
effects;;but?the applied fields are several orders -of magnitude.smal}er.
 'For the a-(Fe-Mnl )75P1686Al3 alloy with x .= 0.80, for instance

" Manheimer et:.al, (1983) locate T (H=$U) at 28 K, but an applled fleld

of 10 Qe already suppresses to below 4 K any evidence of the low.T

downturn of M(T).
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Manheimer et zl, (1983) report such lov.field dc magnetization measure-

ments en a_(FexMHl—x)TEPISBéAlB in the S6-FM crossover regime (x = 0.65,
0.70 and 0.80) at fields below 30 Oe. By reversing the field H and
comparing field cooled and zero-field cooled states at low T they
separate out the reversible (M) and irreversible (Mi) contributions

to the magnetization., M is defined as that part of the measured magneti-
zation which changes 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 two characteristic temperatures in Fig. 84:

an effective freezing temperature T? (H} by extrapeolating 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 TC(H) for the onset of the large
increase of M. Increasing the applied field H favors the FM state,

l.8. th rise in M near TC 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 Sng =% H‘T‘/2
can be determined (TF = 49 K), The Curie temperatuyre TC is found

y thus by extrapolation the value of T. = T% (H = 0)

by means of an Arrott plot; the applied fields have to be corrected
for demagnetization (Tc = 112 K).

Here we want to call éttention to the large magnitude of M éeasured

at such low applied fields in the FM phase (Fig. 84). For instanbes
the authors cite ferromagnetic resonance data taken at 3-10 kOe applied
fields which givehﬂ_yalues_pnly about 50% higher than_thpse at 30 Qe
in Fig, 84, B | "

Fig. 85a,b summarizes the magnetic isotherms of the x = 0.70 alloy

in the'heighborhood of Tc.and-Tf, respectively, As expected, the
curves in Fig. 85a resemble those obtained near a PM-sFM transition
(TC = 112 K), while in Fig. 85b a similar behavior is cbserved except .
that now the role of temperature is reversed (i.e. the low-T data

show less curuature)p:The authors demonstrate that the reversible |
part (i) ofjfhg magnetization'ban.be described by the usual scaling

lavs for critical megnetic behavior

o= 3, Te B E)y (160)
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not only at Tc but also at the FM$SG transition temperature Tf, yielding
exponents as summarized in table 3. We note that a much smaller value
of T (Nr 30% lower) is obtained by a similar scaling analysis of

high-~ fleld measurements (0.1 kG gH g 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) Mi measured
after field cooling is nonzero below Tf and vanishes approximately
at TFs
(H-+0) procedures Manheimer et al. (1983) provide experimental evidence

for the existence of a RSG phase in a-(Fe-Mn)PBAl alloys.

Thus, relying on the separation (M, Mi) and extrapolation

Table 3:

Critical exponents cbtained from a scaling analysis {eq. 100} of
low-field magnetization data of amorphous (FeU 70 O 30)75P1686A13
at the PM.FM transition (TC = 112 K) and at the FM-SG transiticn
(Tf = 49 K) temperature (From Manheimer et al., 1983).

112 K: B =047 =142 & =4.0
49 Ki f*= 037 = 136 & = 4.7

i

— -
Y
13

The main problem in studying the RSG phenomenon remains the enormous
sensitivity io 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 neot share the resolution of bulk magnetization measurs-'

ments, they can be performed in zero applied field and give microscopic
information, For=instancs on the spatial spin correlations. Consequently,
Maletta et al. (Maletta and Convert, 1979a; Maletta and Felsch, “1980d;
Maletta, Aeppli and’Shspiro, 1983a) have carried out detailed neutron . -

difFraction'studiss of Eu Sri S which will be discussed now.

This insulating dllutlon system has been studied in great deal in
the spin-glass reglme, 0.13 ¢x £0.51, as descrlbed aboue. Early ac

susceptibility measurements {(Malstta and Felssh, 1980d) displayed
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in Fig. 86 can be taken as a first hint at a RSG behavior of the
compounds with Eu concentrations G.51 € x £ 0.65. Note that the different
plateau values in Fig., 86 are only due to different sample gecmetries

in the various measurements, which is checked experimentally.

Fig. B86: Temperature dependence of the ac susceptibilify for Eu Srl
with various Eu concentrations x, as indicated (From Maletta

et al., 1980b).

Turning nov to the neutrun‘diffraction measurements of EuXSrl_XS

with x = 0.52 (Maletta et al., 1982b), typical data of elastic scans
through the (002) reflection are.shown in Fig., 87a for three temperatures:
T_sOKmthePMreglme,T_25KlntheFivreglme,andT-ioK '
in the RSG regime. These results immediately suggest the existence

of some unusual magnetic state. At high temperatures, the scattering.
consisté of only the nuclpar Bragg scattering centered at g = U.'

As T is 1owered,_diffuse scattering appears whose width is-a measure

of the’size&of?the ferromagnetically éorrelated regions. The diffuse ..’

 scattering is seen to.-be very temperature dependent and exhibits

- -even a broadening=at.the_lowest:temperaturej“Fig. 88-shows the temperature- . -
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Fig. 87: Neutron=diffraction measurements of Eu Sr 5 single crystal:

0.52770.48
(a) Elastic scans measured at (2-q, 0,0). The curve through

the T = 6 K data 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 halfwidth K obtained from the fits shown in part
(a). The limits of instrumental resolution in g 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 strict contrast with normal FM-ordering:

(i} the magnetic 81gnal normalized to the nuclear background decreases |
as the 1nstrumental resolutlon is improved; (ii) the onset of the
intensity increase shifts to lower temperatures with- 1mproved resolutlon
and (iii) the- magnetic scatterlng is largest'not at T = 0 but at

the intermediate temperature T = 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.iong—range_FM--
order were'preseht. As the instrumental resolution is'improued different =
volumes of'reqiproeal space are sampled and the magnetic-diffuse'

intensity"will'be decreased relative to the nuelear intensity.
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Fig. 88: Temperature dependence of (111) pesak intensity (cpen circles)

observed for EuB SZSIO 488 for various experimental configurations. . .
Filled circles in (c) represent Bragg intensity corrected for

magnetic diffuse scattering (From Maletta et al., 1982b).

The data can be described more quantitatively by assuming the following

form for the scattering cross section:

s@ = a/[ @-DH?IF2 L8800, (101)

The Lorentzian-like and & ~function terms represent the diffuse

and Bragg scattering, respectively. % 1is a reciprocal lattice vector
and K is the_inugrse=correlation length (K = l/”% Y. The solid lines

in Fig. 87a are the result of the least-squares fit to eq. 101 with

ﬁz =0 (= pure'Lorentzian).after.Folding eq. 101 with the instrumental
resolution function, The temperature dependence of A and K- are-shoun

in Fig. 87b. .The amplitude A ‘increases with decreasing Ti-WhichmiQdicates.

that ‘an “increasing number of spins .are becoming correlated, The-Lerentzian -
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linewidth &, becomes indistinguishable from zero around 2.5 K, and

then increases again at lower T (the authors place a lowver limit
of 400 R on the FM correlation length at 2.5 K, estimated from the

high-resolution data).

