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Résumé. — Un modéle de distributions d’états a deux niveaux thermiquement activés qui s’impose sur la base des
relaxations de I'aimantation et de I’énergie qu’on observe expérimentalement, permet sans autre hypothése de
prédire ou de justifier 'essentiel des phénoménes d’hystérésis dans les verres de spin. On distingue les processus
ou la température est variée 4 champ fixe qui conduisent & un état d’équilibre pratique du systéme et les processus
isothermes qui conduisent 4 une situation hors équilibre et dont la description met en jeu des lois classiques (lois
de Rayleigh) en fonction d’une variable réduite 7/T ou T comme toute température caractéristique du probléme
-1
est une fonction du temps ¢ de mesure (TG ~ (Ln }t—) ) . Des considérations énergétiques fixent une limite
(]

supérieure 7, au domaine ou ce scaling caractéristique d’une transition vitreuse est valable, ce qui permet de
concilier les résultats apparemment contradictoires qui font état d’'un maximum de la susceptibilit¢ dépendant
de la fréquence dans certains systémes, indépendant de la fréquence dans d’autres. C’est I’existence de distributions
bien caractérisées des états a deux niveaux qui est importante plutét que la description microscopique des objets
eux-mémes cachés derricre le concept d’états a deux niveaux. C’est le désordre qui impose leur caractére aux distri-
butions d’ou la généralité du modéle.

Abstract. — A model of distributions of thermally activated two-level-systems (T.L.S.) which imposes itself on the
basis of the observed relaxations of the magnetization and of the energy, allows, without further assumptions, to
predict or to justify the main features of the hysteresis of spin glasses. We discern the processes where the tempera-
ture is varied at constant field which lead to a quasi equilibrium from the isothermal processes which lead to a
non-equilibrium situation whose description involves classical laws (Rayleigh’s laws) in terms of a reduced tem-
perature T/T;. T as any characteristic temperature in the problem is a function of the time ¢ of the measurement :

-1
Tg ~ | Ln Ti) . Energetic considerations fix a higher limit T, to the domain where this scaling, characteristic
1]

of a glass transition, is valid, which permits to reconcile the apparently contradictory data which report a frequency
dependent susceptibility maximum in some systems, a frequency independent one in others. It is the existence of
well characterized distributions of T.L.S. which is important rather than the microscopical description of the
objects themselves which are hidden behind the T.L.S. concept. This is the disorder which is responsible for the
character of the distributions hence for the generality of the model.

1. Introduction. — The study of systems of magne-
tic impurities diluted in noble metal matrices has
been a traditional subject of interest in magnetism.
The spin glass problem deals with the study of the
magnetic ordering occurring at low temperatures
between randomly distributed magnetic moments
interacting through the Rudermann-Kittel-Kasuya-
Yoshida interaction. The discovery [1] of a sharp
anomaly (the cusp) in the low field susceptibility at
a temperature T has raised the question of the pos-
sibility of a new type of phase transition [2] and has

(*) Laboratoire propre du C.N.R.S., associ¢ avec I'U.S.M.G.

motivated theoretical interest [3]. At temperatures
lower than Ty, the existence of time dependent effects
in the magnetic properties has been known for a long
time [4] but, although phenomenological descrip-
tions exist [5], difficulties remain at several levels.
In particular the very presence of unusually long
time scales makes problematic the experimental
determination of a fundamental state. Further, it
appears difficult, at the present time, to reconcile
the phenomenological concepts with the patho-
logical variations of the susceptibility at Tz which
are suggestive of a phase transition. From a mere
experimental point of view contradictions appear :
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thus one finds [6, 7] or does not find [8] a time depen-
dence of T4 depending on the system which is studied
or even on the thermal treatment which the system
has experienced [9].

In this paper we will try to clarify some notions
and suppress some contradictions by recalling and
developing phenomenological arguments of general
interest to disordered system with time dependent
properties. We will first justify the use of a model
involving a distribution of thermally activated asym-
metrical double well potentials, then derive the conse-
quencies and illustrate these consequencies with the
results of experiments performed mainly on the
CuMn system. We will show that it is possible to
reach, in practice, the fundamental state by field
cooling the sample, although any modification of the
field at low temperature brings the system out of
equilibrium. Non linearities in field and time depen-
dences of the magnetization as well as their conse-
quencies on the reversible susceptibility will also be
discussed. We will afterwards speculate about the
origin and the nature of the objects hidden behind the
abstraction of the double well potential picture and
show that it is possible to reconcile the proposed
phenomenological description with pathological beha-
viour occurring at a fixed temperature.

2. Justification of a model of double well potentials.
— Remanent magnetization measurements [4, 5] were
the first which showed the time dependent effects
characteristic of the spin glass state. The observation
of relaxation of the magnetization after several
hours (or several days) implies the existence of
unusually large potential barriers which delay the
response of some kind of magnetic objects of moment
M,. The non exponential character of these relaxa-
tions (apparent for example on figure 4) implies,
moreover, a broad distribution P(W) of the values W
of the energy of these barriers. This feature is not
unexpected in a disordered system where no parti-
cular value of W is anticipated. We will therefore
assume a distribution P(W) with little or no depen-
dence on W over a considerable range of energies
limited to some value W_,,,.