These results contrast sharply with a normal Heisenberg FM where

the correlation length remains infinite for all temperatures below

Tc‘ In addition, the diffuse scattering below TC would be almost
entirely associated with the spin waves. In Eux821=xs’ the scattering
is elastic on the scale of the instrumental energy resolution (30 peV),
Much higher resolution studies performed by the neutron spin echo
technique (Shapiro et al., 1985) have shown that at low temperatures
relaxation times are greater than 10"8 sec. Sinece also the Bragg
amplitude B stays constant at the nuclear level at low temperatures,
the suthors conclude that the state in EuXSrl_xS 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 EuxSrl_XS with x = 0.54,

since it is more extended here: 2 K€ T<€ 4 K, Line-profile analyses

using eq. 103 reveal the same results as described for the x = 0,52-com-
pound, except that now at intermediate temperatures the scattering

profile shows clear deviations from the standard Lorentzian form

(the maximum value of Mt is Y= -0.6 at 2.3 K; eq. 103) (see also:

Maletta and Felsch, 1980d). The magnetic Bragg scattering contributicn

(Bm) is weak (or even zero), as long as K20, and it vanishes at |

the lowest T where again ¥ becomes larger than the instrumental Tesolution. .

width,

Due to the high amount of magnetic diffuse scattering the intermediate
T regime with K =0 is suggested to be called a "frustrated FM" state.

Now it is plausible that such a highly distorted FM 'state (near the |
reentrancy point at X = 0.51) can change into a spin~glass state

(RSG) at lower temperature. The authors don't”observe’the "mixed K

phase" at the lowest T, as predicted in the mean-field model, Stimulated:
by these-éxperimehtal data:they present a phenomenological description

of RSG systems (Maletta et al., 1983a; Aeppli et al., 1984),:besed".“

“upon -the competition between tweo different ordering phenomena..Within




- 149 -

the crossover regime, i.e. in EuxSrl_XS at Eu;concentratiens just
above Xo = 0.51, frustraticn leads to an effective decompositien
of the spin system into a spin-glass-like and a ferrtomagnetic network
(see also discussion in sec, 2.2). If the continuous network of "de-
coupled" spins undergoes a freezing transition, the frozen spins

will impose a random field on the FM network through the exchange

bonds alsc responsible for frustration. Hence, the order-parameter
scattering, Bw{g(q), is ccnverted into the sum of a Lorentzian and
its square, similar to the structure factor with <0 in eq. 101,

and finally the FM state is destroyed (see e.g. a recent review on

random-field studies by Birgeneau et al., 1985).

This two-network model accounts for both the statics and dynamics

of RSG systems, as observed in EuXSrl_xS, FeXCrlnx, FexAlle and
lwx)75P1686A13 (Aeppli et al., 1984; Shapiro et al., 1986).

Fig. 89 is a schematic rendition of how the model describes the dynamies.
At high T (frame (a)), the dotted and dashed lines represent the

spin-wave spectrum for the related FM network and the relaxation

a-(Fe Mn
X

‘spectrum for the SG spins, respectively, It is useful to think of
the time-varying random field imposed on the M spins at high T as
an additional noise term,?l(t}, in the semiclassical equations of
motion for spin waves., The noise Wl(tﬁ) has the property that its
net weight, Si N(Ww) | 2des ; 1s weakly temperature dependent,

while its bandwidth, 3& s given by the inverse correlation time for

the 5G spins, can be a strong function of T. The primary effect of
decreasing T will be to decrease ?’, which initially will increase
iVl(td’)I z at frequencies on the order of the spin-wave energies.
Consequently, reducing T in such a RSG 'system above Tf has the same

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 é,g. Fincher et al,, 1980),

The solid line in Fig. 8%a represents the net-result of this process .

for T much “larger than the temperature TF.whererfreezingscccurs.and

'?‘%eb St .
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For T« TF (Fig, 89c), the SG netwark is entirely frozen, and a delta
function at HeF= 0 exhausts most of the spectral weight of ﬁl(afj.

Then, the 5G network produces a static random field acting on 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. B%c) associated with heavily damped spin waves "propagating"
through a medium of static secattering centers., For intermediate T

(Fig. 89b), both the enhanced occupation of spin-wave modes and the
domains commonly induced by static randem fields must be taken into

account.

Q)T >» T,

(ClT<T

Fig. 89: Schematic constant-Q@ spectra of the magnetic response for the '
| .feentrant'Spin—glass problem,. Dotted line represents spin-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 Eu S in magnetic fields

0.54°70.46
H g 60 mT. Such magnitudes of H can easily induce some alignment

of the Eu spins at the expense of the defective regions responsible
for the magnetic diffuse scattering (Fig. 90). That is chserved in
both FM and SG regimes, but while the net magnetization, monitored
using the extinction-limited Bragg intensity, is history-dependent

in both regimes, remanence effects at microscopic length 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 = O
results in a magnetic fluctuwation length of less than 65 R, wvell
below the zero-field cooled value of 140 .

I I

e H=0 . B EU0.54Sr0.465
O H=41mT : '

INTENSITY (¢fs5/1000 mon)

T=05K = RES.(FWHM)

F ! ! _
=000 . -00s - 000 S 005 00
: o qriu) | .

Fig. 90: Neutron scattering intensity of EUO.545r8.465 measured
after zero-field cooling plotted as function of momentum
transfer (q,0,0) =Q-- Q, vhere Q, = (2,0,0). Spectra-at.-
H=0andH =41 mT_are'éhown,-each ata temperature in- -
the FM-regime (T - 3.0 K) ‘and in the RSG-regime (T = 0.5 K), o
The right- and left-hand vertical scales are for the 3 K
(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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Fig. 91: Field dependence of (2, 0, 0) and (1.985, 0,0) intensities
for EUD.548r0,465 at flxed,tempe;atures in the parzmagnetic

(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) have performed neutron-spin-schg (NSE) experiments

in EUXSrquS with x = 0.40 and x ﬁ 0.54 in order to further study
the double transition PM =» FM and FM <» SG in x = 0,54. They abserve
no depolarization of the neutron beam for the SG sample (x = G.40),"
but in the RSG sample'(x = 0.54)_the beam partly depolarizes near -
T . It becomes more depolarized on cooling further into the FM phase
but less depolarized.in the 'SG stafe. The incomplete depolarization:
oF'ihe scattered beam confirms the absence of true long-range FM
order below TC. Thus, ‘there is sufficient neutron peolarization of -

- the ‘incident beam to. perform the experiment atuall‘tempepatures..f:
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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(g,t), for times
between 0.03 nsec gt £ 5 nsec. Fig. 92 compares S{g,t) in the 5G
sample (x = 0.40) with that in the RSG sample (x = 0,54), measured
for q = 0,072 A™1
behavior at low temperatures, the data in Fig. 92 follow & straight

line, i.e. S(g,t)e< A « Int, which implies that the spin correlations

at various temperatures. Both samples show similar

decay much 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 TF in both samples. Similar behavior is cbserved in CuMn,

except that the time spectrum for the decay in the insulating com.
pounds is shifted towards (at least one order of magnitude) longer

relaxation times compared to the metallic SG CuMn (see also Fig. 50).