Recent measurements [10, 11] have established
that an energy relaxation is always associated with
the magnetization relaxations. This fact, among
others, implies that the barriers W separate levels of
different energies. Let ¢, be the energy splitting.
It is logical to postulate, in a disordered system, the
existence of a distribution P(g,) of the zero field
splittings for the same reasons which justify the exis-
tence of a distribution P(W) i.e. the absence of any
priviledged value of the energy. One is then logically
led to the concept of a distribution of asymmetrical
double well potentials (Fig. 1) for similar reasons
to those that led to the models which have been
proposed to explain the properties of glasses at very
low temperatures [12].
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Fig. 1. — An asymmetrical double well potential is represented
on figure la : W is the height of the barrier, ¢ represents the splitting.
The effective barriers for the system are W, = W + ¢. Figure 15
shows the variations of the relaxation

t t Wt
exp -3 = exp —T—cxp———kT
o

. . t . .
vs. W, in an activated process. W, = kT Ln—t— is, with a good
o
approximation, a cut-off in our problem (i.e.

exp(— -’—) =0 for W< W,
T
? 1 for Wy > W)

if W, > 2 or 3kT (the width of the transition). In CuMn, the
order of magnitude of W, is 25 kT in the usual time scale measu-
rement.

A physical barrier can be crossed either by tun-
nelling or by thermal activation. While the first
process is important in the models considered for
the low temperature properties of glasses, it is easy
to show experimentally that thermal activation is the
phenomenon which governs the relaxations of a

spin glass. The relaxation time in this case is given by
—¢
the Arrhenius law T = 7, exp —7;7-'_0 . The remanent

magnetization of objects of moment M, involves
an integration over the values of W and ¢,. Formally
we will have to integrate relaxations of the form

M, exp -—% over the distributions of W and e,.
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The consideration of the variations of

S
W_ 80
Fo OXP T

exp —

in terms of W shows that in practice and to a very
good approximation (see Fig. 1b) :

exp —

t =0for W—¢, < W,
{ ° )

W_80 =1f01‘W—80>Wc
ToSXP T

(where W, =kTLn —E—) and it is therefore pos-
0

sible to put exp — % = 1 in the integration provided

it is restricted to the values W > W_ + g,. Inasmuch
as P(go) and P(W) do not depend strongly on the
temperature the remanent magnetization (as any
other thermodynamic quantity) will be obtained
after integration over W and ¢,, as a function of the
cut-off W_= kT Lnti. The measurement time ¢
/]
therefore is always associated with the temperature
in such a way that it is possible to observe the same
effects in terms of the temperature at fixed time or
in terms of log ¢ at fixed temperature. This time tem-
perature correspondance is characteristic of the
Arrhenius law and of an activated process. One can
check (Figs. 18 and 19) that it was possible to super-
impose the temperature and the time dependences
of the remanent magnetization of a CuMn 8 at. % in a

unique diagram of the variable AT Ln;c-t— (despite
(1]

the fact that the observed variations which cover
several decades in magnitude depart strongly from a
simple linearity in 7 or Ln ‘-}- . This correspondance
0

allows the characteristic time 7, to be determined.
We have found 1, to be of the order of 1075 in
CuMn for concentrations between 1 and 8 at. %
(see chapter 12).

We are now in possession of a model which allows
us to make non trivial predictions (such as the above
mentioned time-temperature correspondance). This
model is by no means new. In the abstract shape in
which it is presented, it covers descriptions which
have been widely used to describe for example the
plasticity of glasses, rubbers and polymers [13] near
their glass transition or the magnetism of fine par-
ticles (Néel). This generality implies analogies, which
can be checked by experiments between properties
a priori as different as the magnetization of a spin
glass and the extension of a rubber [14]. We will
make use in what follows of the ideas and vocabulary
which were developed by Néel [15], in his descrip-
tion of the properties of small particles (where g, = 0 :
the double well potentials are symmetrical) or in

TWO-LEVEL-SYSTEMS IN SPIN GLASSES...
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his theory of magnetism in the Rayleigh domain
(in this case the model makes use of two independent
random variables and can consequently be identified
with the one we use here).

3. Isothermal processes and field cooling processes.
The (quasi) equilibrium state of the systems. — With
the time entering as a third variable the specification
of the field and the temperature is not sufficient to
determine the magnetization. The hysteresis cycle
exemplifies this indeterminacy. The evolution of the
magnetization within the hysteresis cycle will depend
not only on the time ¢ which is spent on the measure-
ment but also on the thermal path C(H(z), T())
through which the chosen initial state has been
built up.

In other words the future behaviour of the sample
is determined by its history. It is in principle always
possible to express a thermal path as the sum of
elementary paths where the magnetic field is modified
at a constant temperature and where the temperature
is modified at constant field ; such paths, because of
their simplicity, are chosen by the experimentalist.
It is therefore logical to study the isothermal response
to a varying field and the response to a constant field
when the temperature is varied.

In an isothermal process, the argument leading
to equation (1) tells us (see Fig. 1) that a field 4 such
that M, h + ¢, > W — W, is needed to overcome a
barrier W | with W, = kT Lnti . This means that

W]
at low temperature all the energy of the potential
barrier must be supplied by the field.

In contrast, in a field cooling process, the magne-
tization is blocked at a temperature Ty such that

t

W+ e — Myh = kTpLn

The magnetic state of the object (the state in which
it remains when the temperature is further decreased)

M, h —
is then determined by th(%)' The ratio
B

t
M b= e, (Mh — 2) xLn =

KTy~ W - M,k + ¢

M, h —
is larger than 1 (and th —STc_T—SO is saturated) as
B

soon as ¢ = Myh — &, is of the order of or larger

than W/Q (where 0= Lnti, Q is of the order
0

of 25 for usual values of # and 1,) : the system has
already chosen its equilibrium state (the lower side
of the two-level-systems) at the blocking temperature.
In other words we only need to provide an energy
My h — &, = W/25 to overcome a barrier W in a
field cooling process (instead of W at low T). With
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our assumptions on the distributions P(e,) and P(W)
therefore, the field cooled magnetization M,(H, T)
cannot differ from the thermodynamic equilibrium
curve by more than 49 (1/Q) of the maximum
deviation which can be obtained in the same field
at temperature 7 (that is 4 9 of the actual width of
the hysteresis cycle at temperature T in field H).
Neglecting this difference we can define M, (H, T)
as a practical determination of the fundamental
state.

4. The field cooled magnetization as the equilibrium
magnetization. Experimental evidence. — Figure 2
shows the magnetization curves obtained for
decreasing fields (starting from 75 kQe) at different
temperatures in CuMn 8 at.%;. At temperatures
below T; = 40 K we observe hysteresis. At very

10 T T T T T T T T

70 mK OB .

M (emu/g)
(3]

60

1
H(kOe)

Fig. 2. — The magnetization of a CuMn 8 at. 9 vs. the field H is
shown at different temperatures. For T > T;(40 K), the magnetiza-
tion does not present any hysteresis. The magnetization curves
represented for T < T were obtained after cooling the sample
in 75 kQe from T > Tgdown to T = 4.2 K (@), 1.5 K (A) and
70 mK (O) and decreasing the field.

low temperatures we also observe in positive fields
the existence of magnetization jumps as reported by
Tournier in AuFe [4). These processes reminiscent
of Barkhausen jumps in ferromagnetics, by which
part of the remanent magnetization is globally
reversed in the magnetic field, call for an interpre-
tation different from the one which we propose here.
Far from the jump, the general behaviour tends to
recover the slower variations that our model attempts
to describe, and obeys rules of general validity for
all spin glasses.

Once a remanent magnetization has been built
up the response of this magnetization to a small
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transverse field or to an inverse field is very system
dependent. In CuMn a very small inverse field H,
is sufficient to reverse completely the remanent
magnetization as a whole. Very small quantities
(a fraction of one at. %) of non magnetic impurities
known to have strong spin orbit coupling are suffi-
cient to increase very strongly the value of H, to the
point of making the magnetization reversal vanish
completely, although the values of the magnetization
are not greatly modified. This macroscopic response
of the remanent magnetization is studied in detail
in another work [16]. Here we are concerned only
with the initial development and the evolution of the
magnetization along the axis of the field (which has
been used to build it up).

The field cooled magnetization (Fig. 3) exhibits
the behaviour expected for an equilibrium magne-
tization : it is single valued and stable. When the
system is pushed out of balance it tends to relax

10 T T T T T T T
CuMnge,
'@ = _
3
E°r i
5 L T=4.2K ]
z T:].GK
~ -
- —
0 ] 1 1 1 1 ] ]
0 20 40 60 H. (kOe)

Fig. 3. — The field cooled magnetization M,(H,) is shown vs. H,
at 1.6 K and 4.2 K. In a field cooling process, the field H, is applied
at T > T;and the temperature is subsequently decreased. M,(H)
is time independent as long as H, stays applied. In CuMn, M,(H)
is not very sensitive to the temperature.