H T T
0:007247"
© 7:133K
x Tz LBOK

S{G,tH/sS(Q,0)

Y
A 4
G=0.07247". ~
AN .
AN T:I'LEK Y N e T3
1 eTaax NN ~od
a T=50K x \\\\\_
0.2k 100, N
x T:4.04 oo\ _
- ’ ‘\\ \A\
: i i 1 I R e
. 10 - . - - - : N
(ORI o 107 107 Sl

TIME {sec)

Fig. 92: "Time correlation function, $(q,t)/S(q,0), forEu Sr; S
' " ‘as measured for the 'SG compound {x = 0.40) and the RSG

_ compound-(x:ﬂ.ﬁ&):for qg = 0.072 g-1

. by the neutron spin-echo technigue (From Shapiro et al.,

1985).

at various temperatures’
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On further heating the RSG sample (x = 0.54) into the range of the
Curie temperature Tc’ S{g,t) changes into an exponential form (Fig.92b):
S(q,tyew exp (= [t), It is interesting to mention the also observed

q dependencies. Relaxation effects in ordered magnets generally are

q dependent, and indeed near TC of the x = 0.54 sample the measurements
are consistent with the behavior ["z D. qzb Near Te of both samples,
however, the decay is nearly g independent., This lack of kinematical
sloving down near TF may be interpreted by dipolar effects at the

freezing process.,

In conclusion, neutron scattering has played an important role in ad-
vancing our understanding of the magnetic behavior in RSG systems. The
interpretation of scme neutron experiments, however, is still controver-
sial. From inelastic reutron scattering Fincher et al. (1980) find a
spin-wave stiffness D in the RSG system Crl_xFeX which after the usual
increase below TC 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 EEO.784MHU.216 and Aufe down to the lowest temperatures

(T < Tf). The result on the constant D also depends on the ambiquity

in choosing the proper spectral form for analyzing the spin-~wave line
{using either the "double Lorentzian” or the "damped harmenic oscillator®
form). We want to emphasize, however, that contrary to their assertion
the abservation of well-defined spin waves at finite wave vectors does

rnot demonstrate the existence of long-range FM order.

Among many other experiments which have been performed in order to elu-
cidate the nature of RSG systems, tuo other microscopic techniques in
addition to neutron scattering studies, ESR and Mdssbauer effect, should
be mentioned in this context. A careful study of the electron spin re-
sonance (ESR) should provide valuable information about 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 oﬁ_SG samples near Tf. The origin- of “the dramatical change

in ‘the field For.resonance_(or-gwshift).and linewidth while decreasing
the temperature*towards;T?.is unclear. Very recently, Monod et-al. (1986)
-have studiedeSR.in_EuxS;i_XS'For Q;Ulr&-x £ in:the.high-T regime (also
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Fig. 93: Temperature variation of g-value and linewidth in EuXSrleS
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 al., 1984).

as function of frequency). They observe an exchange narrowed dipolar
linewidth (proportional to f?); as proposed by Levy and Raghavan (1986), -
with a Lorentzian line shape (Deville et al.,; 1981 &, b), For x » 0.1

the linewidth decreases when the resonance frequency increases.

Mehranfeﬁ al..(l984}'presentzan ESR study (at 9 GHz) of theﬁRSG system
EuxSri_gsiwith k ='U;56'by comparing-the data to megsurements of a FM.  '
sample-(x =:0.70) (see Fig. 93) and a SG-sample (x = 0,40s Deville et =~
,al.,HISBl a, b). In the'FM;éample'{x = 0.70) fhey find a sharp narroving.
bf the line near Z“Tc (Fig. 93, a2) -and a g-shift to loweriualues (Fig. .
93, al).’Below'?c the ESR spectrum breaks up into several asymmetric__
lines, probably due to disorder. These findings are in contrast.with

~ those reported for the SGesample (x = 0.40) where both g_ualueiénd line-
width are found to dncrease as T is lowered.i:owards-?‘f;e The behavier of .-
the RSG-sample (x = 0.56) is qualitatively different from both others, -
-as. shoun in=Fig.'93'b.:Although-thevlinewidthEin the.PM:phase;naerws-“f
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T is decreased no substantial asymmetry is detected inm the x = 0.56
sample. For temperatures just above TC 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 -# SG transition is approached (Similar variations have been
~observed in an a-felMn RSG system by Rosenbaum et al., 1982). Probably,
the line broadening and shift observed in the x = 0.56 sample near Tf
in the intermediate FM regime as well as in the x = 0.40 sample just
above TF have the same origin., A detailed analysis of these data has

not yet been published.

Now, considering Mdssbauer effect studies on RSG systems, Lauer and

Keune (1982) show in their pioneering 57Fe Mdssbauer effect measurements
o AuFe 16.8 % at H ext = 20 kCOe, that while essentially all the Fe spins
are aligned parallel to H oxt below T {= 165 K), the magnetic state

be low T (45 K) is no longer colllnear the average (s;LnZ@) inecreases
from zero below TF vhere & is the angle between the magnetic Fe moment
and the external field Hext° 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 4m = O nuclear transitions) disappear in

the FM state {only since all spins are aligned parallel to the f;ray
direction!), but beceme finite at lower T {below TF)’ a1l spectra are
measured at 20 kOe (see lower part of Fig. 94). They also find at Hext =0
that the average hyperfine field H increases belocw 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 canting
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 B
contribute to the moment S (thermally averaged spin). At TF,‘these com- .
ponents freeze out, canting the moment out of . the direction OffHext’:.--'

and 1ncr3331ng its magnltude.

The analysis yields distribution functions of the hyperfine fleld P(th)
wvith a- double-peak_structure in P(th) at lov ‘T, as shown. in Fig. 95.

The external field has 1little effect on P(th)'below Tf, but strongly"
suppresses the low hyperfine fields which appear above.Tf {Brand et

.él., 19_83)° The interpretation of such Mdssbauer spectra of Aufe has
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Fig, 94: Results from Mdssbauer effect studies on the RSG system
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Fig. 95: :Hyperfine-Field distribution functions Fdr §EF8-16°8 at¥
“oooin the. SG-state at 4.2 K (upper part of the-figure)-and

in the FM-state at 78 K{lower part), both shown. at Hégﬁ;: 0 -

and 20 kOe (From'Brand et al., 1983). S

led to some éqntroversy due to the known chemical short-range order'
"(SR0) (Dartyge et'al., 1982). The 'simple twom"phase" model proposed by
Violet and Borg (1983, 198&), wvhere SRO leads to ‘phase segregatlon 1nt0 -

Fe—rlch platelets and remalnlng solld solutlon 1s both erroneous and '
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misleading as arqued by Monod and Campbell (1984) and Brand and Keune

(1984). The alloys seem to be magnetically homogenecus in the sense that
,th(T) disappears at one (x dependent) temperature within the resolution
of M@ssbauer spectroscopy, hence the magnetic correlatien length is ex-

pected to be larger than the SRO-range.

Another severe problem is involved in the Mossbauer method itself since
this "spin canting™” can only be cbserved experimentally in the presence
of a sufficiently high external field. 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 g8 SG are quite similar (see e.g. the recent detailed discus-
sion on the Missbauer effect analysis of the spin glass Aufe 3 % by
Meyer et al., 1985; or: Maletta and Crecelius, 1976). As an illustration,
one may guestion the conclusion by Varret et al. (1982) from similar
experiments on Aufe 19 % at a scomewhat lower field of 6 kOe, that "spin
canting" is already weak below TCQ Recently, Brand, Lauer and Keune
(1985) attempt to analyze the spectra in zero extermal field by taking
into account that the electric quadrupole hyperfinme interaction defines

locally an axis, and the orientation of the magnetic moments with res-

vect to this local axis influences the spectrum line positicns and pro-
file. However, it is not convincing to us that-by these means fhey can

decide between a "canted" or collinear state at intermediate temperatures

(FM phase).

In our opinion, Mdssbauer effect measurements (as well as the ESR data
presented ébove) reveal the existence of two different states in RSG
systems, where the low-T state is hard to be aligned by external fields

as is wellknown for spin glasses. As leng as there is no experimental
evidence for "spin canting" in zero field, we prefér this much simpler
-interpretation of the spectra. In any case, the Mdssbauer method is

a local one, thus global_prope:ties.cannot bg_obtained easily such as. . .
the_éoexistance of-fransyerse ?reezing with long-range FM ogder; as o
predicted ?or'the-iero-field 6T ‘state in mean-field theory a£-the 1owest_'
temperatures. We don't see any contradiction of the Mdssbauer data to

fhé 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 which can have such a RSG transition, Wolff and Zittartz
(1985) present the phase diagram of the random-bond Ising model which
guite generally exhibits reentrant behavior whenever there is a COMmpe -
tition between a ferromagnetic coupling and a.weaker antiferromagnetic

one (or vice versa),

8.2. Coexistence of spin-glass and Ising antiferromacnetic orders:

Now we present experimental results of an Ising-type dilute antiferromag-
net Feo 55Mg0 45812 vhich give clear evidence for the coexistence of
longitudinal spin-glass and antiferromagnetic orders (Wong et al., 1985a,b),

as predicted by mean-field theory,

Pure FeClz is an antiferromagnet (TN = 24 K) with a strong uniaxial aniso-
tropy (D = 17 K) which aligns the moments along the hexagonal ¢ axis.
There are ferromagnetic a-b planes that stack antiferromagnetically along
the ¢ axis. By dilution with Mgz+ ions, Bertrand et al. (1982, 1984) cb-
serve spin-glass behavior beyond 50 % dilution as shown in Fig, 96, The
low-field dc-magnetization data measured along the ¢ axis suggest a re-
entrant behavior in FeD,55MgO.45C12’ because the susceptibility shows

a peak near TNdz 8 K and history-dependent behavior below Tf‘? 3 K (Fig,
96). Hovever, 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 al., 1986). Nevertheless, éc—susceptibiiity measurements by

Wong et al. (1985b) confirm the existence of a spin-glass transition

at Tfﬁz 3.0 K: as displayed in Fig., 97, a frequency-dependence gradually
. appears iﬂfxiibelow 5 K, with a corresponding onset of the imaginary .
part q{h'. Below 3.0 K, QCH shows a drop and Q{h' rises rapidly, and simul-

taneously the frequency dependence beccmes much stronger.

In order to decide betwegen reentrance or coexistence, Wong et al. (1985a)
carried out neutronmdiffraction experiments. We recall that because

the system is antiferromagnetic, the magnetiec and nuclear Bragg peaks
are separated.in reciprocal (g-) space, and this allows one to study -
the magnetic order with little ambiguity. The scattering near the reci-

procal lattice point (0,0,3), which in principle gives information about
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Fig. 96: ZFC- and FC-susceptibilities, M/H at H = 50 Oe, for Fengl xClZ
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

data are gquides to the eye {From Bertrand et al., 1984).

. fEig.'97:: Temperature'aependence'bf the ‘ac 5usceptibi1ityfﬁfﬁfor'
. w; .FeU°55Mg0°45812 measurgd parallel to the“easy axis at three
' _different-Frequencies.-Detail oF‘Z' and L' at low temperatures

are displayed in-the'inserts (From Wong et al., 1985b}.
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the transverse spin component, is found to be independent of both

T and q which implies no transverse components, Thus only a longitu=
dinal component is present, and this is measursed at (l,U,i). The tem-
perature dependence of the peak intensity I(l,D,f),and the diffuse
scattering 1(0.98,0,1) slightly off the peak (Fig. 98) indicates

8 vell-defined Néel transition at TN = 7.5 K, but remarkably there
are no obvious signs for a SG transition at TF = 3 K, In particular,
(1,0 l) increases smoothly down to 1.2 K, suggesting that the AFM
order persists below Te (in contrast to the behavior shown in Fig., 88).
However, the diffuse scattering is much higher than the background

at low temperatures, vhich implies that not all the spins are anti-
ferromagnetically ordered as T <0, Analyzing the line ﬁidths and
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Fig. 98* Temperature dependence oF the magnetlc Bragg scatterlng

“at (1,0, 1) and magnetic. diffuee scatterlng at (0. 98,..0, 1) s

for FeG 55Mg0 456 o The open and solid symbols denote':e
data taken on cooling and wermlng the sample, reSpectlvely__

_(From Wong.et. al., 19853)
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shape, it turns out that the AFM order is of long range (‘;=lO3 R)

be low 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 8 is most likely the origin of the SG behavior dbserved in the

ac and dc 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.

FeO SSMgD 45812 does not reenter into a disordered phase. Instead,
combining all observations, the authors {Wong et sl.,, 1985b) conclude
that the low-T phase of the system consists of both SG and leng-range

AFM orders.

It is matural to question why coexistence is observed in a dilute

Ising antiferromagnet like Fe0 55Mg0 45E12, but not in a dilute Hei-
senberg ferromagnet such as EuD 525]’.‘{J QBS {see sec. 8.1). Since there
is no existing théory that explains this difference the authors offer
several conjectures, In any case, both observations are consistent

with the phenomenological model of intrinsic random fields (Maletta

et al., 1983a) described in sec. 8.1: The effect of random fields

is to raise the lower critical dimension from 2 to 4 for Heisenberg
systems, but enly from 1 to 2 for Ising systems (see e.g. Birgeneau et al.,
1986) . As consequence, one expects a coexistence of 5G and long-range
periodic order in 3-dimensional Ising systems, but a destfuction

of long-range periodic order, i,e. Teentrancy, in 3-dimensional Heisen-

berg systems,

In order to further test this model of intrinsic random fields in

the crossover regime te SG order, neutron diffraction'experimente

on the diluted Heisenberg antiferromagnetic system EuXSrl_xTe are
underway (see its preliminary magnetic phase diagram in Fig. 7b).