towards the equilibrium curve with liberation of
energy [10, 11]. These properties are illustrated on
figure 4 which shows M,(h, T = 20 K) for a CuMn
8 at. 9. Each point has been obtained by fi€ld cooling
the sample from 7T > 40K (7). M (H, T) has a
normal behaviour. It goes to zero in zero field :
it can be developed in terms of odd powers of the
field and remains time independent as long as the
field stays applied. The application, at low tempe-
ratures, of a field variation AH (however small it
may be) has the effect of creating a non equilibrium
magnetization which always evolves as a function,
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T 1 TIrTrr T T mrrrrr T T T
M(10-2 o/ Mn) M (102 #g/Mn)
Cu-Mnge,
T=20K
L=
34 =
o (c) ~
32+ 4 [
,4: ~
29F r
— (a) T 2
201 -
= ~
q L
K
L | 6t
8 ) )
Tk -
I/
1 1 mereg 1 i TITT | 1
100 1 0

t(mn)

Fig. 4. — Starting from M,(H,) (solid line), small isothermal varia-
tions AH of the field induce magnetization relaxations in the direc-
tionof M,(H, + AH):(a) H, = 0,AH = 1.2kOe, (b)) H, = 1.2kCe,
AH = — 1.2k0e, (¢c) H, = 2.4k0e, AH = — 1.2 kCe. The corres-
ponding pseudologarithmic relaxations are shown vs. time on the
left side of the figure (the origin of time is taken when the field
reaches final value H, + AH).

of time towards the magnetization M,(H + AH)
which represents in principle the equilibrium in the
new field. Notice in figure 3 the pseudologarithmic
dependences which cannot be explained with a unique
relaxation time. We have checked elsewhere [11]
that these magnetization relaxations are always
associated with an energy relaxation from the sample
to the bath, irrespective of the fact that the magnetiza-
tion may increase or decrease.

It seems therefore that there exists for each field
an equilibrium corresponding to a fundamental
state of minimum energy towards which the system
tends to relax at long times. This equilibrium cor-
responds with a good accuracy to the situation which
is reached by field cooling the sample. This, incidental-

M(H, + AHy — AHy) = M, (H,) + j

H,
At finite times we would have :
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ly, is consistent with the fact that no time dependent
anomaly has been so far observed in specific heat
measurements [17], since in this purely thermal proce-
dure the system is always at equilibrium. It implies
conversely that such time effects should be present
if a field is applied or removed at low temperatures.
Let us make it clear however that effects associated
with a purely thermal treatment should become
apparent either at a higher order of sensitivity or

if the coefficient Q = Lnl_i could be made much
(1]

smaller than the usual value of 25. The practical
interest of the curve M,(H) is evident since the know-
ledge of the response at infinite times amounts to the
knowledge of the distribution P(g;). From now on,
we will prefer to deal with the actual experimental
curve M,(h) using only the additional hypothesis
of a distribution P(W) of barrier heights which
determines the evolution of the system in time.

It can be seen in figure 3 that M, (H, T < Tg) in
CuMn 8 at. 9/ depends very little on the temperature.
This behaviour which is shared with most of the arche-
typical spin glasses (AuFe, AuCr, AuMn, AgMn, ...)
at low enough concentrations is, however, not gene-
ral. A rather strong (but always monotonic) tem-
perature dependence is found below T in systems
such as PtCo [18], where a strong exchange enhance-
ment of the lattice is known to exist; precipitations
associated with a tendency to ferromagnetism may
also be responsible for a similar behaviour.

Starting now from a point on the equilibrium
curve M (H,, T) we will consider the isothermal
response to the first application of a field variation
AHy, followed by a decrease of AHy opposite and
smaller than any previous variation, using the data
of M,(H) at equilibrium and assuming a distri-
bution P(W) of barriers to fix the time dependences.
The definitions which we introduce here are important
since the model implies different responses to the first
application and to a subsequent decrease [15]. (The
first application is performed on a system at equili-
brium.)

5. Isothermal application AH; and decrease AHy
of a field. — Starting from M,(H,) the response to
the first application of a field variation AHy followed
by a decrease AHy would be at infinite times :

Hy, + AHg — AHy

MJH)dH = M,(H, + AHg — AHg).  (2)

W, H, + AHp — AHg W, + M, AH
M(H, + AHg — AHR) — M, (H,) =J P(W) de M, H)dH +j P(W)dW x
0 H, W,
H0+AHF—W;7 . Wc+ﬁ,# H0+AHF—(AH,—W:W°>
X f ' MJ(H)dH + J P(W)dw j. ) M)(H)dH 3)
H, W, H0+AHF—W~WC

c

3
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(where we have assumed that we can use some average
value A—lg for the moments of the objects). The first
term is the response of those objects which are at
thermodynamic equilibrium, W being smaller than
W.. The second and the third terms account for the
responses to the increase AHp and to the decrease
AHyg respectively, of those objects for which the
effective barrier W — W, is overcome by the field
variation. If the contribution M, was obtained at dH
with W — W, =0, we would have to provide an

wW—-W.
extra field ———= in the direction of the field varia-

tion in order tog overcome the energy of the barrier
(Fig. 5). Thus we have to add the contributions of all
W such that M,dH + (W — W,)) < M, AHy for
AHg and subtract for AHy(| AHy | < AHp) that of all
objects M,dH — (W — W) > M(AHy — AHy).
Those two relations fix the integration limits on dH
and W in equation (3).

|
Mgb—----- L < -
° ' 7
|
W-W, W W,
e —< Sl —— <5
Mg /, : Mg
1 / | i
I z |
0~ M
| | >
H, Hy dh H
Fig. 5. — Schematic response of a double well potential to an

external field. (W — W) is the value of the effective barrier (at
temperature T') which must be overcomed by the applied field.
The dashed dotted line shows the response to a field transverse to
the anisotropy axis.