As described in sec. 6.1, the borderllne between SG-and AFM behavior

in Eu Srl_ Te has been determined up to nov (Bdrgermann et al,, l986a b
.only from bulk measurements: dlsappearance of the Frequency shift

of the ac-susceptlblllty-max1mum (Flg. 43) and oF the 1rrever31b1-_

. lities (FC, ZFC Flg. 44)
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Westerholt and Bach (1985) have studied magnetic ordering in EuXSrl_XSe
by ac~y¥, and specific heat experiments. EuSe is a Heisenberg antiferro-
magnet with rather complex magnetic behavior (see e.g, Wachter, 1979),
since the exchange interactions Jl and J2 are‘nearly equal in magnitude,
but opposite in sign. It 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 tao FM
alignment), mostly studied in M(K) experiments, can also conveniently

be observed by measuring the field dependence of the ac suscepti-

bility (= maxima in ac- 7Y, (H)). Dilution of EuSe with SrSe leads

to spin-glass behavior for xg 0.70, established by a frequency dependence
of the ach maximum and a breoad maximum of the specific heat C{(T)

at an even higher temperature. Compounds with x3 0.85 are definitely
different: no frequency shift of the susceptibility, and the Néel
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 have 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) with a frequency shift of

the & -peak has a structure in the ac- ¢(B) which resembles the response
of metamagnetic transitions. There is a maximum in ac-Y 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'ﬂ 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 =z éoexistence bf-long—range AFM order and SG order,

Again; neutron-diffraction studies would give more direct:information

on the beshavior in the crossover regime,

Hiracka et al. (1984) have found the onset of spin-glass order at
the dilution concentration (1-x) & C.11 in similar compeunds of-the ..

diluted antiferromagnetic system, EubeluxSe, by measurements of

_‘ac-f and :LSD‘PEU--E\HVIR.a
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8.3. Crossover via modulated spin structures:

Competing exchange interactions 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 compenent
or phase present in the rare earth (Child and Cable, 196%). The Néel
temperature TN decreases smoothly with dilution, while the interplanar
turn angle «f of the helical structure increases (¥ 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 tried to find the

boundary concentrations between helical antiferromagnetic spin ordering

and a spin-glass state in Y and Sc based alloys with 4f magnetic impu-
rities. By measuring the ac susceptibility and resistivity, they pro-
pose a critical rare-earth concentration of 2.6 at. % for YGd and YDy
alloys, 5 at, % 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 reviewved now., The studies reveal that spin-glass behavior
in Y based alloys occurs probably at lower concentrations than previ-
gusly believed. )

Magnetization data (Wendler et al., 1984) of single crystals of ScGd
(5 and 15 at. %) and YGd (19.2 and 3 at. %) demonstrate different

types of magnetic ordering. The ScGd system shows all the experimental

features of a spin glass (Fig. 70) (see also specific-heat data by
Caudron et al., 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 anisctropic.
Fig. 99a displays the dc susceptibility M/H as a funetion 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= 1.5 K. For-ﬁ ,ifg in YGd

3 at’% a small magnetic hysteresis in M(H) is observed,

the direction of the field scan is indicated by the arrous
(From Wendler et al., 1984)..

and perpendicular to the hexagonal ¢ axis. When the field is perpendi~
cular to-the c axis, the susceptibility shoﬂs‘a.Cusp at a temperature
Tc’ For paral;el Fields.enly'clear'deviations_fromﬁCurieWWQiss~behavior
are measured at low T.-Important features of all these curvesare the
-absence of*ﬁFC;ZFC" irreversibility effects, normally observed in

spin glasses {see e.g. ScGd: Fig, 70). In-addition, a spin-flop tran-
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sition is cbserved for H L T in Y8d 2 % and 3 % (Fig. 99b). This ob-
servation is consistent with features shown in Fig. 99a: Below 7.5 kG
there are large differences for My and ML of YGd 3 %, while M is in-
dependent of the orientation of the crystal at higher fields. Similar
effects are detected for the Z at. ¥ sample, but for the 1 at., &
sample lower temperatures (< 1.4 K) would be needed to establish the
effect. The small magnetic hysteresis in M(H) at the spin~flop transi-
tion (Fig. 99b) also appears in the M(T)-curves of Fig, 9%a as a small
difference between ZFC and FC at the spin-flop field (7.5 kG). These
experiments rule out the existence of a spin-glass state 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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Fig,lOO;- The- temperature dependence of the magnetlc neutron scatterlng
ilnten31ty at the satellite peak (D 0,0.28), the ac sus=
ceptlblllty, and the magnetic specific-heat for YD 97SG 0. 922
Inset: The scattered neutron intensity for a scan -along

- :the (0,0,1) :line at T = 4.5 K (From Wenger et al., 1986).
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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 &= 0.28¢c* is the

wave vector of the incommensurate periocdic order (¢* is the reciproecal
lattice vector). They correspond to a modulated spin state of about

20 R wavelength with the Gd moment directiocns 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 heat (Wenger et al., 1986).

The existence of such a long-range ordered magnetic strueture down

to at least 1.5 at. % Gd in YGd alloys implies a driving mechanism due
to the electronic structure of the yttrium matrix. It has been proposed
(Sarkissian and Coles,; 1976; Wenger and Mydesh, 1984b) that the rare- |
earth moments stabilize the spin density wave (SDW) (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 hesting properties of fhe Fermi surface of-the'rareﬂ'
earths as giving a maximum to the electron gas susceptibility at a
given ("nesting")} vector f? These result in a RKKY exchange 1ntegral o
‘J(q ) which can explain the observed helical spin structures. The

4d conductlon electrons of the Y matrix are expected to part1c1pate_
in both mechanisms of magnetic couplin'g° More accurate measurements
of the Gd form facter are required 1n order to reueal a p0831ble conm_

tribution of delecallzed electrons, '
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Additional support for the SDW 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 Cm(T) shown in Fig. 100 demonstrate the non-SG
like bebavior of the YGd alloy: The semicusp-like peak of the specific
heat Cm(T) appears at the temperature TN of the d(TgC)/dT maximum,

as common in antiferromagnets {(in contrast to spin glasses where

a very broad meximum occurs at a temperature far above Tf).