In the so-called Rayleigh domain i.e. for excursions
M, AHg < W, — W, we obtain, assuming we
can linearize the variation of M,(H) in the vicinity
of M,(H,),

M(H, + AHg — AHy) — M,(H,) ~

~ A(MHy — AHy) + BAH)? — 3 (AHY? . (4)

[ee]

M(H, + AH) = M,(H, + AH) — J P(W)dWI
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The reversible susceptibility 4 is proportional to

TLnL:
To

A = M{(H,) P(O) kT Ln Ti )
()

in the low temperature limit. The coefficient B of the

quandratic terms is independent of 7 Ln ;t— in the same
V]

limit
B = M)(H,) P(0)/2 M, . (©6)
Notice the classical results [15] known as Rayleigh’s
laws : the response is quadratic in the field variation
(Ist law); the coefficient of the quadratic term is
twice as large during the first application of the field
than in any subsequent decrease (2nd law). An illus-
tration of this behaviour is shown in the figure 6.

M

X(T).H

o

| H
10 kCe

10 0/

o exp. data
Cu-Mnge,
T=42K

Fig. 6. — The magnetization of a CuMn 8 at. % in the Rayleigh
domain at 4.2 K. The deviations to an ideal behaviour (solid line)
noticed in zero field are accounted for by the relaxation of the magne-
tization during the time necessary to increase and decrease the field.

Out of the Rayleigh domain, when M, AHy becomes
larger than the maximum height W, — W, of the
effective barriers the integration has to be extended
over the whole distribution P(W). We have then :

Hy + AH

g, Mi(H) dH ~

MI

~ M,(Ho + AH —J P(W) (KV—;_I—HL) dW). 7

w, g
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The magnetization tends therefore towards a limiting
curve which is obtained by translating the equilibrium
curve along the field axis by the quantity :

O0H = =1.—J P(WYy(W — W)dw. ®)
Ms We

6. Case of a constant density of energy barriers. —
Let us assume

P(W) = P0) = for W < Whax

W tmax

=0 for W > Wu-

This simplification allows us to obtain expressions

which, despite the crudeness of the model, give a

fairly good qualitative description of the phenomena.
Defining :

W, = = kTolnt =M H

P(0) w- MH O

and using reduced units 6 = T/T; and n = H/H,
we have :

a) In the Rayleigh domain ie. for n <1 — 0

, nE Nk
AM(ng — ng) = my < (g — 1g) 6 + 5" (10)

if ng corresponds to the initial increase and ng to the
subsequent decrease of the field and where we have
introduced

dM,(n)
dn

m, = = H, M(H).

b) Beyond the Rayleigh domain (i.e. forn > 1 — 0)
from (8) the limiting curve is obtained by a transla-
tion (1 — 6)?/2 of the equilibrium curve

M) Ma(n + sz-—‘?ﬁ)

These two expressions (10) and (11) allow a simple
description of the behaviour of the magnetization
below the glass temperature T of the system.

an

7. Description of the magnetization. — The equili-
brium curve M,(n) is given by experiment.
a-20?

— The limiting hysteresis cycle M,(n + 5

is obtained by translating M,(1) by =+ 3

along the field axis (Fig. 7).

— By cooling the sample in zero field we start from
an equilibrium point with zero magnetization. The
first application ng of a field then allows, starting
from equilibrium, the ascending branch of the limit-

TWO-LEVEL-SYSTEMS IN SPIN GLASSES...
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M T
M (H=0) -
4 _ -
/MQ
//
SRM / 0=TIT
|/ y
TRM //4[7 )
// /
// V;
1/ / o.M (H=0)
IRM /
/ 7
/ 1
(1-9)2 1 "
2

Fig. 7. — Schematic representation of the predicted behaviour of
the different magnetizations below 7. The limiting hysteresis cycle
is obtained by translating the equilibrium curve M, () by + 4(1—6)®
along the field axis. Starting from M,(), a field variation opposite
and equal to the cooling field n yields the T.R.M. The first magnetiza-
tion curve is obtained by a field variation #, starting from M,(0).
The I.R.M. is the result of a field decrease starting from the first
magnetization curve. Notice the presence of a reversible suscepti-
bility proportional to 6.

ing hysteresis cycle to be reached, for n > 1 — 0,

g
—= ). One
2
thus describes the first magnetization curve. Notice

the presence of a reversible thermodynamic initial

through a Rayleigh parabola m; n,.-<0 +

susceptibility m; 0 | proportional to T Ln %) .
V]

Starting now from the ascending branch, the des-

cending branch of the limiting cycle can be reached

through a Rayleigh parabola m] ng| 6 + %‘3) (for

|nr | < 2(1 — 0)) by decreasing the field.

The agreement with experiment is discussed in
chapter 11. There are two features which the model
fails to describe.

1. It does not account for the presence of a large
reversible susceptibility at 7' = 0.

2. Experimentally the ascending and descending
branches of the hysteresis cycle join in large fields.
They can not be deduced from each other by a simple
translation. We will discuss later the natural inter-
pretations that one can make of these discrepancies.

8. The remanent magnetization. — Particular inte-
rest is attached to the remanent magnetization obtain-
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ed after the applied field has been removed, because
it inevitably affects the results of measurements in
low fields (and the susceptibility).

— The thermoremanent magnetization, T.R.M.
is obtained by cooling in a magnetic field and remov-
ing the field at low temperatures. It is therefore (on
our definitions) the result of a first application #g
equal and opposite to the field in which the sample
has been cooled.
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— The isothermal remanent magnetization
(I.R.M.) is obtained by a retrogression from the first
magnetization curve. Both the T.R. M. and the I.R. M.
saturate to the value S.R.M. where the descending
branch of the limiting hysteresis cycle cuts the magne-
tization axis (Fig. 7).

Inasmuch, therefore, as one can neglect the curva-
tures of M,(n) over the range 0 <7 < 2(1 — 0)
one obtains easily from equations (10) and (11) :

_ 2
S.RM. = m;Q_zli)_ (12)
IRMn=qu—0—%> for n<1-26 (13)
= S.RM for n>1-20
2
ILRM. = rngla- for n<1-6
_ _ 2
— SRM. —m & Z) N for 1—8<n<2-0 (14)
= S.R.M for n=2-20.

The comparison of figure 8 with figures 15 and 19
shows that those predictions are, considering the
roughness of the assumptions, in good agreement with
the experimental results. In particular it is found,
in agreement with experiment, that the remanent
magnetizations are more easily saturated the higher
the temperature. For a given field # < 1 there always
exists a regime in the vicinity of T where 8 + > 1
and the T.R.M. is saturated. Below this regime the
T.R.M. is a linear function of the temperature in
agreement with the experimental results (Fig. 8b).

Notice however that the model does not account
for the occurrence of a maximum in the dependence of
the T.R.M. on the magnetic field n (see Fig. 15 and
previous data from Tholence [4]).

T
]
]
(1002 — o= !
2 |
|
i
1
| 0=TITg
2 TR}A/TG 6,>6,
(-6 — /= > 1 ]
2 ! | l
Yo
/IRM/my |
| [ |
| : !
I | ! =
0 | l i 8] HIHg
0 1-6, -6,  2(1-8,)

a)

(m)

)
a

TRM/m

Fig. 8. — (a) The predicted variation of the 7.R.M. and the L.R. M.
in terms of the reduced field # at fixed values of the reduced tempera-
ture 0. (b) The predicted variations of the T.R.M. vs. 6 for different
values of the reduced field n. For n > 1, the T.R. M. is saturated and
(1 -07
2
T.R.M.islinear in 0 for 8 < 1 — n and reaches the saturated regime
assoonasf > 1 — n.

follows a parabola { S.R.M. = M, . For n < 1, the
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9. Susceptibilities. — By cooling the sample in a
small field n we obtain M, () ~ m; n. When the field
is withdrawn at low temperature we are left with the
T.R.M. in the field n. By definition of the low tempera-
ture reversible susceptibility y.., we have therefore :

T.RM. (n))

wn=mn—TRM =mn(l -
Xeew 1 n .n( )

(15)

from which we get

Xm,zm;(0+g> for 6<1—1n

1 -0 _
_m,(l o for 1-n<6<1.

(16)
One would obtain the same result by defining y,.,
as the first magnetization decreased from the I.R.M.
in the same field. This result is made of two parts.
m,, 0 is the thermodynamic contribution due to those
barriers W < W_ which are at thermal equilibrium
at temperature T in the time of the measurement. The
other contribution, which is anomalous, is due to
those barriers W > W, over which the applied field
can induce transitions. This magnetization, initially
proportional to 52, is responsible for a susceptibility
which is proportional to  for small values of 7.

The figure 9 shows the expected variation of
Xrev()/mi(n) as a function of @ for different values of
between 0 and 1. The increasing curvatures which are
expected for increasing fields account reasonably well
for the experimental observations of for example
Sarkissian et al. [19]. See also on figure 20 our results
on CuMn 8 at. 9. For 7 fixed however small it may
be, there always exists a domain in the vicinity of
Ts where 0 + n > 1 and deviations from linearity
in 0 are observed.