Alloys of Y or Sc with small concentrations of non-S-state ions,

like Tb, Dy or Er, are expected to exhibit an anisotropic ordering
behavior strongly influenced by the low-symmetry crystal-field acting
on 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 on static and ac-susceptibility
measurements. At present there is some ambiguily of interpreting
several bulk measurements either in terms of S8 or long-range AFM

ordering, as will be discussed now:

In the case of YTb alloys, Ketelsen and Salamon (1985) ocbserve small
differences between the FC- and 7ZFC-magnetization at H = 20 Oe for

Th econcentrations of 5 at. % and 3 at. %. Using neutron diffraction
in addition, they demonstrate that YTb 5 % is a helical antiferromag-
net (similar as described above for the YGd alloys), despite the
"5G-like™ history dependence of its magnetization. In the other élloy
YTb 3 %, no magnetic satellites are found in the neutron-diffraction
pattern. HGHCE,_the épthors“conc1ude that only YTb 3 % is a SG, They |
émphasize that_irrevérsibility'élone'éannot'be_used to characterize
fhe SG state. The éameréystem has also been studied by Rainford et |
al. (1985). Their neutron-diffraction measurements on six éingle h
crystals of YTb with Tb concentrations of 2, 3, 4, 5, 6 and 7 at. %
‘show -the éxisténce of longmfange helical AFM for all the measured

. samples, in contradiction to the result aboveg'Extrapolation of the
Néel temperatures versus concentration would indicate a critical con-
éentration for the disappearance of long-range AFM order near or

-below'l at. % Tb in Y.
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In the case of YDy ailoys, 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
coincide 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 between 0 K and TN’ wvhich agrees to
within 5 % with the theoretical value of NkBln (2 J+1} for J = 15/2.
Hence, the authors rule out a SG freezing in these samples and suggest
long- range AFM ordering. They also argue that the early experiments
with YDy 2 % by Wenger (1978) are probably not properly analyzed

who found the ac-9y maximum even at a higher temperature than the

maximum of the specific heat.

The finding by Lecomte et al. (1986b) is consistent with results
from neutron-diffraction measurements on YDy 3 % by Rathmann and
Touborg (1977) which reveal helical AFM ordering of the Dy moments
beloy TN = 9 K (again very similar to the YTb and YGd alloys). In
contrast, Baberschke et al. (1984) measure on a similar sample YDy

% 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 glasses,

YEr alloys have been studied by Fert et al. (1982), Wendler et al.
(1983}, Baberschke et al. (19847, Bonjour et al. (1984), and Bouchiat
et al., (1985).

Much more work is still needed to clarify the question about the
.crossover to the spin-glass state by dilution of rare-sarth metals.
It is wellknown for long 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 al. (1984) estimate the Tatio, | DI/J; betueen

anisotropy .D and -exchange-variance Sfto:be'systematically”smaller
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in the Sc- than in the Y-based alloys. Rare-earth impurities in the

Sc host seem to behave as '"good" spin glasses, while there is a strong
tendency in the Y host to form 2 helical or modulated magnetic struc-
ture. It could be that the strong SDW effect 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)Clz, 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 on CuMn single crystals containing

g

//@

/

Fig. 101:-Results from neutren-polarization analysis in CuMn 25 at®
at-T = 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 al., 1984).
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2, 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 fcec crystal cell from & a, at 5 at. % Mn to about
3 a, at 25 at. % Mn. For illustratien, 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 & ao) at all
Mn concentrations, There are smaller regions of atomic short-range
order in coexistence, which have net ferrcmagnetic mements, and which
complicates the studies because both effects are not independent

from each other (see also a similar work by Gotaas et al.,, 1985).
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Fig. 102: Magnetic field dependence of the elastic scattering intensity
for Fe70a&Ai29°6 at 10 K, Note the very good Q-resolution
{~0.01 B 7%, represented by the bar) as indicated by the
steep increase of the intensity near § = 0 (From Béni et

al., 1986).
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In this context it is interesting to mention the very recent work
by Btni et al. (1986). They have studied the reentrant spin-glass
system Fe78,4A129.6 in applied fields by neutron scattering technique.
In zero field the elastic scattering peaks at @ = 0 in the lov-tempe-
rature RSG phase, whereas for an applied field parallel or perpendi-
cular to 0 the intensity peaks at finite @ (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, which may help in further
understanding the magnetic ordering in the crossover regime from

SG to long-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 states. Random fields or randomr
anigotropies also may destroy long-range ferro- or antiferromagnetic
order. While it has been shown above that amorphous Gd-Al alloys

(e.g. adeD.37A10.63’ see Fig. 13) are typical spin glasses like
crystalline CuMn or (Eu,Sr)S, due to competing exchange interactions,
amorphous alloys with non-Sw-state iocns are characterized by single-ion
anisotropy axes (eq. 6) which are distributed randomly in space,

In this last section we shall discuss briefly recent fesearch concerning
magnetic order in émorphous materials with significant local random
anisotropy, emphasizing their similarities to spin glasses (see also
Mocrjani and Coey, 1984). We shall use the term speromagnet to denote
spin-glass~like magnetic structures that result from single-ion aniso-
tropy te distinguish them from spin glasses which cccur due to competing

exchange interactions.

9.1 RAM-model

In order to describe the magnetic order behavior of amorphous inter-
metallic compeunds containing rare-earth atoms with nonzero orbital
mementum such as a-TbFez, Harris, Plischke and Zuckermann (1973)

have introduced a model (RAM) defined by the-Hamiltqnian_

| < - =2 =% 5 . : e
‘}ﬁr—) 3,515, =D/ (n.+5.) S (102)
> TR T i S -

where_gi is the tqtal angular momentum at sitefi,“and Jij are the
ferromagnetic -exchange interactions of any range. The second term
with a constant éecond-ordep.anisctropy parameter D represents .the
local anisotropy where;the Onit vectors ;i.pqint in random easy-axis_

6ifeptionsfwThe_prgperties Qf_this mo§el-are]$till éont:pversial,P
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The mean=field treatment of the RAM-model (eq. 102} with interactions
Jis = Jo/N between all pairs gz, gz predicts for all raties D/J, a
ferromagnetic state below TC (see e.qg. 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 renormalization-group techniques Aharcony {1975)

- predicts that there is no ferromagnetism for dimensions d 4. The
result is in agreement with domain-wall arguments (Jayaprakash and
Kirkpatrick, 1980). It has been suggested by several authors (Chen

and Lubensky, 1977; Pelcovits et al., 1978; Bray and Moore, 1985b) 7
that a speromagnet (= spin-glass~like phase) may occur instead. Aharony
and Pytte (1980), however, have found a novel "infinite-susceptibility N
phase" in which the magnetization vanishes {calculated to lowest |
order in D). This unusual property is obtained by an expansion in

terms of M/H which bscomes singular for H==( 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, that 4/ shculd be-
come very large but not diverge. They suggest for 7 and H-> 0 that.

the maximum value of ré is given in d = 3 by

N e (3,/D)" For T s T_ . (103)
Chudnovsky and Serota (1983) recently have given z phenomenological
theory for the RAM problem introducing into the model the length
scale Rc of the spatial correlation of the eaéy axes. Then, the.magnetic
structure of amorphous. magnets is shown to be strongly dependent
on the parameter J\ = ﬁ. {R /a) , where ﬂ. = D/JD and a is the
atomic spacing. For weak random anlsotropy (/X < 1) a new magnetlc o
state is predicted: the "correlated speromagnet" (CSM). This state o
is characterized by a smooth rotatidn ﬁf_the magnetization M over ;

a ferromagnetic éorrelation 1ength RD5§ Ré, even though the_neﬁ_magnetization
is zero. There are no domains separated from each other by thin domain
walls, as it is in a crystalline ferromagnet. In the CSM, M is reversible

and the zero-field susceptibility becomes very large but remains finite
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Lo =5 (A0 e )t (104)

in agreement with eq. 103. In contrast to the CSM, for large random
anisotropy ({\raﬁ»l) the magnetization is irreversible as discussed
by Callen et al, (1977).