,
Xrey(M) 1 miy(n)
,’\
‘“/
\s
A ,/f\?)
N 4
s 0=TITy
“m=HIHg
)
0
0 1

Fig. 9. — Evolution of the predicted reversible susceptibility vs. the
reduced temperature 6 for increasing values of the reduced field 7.
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We have expressed our data in terms of m.(n),
the susceptibility of the equilibrium magnetization.
Figure 9 represents the actual susceptibility variations
in systems like CuMn (or AuFe,  AgMn, ... at low
concentrations) where m; does not depend too much
on the temperature. We show in figure 10 a and b the
expected behaviours of y,., when m, is given by a
Curie-Weiss and by a Curie law respectively. If, as
in PtCo [18] and other exchange-enhanced or cluster-
enhanced systems, the equilibrium susceptibility evol-
ves from Curie like to Curie-Weiss like behaviour,
the susceptibility maximum can appear at a tempera-
ture T,,, different from T; where the remanences
vanish. Obviously in such cases, T, is a totally
irrelevant quantity.

T T
\ \
\ \
\ \
C . _C
\ ' = M = —
Va= 12 e T
\\ .
\ \ A
\ \
> \
Xrev, Xrev. N
n=0 1=0
! . !
0 1 <] 0 1 <]
a) b)

Fig. 10. — Predicted behaviour of the low field susceptibility
when the equilibrium susceptibility M, follows a Curie-Weiss law
(Fig. a) and a Curie law (Fig. b).

10. Edwards and Anderson’s g parameter. — We
have seen above that the reversible susceptibility can be
%_)Sﬂ_) . This expression
allows to identify in the limit # — O the ratio
T.R.M.(7)/M,(n) with the parameter g(f) which mea-
sures the average < S(r) S(0) > of the correlation of the
magnetization of a site at time ¢ with the value that it
had at time ¢ = 0. Physically this formula implies that
starting from an unmagnetized sample only those
objects for which the correlation has vanished at time ¢,
have acquired their equilibrium magnetization. The
correlated objects on the contrary keep the memory
of the initially unmagnetized state. Thus the T.R.M.
in small fields provides a direct measurement of g(¢)
whose long time limit is the parameter ¢ which Edwards
and Anderson proposed to use as the order parameter
characteristic of an eventual phase transition to a
spin glass phase [2]. With our assumptions (P(W) = P(0)
for W < Wy,,) q(?) depends linearly on the tempera-
ture and vanishes at @ = 1, i.e. at the temperature

expressed as m, (1 —

max

t
Ln—
To

T~ (Fig. 11). In other words ¢(¢) vanishes at
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long times and ¢ = 0. This conclusion is in agreement
with the analysis by Bray and Moore of their Monte
Carlo results [20]. For comparison with the experi-
ments, remember that M,(n) does not include the
reversible contribution y, n which is not accounted
in our model and which will be considered later.

1

n=0

q

1]:25

0
0 1
e
Fig. 11. — Predicted behaviour of the correlation function

g = { S(2).5(0) > vs. the reduced temperature @ for two values of the
reduced field 7.

T T T T
5_M(emulg) Cu-Mng
He = 72.4 ke
® T=100 mK
e T=42K
A vwt=20k 1

Hc=0
o T=100 mK
a T=145K
o T=4.2K

H(kOe)

0 ! I 1 1
0 5 10 15 20 25

Fig. 12. — The magnetizations of a CuMn 8 at. % vs. field at diffe-
rent temperatures below Tg. The dashed curve is the equilibrium
magnetization shown in figure 3. The first magnetization curves at
100 mK ([J), 1.45 K (A) and 4.2 K (O) are obtained in increasing
fields, starting from the zero field cooled sample. The descending
branches of the limiting hysteresis curves at 100 mK ( m), 4.2 K (®)
and 20 K (v) are obtained in decreasing fields, starting from the
field cooled magnetization in 72.4 kOe. Notice the impredicted rever-
sible susceptibility at T = 0 (dashed line) and the magnetization
jumps at the lowest temperature.
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11. Qualitative comparison with the experiment.
The equilibrium curve M,(H) being given, figure 12
shows how the first magnetization curve is obtained by
the first application of a field, starting from the point
of zero magnetization. There is indeed an initial term
quadratic in the field variation as shown on figure 13
but the presence of a large reversible susceptibility
Xo is not predicted by the model. By translation
along this reversible magnetization y(T = 0) H, the
equilibrium curve M,(H) can be superposed on the
ascending branch of the limiting cycle (in small and
in moderate fields).

The T.R.M. is obtained, starting from M, (H),
when the field variation is equal and opposite to the
field applied during the cooling process. For large
fields (above the Rayleigh regime) the descending

1 1 1
~ 7
5,14_ Qg-MnB% P ]
E u/
wn ‘3- X —
L v
T2t Q/x/ T=100mK -
=k -
1 1 1 |
0 20

10
H (kOe)
Fig. 13. — The first magnetization curve of a CuMn 8 at. % at
100 mK in a M/H vs. H diagram showing the quadratic Rayleigh

behaviour and the existence of a reversible susceptibility x, at very
low temperature.