2.2 Properties in comparison to spin glasses :

Amorphous binary rare-earth alloys a-R X with non-magnetic X atoms

are expected to show most clearly the inizéence of random anisctropy

on magnetic preperties. Hence, we mainly discuss here results 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 evaporaticn.

0 l ;
0 100 - 200 300 400

H{kQe!}

'Fig. 103: High~field magnetization,rp = M/Msat’ of amorphous.RAg
: alloys at 4.2 K (R = rare earths as indicated), Dashed
lines are fits based on the RAM-model in mean-field approxi-

- mation, eq. 102 (From Boucher, 1977; Moorjani and Coey,

1984).
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It 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 Ccoey, 1984).

eea (4?7, 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 behavier in fig. 103 indicates the presence of antiferro-
magnetic interactions which prevent a complete parallel alignment

of the moments favored by the generally stronger ferromagnetiec inter-
actions in these amorphous a-RX alloys. The corresponding crystalline
RX alloys of CsCi-type structure zare antiferromagnetic,'which corrcbo-
rates the statement. In the crystallized structure cnly 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 fo become first as well as second
nearest neighbor. Thus, both ferro- and antiferromagnetic interactions
are present in amorphous RX alloys with ncble metals, In a—deXl_x
the competing exchange interactions lead to spirn-glass behavior for
sufficiently lov Gd concentration x. Examples are a"deAll—x (Fig. 13},
a»GdXCul_x (McGuire et al., 1978), a—deAgl_X (Boucher, 1976) and

a--deLaD“80“){#\u0.20 (Poon and Durand, 1978). For high Gd concentraticns

they become ferromagnets.

Tehle 4:

Random-anisotropy parameter D and exchange coupling constant J; ob-
tained from high~field magnetization data {using the model in eq. 102)

of three smorphous RAg alloys (From Ferrer et al., 1978).

a-Tby o,AGy 4ot D = 4.0K D/ = 7.6
a-Dyy cofgg oqt D =3.0K - D/I, = 22.0

-a_HOD.BOAQO,SDi___:D ;.lfS K. . _9/99 %Q,q:.:
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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 Tits based on eq. 102 in the molecular-field approximation (Ferrer
et al. 1978). The analysis allows one to estimate the values for

the randem-anisotropy constant D and for the éxchange interaction

Jgs @s summarized in table 4, For the light rare earths (Pr, Nd:

Fig. 103) this simple model is inappliable, influences of fourth-

and sixth-order electrostatic fields obviously have to be invoked.

While there is good agreement bstween the RAM model description and
the magnetization cobtained at high fields, serious deviations are
found (Fig, 103) in the low-field region (H €100 kOe). The deviations
originate from the presence of sizable hysteresis loops and magnetic
aftereffects. Most detailed informations are available for a-TbAg
(Boucher and Barbara, 1979) and a-DyCu (Coey et al., 1981}, Fig. 104
displays hysteresis loops measured in a“Dyg,41CU0,59 (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 HC 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 (HC
extrapolated to zero temperature) is rather large: 8 kOe for a-DyCu
and 23 kOe for a-TbAg. A quite remarkable feature appears in the
veryélow-T loop at 0.1 K (Fig. 104). Instead of a smooth field dependence
in the irreversible part of the loop (as measured at 4.2 K), fhe '
magnetization changes in a series of large discrete jumps, reminiscent

of the Barkhausen effect in a sample containing about half a dozen
' 3 8-

domains, Each would haue'ucllume-_._m"'2 mm” and contain some 2x10

Dy ions,

The remanent magnetization in low fields invariably depends on-the
manner in which it is acquired. This is illustrated for a-DyCu in
Fig. 105, vhere the field dependences of the IRM and TRM are shown,

being very similar to the properties of spin glasses.
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Fig. 104: Initial magnetization curves and hysteresis loops for a"Dy0,41CUO.59
at two temperatures, 4.2 K and 0.1 K. The dashed parts
of the loops at 4,2 K indicate the presence of time effects.
friangles, circles, and crosses denote different cycles
at 0.1 K (From Coey at al., 1981).

For the time dependence (magnetic aftereffect) a slow Int-decay is
measured, indicating a wide distribution of relaxation times or energy
barriers. Very-low-field measurements of the magnetization feueal '
different behavier after ZFC or FC'(Fig, 106). Below a welldefined
temperature one can define reversible and irreversible susceptibilities.
Thus, the speromagnet a-DyCu, where random anisctropy dominates exchange,
exhibits many @rOpertieszwhich also characterize'spin glasses, ie.
isotropic Spinféyétem$ where'mepeting exchanga.iqté:actionsha:e-

essential, " -
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Fig. 105: Isothermal remanence and thermoremanence of a-DyCu at 1.7 K.

Vertical lines indicate the time variaticn 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 Qe applied at 4,2 K. The arrous
indicate the sequence of measurements, (b) Reversible (solid

lines) and irreversible (dashed line) susceptibilities,

”-.  derived_from 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 amerphous rare-earth
alloys a-Dyg 5,Cuy 4o (D/3, large), a--GdD.521&(:_;[}'&8 ({5/3D small),

and a_GdD.37AlO.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 plets, i.e. MZ vs, H/M, as shown

in Fig. 107. The general featurss of the Arrott plot for a-DyCu (Fig. 107a)
are quite.different fraom those of a-GdAg {Fig. 107b). On the cther

hand, the behavior in Fig. 107a is similar to the Arrott plot obtained
for the spin glass a-GdAl (Fig. 107c). As in spin glasses and contrarily
to the low-anisotropy case (Fig, 107b), it is difficult to see on

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 TC = 23 K the suscepti.
bility remains large but finite (?ﬁn'i = 0.69) (intercept along the
abscissa), and there is no spentaneous 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/J, < 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.‘¥3‘1=% C.

In addition, a careful analysis of the low-field data .indicates that

the material may develop a small moment despite the apparent vertical

drop in M2 as H/M =» 0; although this conclusion depends critically

on the magnitude of any possible extremely small demagnetizing field.

Finally, the spin-glass sample a-GdAl (Fig. 107¢) clearly exhibits

no spontanecus magnetization, a small value for the initial susceptibility
_(izn_l = 13.7), and the curvature remains positive for all measured
temperatures in the Arrott plot. Thus, the spin glass a-GdAl shows

‘many similarities to the speromagnet a-DyCu.
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E(b) Arrott plot oF a-Gd[3 BZAQO 48

to 7 kOe. The insert is the same plot exiended to 50 kOe.
T/T , where T =23 K. - '

for applied fields up

to 400 Je. The insert is the same plct for 1ntermedlate

fields 500 Ce 5 L 6kle. t = T/Tc’ vhere T = 83 K,

(c) Arrott plot of a-GdAlz for applied Fields up to 48 kCe.

15.75 K.
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It would be particularly interesting to know the magnetic behavior

in systems with small anisotropy DB/J,. The random anisotropy should
destroy ferromagnetic order, 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

af a_Dnydlwx
Fstimating D and J, for different x from high-field magnetization
measurements, they find a dependence of %, on the ratio D/Jy (Fig., 108)
which can be represented by the power law of eg. 103 with the exponent
3.8 + 0.2, in excellent agreement with the result (exponent &) 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, if is not known for the present, whether

Ni (where Ni is nommagnetic) for varicus concentrations x.

the transition to the infinitew-susceptibility phase occurs at D = O

as is theoretically predicted (Aharony and Pytte, 1983) or at D > 0.

Ln (0/J)
0 "O;S -1

Fig. 108: Susceptibility ¥, vs. the ratio 0/J, for é-Dnydl_xNi
alloys. The straight line in the ln-ln plot ‘for D/J, < 0.7
corresponds to eq. 103 with.an ‘exponent 3,8+ 0.2 (From:
Barbara and Dieny, 1985). Lo ;
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Sellmyer and Nafis (1985) have also studied this problem. In a'GdO.TZFeU‘lOGaOolB
they find no spontanecus magnetization and a completely reversible

magnetization below TC. They suggest that their data may be taken

as esvidence for the new CSM-state (Fig. 109) predicted by Chudnovsky

and Serota (1983). The same authors (1986) also analyze ac-%(, data

near T for a—DyO.éﬂFeD.BOBO.lﬂ’ taken in yarious applied fields,

in terms of an Ising-type spin-glass transition, i.e. they deduce

critical exponents g'and § from the behavior of the nenlinear SUSw—

ceptibility (= 2.4; &=2.3).

' { i i T i ¥
220
5? 210
&
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E Gd?2F81060§8
— CSM THEOQRY
200 o EXPERIMENT, T=4.2K _
: 1 i i ! 1 1 L
0 - 20 40 80 80

H(kQe)

Fig. 109: Magnetization M(H) of a"GdD.72FeD,lOGaD.18 at 4.2 K and
~ comparison (solid line) .to CSM prediction (From Sellmyer

- and Nafis, 1985).
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10. Conclusions

opin-glass behavior is an -intrinsic effect of disorder and competifion
of the magnetic interactions (sec. 2). In such materials, several
unusual properties are observed below the temperature Tf, and the
trapsition at TF appears as & complicated freezing process. Aifempis
to interpret this novel phencmenon 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 Edwards and Anderson (1975) (sec. 4.1),
however, is shown by Monte Carlo simulations to reproduce many experi=-
mental findings on spin glasses remarkably well (sec. 4.2). Its mean-field
theory, as realized in the Sherrington-Kirkpatrick (SK)} model (1975)

(sec, 4.3), is now fairly well understood {which has taken about

eight yéars), The solution proposed by Parisi (1980) yields a rich

structure in the ordered phase, described by an infinite number of

pure states related by an ultrametric topology., The onset of irrever-
sibility at TF is asspciated with a phase transition which also holds
in an applied field. The critical H-T line is different for Ising

(AT-line: eq. 15) or Heisenberg spins (GT-line: eq., 27}.

A large amount of experimental data shous the intrinsic feature of
irreversibilities of spin glasses at temperatures below TF (sec, 5.1).
The picture of the "many-valley structure" in phase space (Fig. 15)

is useful to explain the effects phenomenclogically, independent

of whether at Tf an equilibrium transitien occurs. It would be desirable,
however, to have more detailed theoretical work for instance on slowly
relaxing metastable states. The concept of "isotropic anisctropy"

(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 ?f.
is far from being understood (sec. 5.3). In spite of similar observing

a linear specific heat in glasses as well as in spin glasses, they

The nature of low-energy excitations in spin glasses

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) on the
spin glass (uMn 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 existence of

slowly relaxing metastable states,

Most of recent experimental studies on spin glasses are concerned

with the nature of the spin-glass transition at T]C {sec, 6 and 7).

The appearance of very long 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 on various spin glasses, however, provides now fairly
convincing evidence for a phase transition at a nonzero Tf'(sec, 7.3).
An understanding of the complicated spin dynamics near TF’ however,
vhich 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. &.4).
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 vecter-spin glasses with short-range ecuplings or

RKKY eeuplings are in a different universality class, the lover critical
dimension d1 is dI:?B oT dl = 3, respectively. In eantrast, Ising _
spin-glasses have the same critical behavior for both types of couplings
(2 <dl< 3). The authors also ‘show that the critical exponents asseclated
with the I51ng-type transition in anisotropic vector-spin glasses ‘
are always those of the short-range Ising spin-glass. The dependence

of Te on the énisotropy D in.d?3 Heisenberg epin glasses iS'euch o

that ag D=0, T ’90 but so Slowly ‘that for realistic-values of

D/J (% 10"2), the traneltzon temperature is-still. Tf & ) (see also:
~Morris et al., 1986). Thus, ane can reconcile the numerical results

‘with the experimental work, where most of the best-studied spin glasses -
are Heisenberg-type systems, by taking into account a very small E

- anisctropy.
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Much confusion, however, exists about the interpretation of spin-glass

transitions in an applied magnetic field. As reported in sec. 7.2,

" there have been extensive efforts in the comparing of experimental

results with mean-field theory of spin glasses (AT- and GT-lines),

Suwch a comparison has to be done with great coutiousness (see sec.
7.2) as pointed out by Fisher and Sompolinsky (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
oroposed a new picture of the Ising-spin-glass phase in short-range
systems, In striking contrast to the results of the meén—?ield model

(SK), they conclude that there is only one phase in three dimensions:

Bray and Moore (1986) present a theory, based on 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
L) ~ Y. ' (105)

The sign of y determines whether the system scales tc weak or strong
coupling for L=¥ew, i,e, whether d >d {(y»0) or d <‘dl(y<’:G)=

They cbtain y = + 0,19 + 0,01 for d = 3, which again implies a phase
transition at a nenzero temperatureu Then, the exponent y determines
the .decay of correlations in the ordered state which is algebraic
(nar_y) for all T-«-{T-}c.h This result was first suggested by Fisher

and Huse (1986) on the basis of a droplet model. It implies that

the ordered phase is described by a single pure étate, and the short-
range model does not exhibit "replica symmetry breaking", in contrast
to the mean-field model. The exponent y.élso governs the response

to a weak magnetic field, If the ordered phase is replica symmetric
for short-range models, it follous fhat there can be no AT line;

i.e. a magnetic field destrozs the spin-glass transition, This uould
-1mply that experiments only observe ”dynamlc AT-llnes”, at which
relaxation: tlmes become comparable with experimental observatlon

times..
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Summarizing, this rew concept would mean that the ordered state of
real spin glasses is simpler than the complicated structure obtained
from the SK-mean-field theory. Future work will certainly be directed
toward further studies on this central issue of the nature of the

spin-glass phase.

Finally, systems where long-range perigdic (FM, AFM) and spin-glass
orderings compete exhibit magnetic properties which cbviously are

not in accordance with present theories (Fig. 18 and 20). In sec. 8
we made a first attempt to classify the large amount of experimental"
data on this subject which now needs confirmation by theoretical

work beyond the 5K-mean-field theory.
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