I I T I L I 1 I
Cu-Mnge,
.6k -
c
= 4 —
\m
~ )y
= o Hc=72.4 kQe
o Hc =53.1 kOe
.2 aHc =363 kOe ]
® Hc=14.5 kOe
vHe= 2.4 kOe
[ N N I 8|0
2 4 60
0 O koe)

Fig. 14. — The descending branch of the limiting hysteresis cycle
isreached through a Rayleigh parabola starting from different points
of the equilibrium curve M (H) (dashed curve). In small enough
fields, the Rayleigh parabola intersects the magnetization axis and
the thermoremanent magnetization is not saturated.
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branch of the hysteresis cycle is reached (Fig. 14).

The I.R.M. is obtained, starting from the first
magnetization curve with a decrease in field equal and
opposite to the initial increase.

Figure 15 exhibits the experimental behaviour of the
T.R.M. and of the I.R.M. vs. H at different tempera-
tures, and should be compared with the predictions
of figure 8. Notice the unexplained maximum of the
T.R.M.

1.5 —ele/g ' ' -

t=60s

Lu-Mn ge,

H

1 1 1
60k0e

04 1 1 1 ] 1
0 20 40

Fig. 15. — The I.LR.M. and the T.R.M. at 42 K and 1.6 K vs. the
field H in CuMn 8 at. 9. The field was applied during 60 min. The
measurements were performed 60 s after the field was withdrawn.

The temperature dependence of the saturated
remanent magnetization measured at fixed times in
the region of the plateau which follows the T.R.M.
maximum, departs noticeably from the predicted
parabolic behaviour in the vicinity of T (compare
figures 8 and 18) : the hypothesis of a sharp cut-off
at W, is of coutse very bad in this domain.

A better fit is obtained with an exponential law :

T t e
S.RM. ~ S(0) exp — (T In 1:_> = S(0) (—)
0 ]

To
am

between T;/3 and 2 T/3 (Fig. 16) as was noticed pre-
viously [5], [21]. However we observe important devia-
tions from exponential behaviour in both the high
and the low temperature range whatever the concen-
tration (see in particular the figure 17 where data at
several concentrations have been superimposed in a
reduced diagram S.R.M./S(0) vs. T/Tg). The agree-
ment with exponential behaviour is made somewhat
better but still unsatisfactory if the value of the T.R. M.
at its maximum rather than in the subsequent plateau
is used as the determination of the S.R.M. For the
time being therefore we believe that the expression (17)
can be considered only as an ad hoc best fit in a restrict-
ed temperature range. More studies would be neces-
sary to decide about its eventual generalization.

12. Determination of z, : validity of the Arrhénius
law. — We have used the excellent agreement which
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is obtained with an exponential behaviour in the
range Tg/3, 2 Tg/3 to make a determination of the
characteristic time t, which enters in the Arrhenius
law. The parallelism of the straight lines which repre-
sent the variations of Log S-R.M. vs. T Log tat fixed T
and the observed linearity of Ln S.R. M. vs. T (Fig. 16)
are consistent with a unique expression

S.R.M. ~ S(0) exp — (-f- Ln Ti) =
(1] (1]

t —=T/To
= 5(0) (E) [21]

which describes both the time and the temperature
dependences. The value of 7, obtained is 1, ~ 107!,
consistent with other estimates in this and in other
systems.

Even in the high and low temperature ranges where
deviations from the exponential behaviour have
been noticed the same value of t, does lead to a good

.- . t .
superposition of the data in terms of TLnT—l.e.

0o
in terms of the reduced variable 6 = T/Tg
which we have introduced (Fig. 10). This scaling

SRM. ~ f (T Ln;tf- = f(0) implies the validity
(1]

of the Arrhenius law and that we are dealing with
thermally activated processes.

Figure 19, where the evolution of the remanent
magnetizations in different fields is shown vs.

TLn %— , should be compared with figure 8b. Except
(1]

for the previously considered deviations from para-
bolic behaviour the qualitative agreement is good.
In particular a linear dependence of the T.R.M. on

TLnTi is observed in small fields up to the vicinity
0

of T where a saturated regime is always reached
(n+06>1.

We have noticed a deterioration of the above picture
in very small fields. It would then be necessary to
introduce values of 7, much larger than 107! s to
restore the above mentioned time temperature corres-
pondance. Typically we would need 7, ~ 107 s
in the 10 Qe range. Other authors have also observed
the disappearance of any sign of irreversibility if
small enough fields are used [22]. We can comment
within the framework of our model on some other
consequencies of such a change in the characteristic
time 1,. For example we have seen that the error
which was made when identifying the field cooled
magnetization M,(H) with the equilibrium magnetiza-
tion was of the order of 1/Q of the maximum desequi-
librium which could be reached in this field (i.e. the
T.R.M.). With 7, ~ 107 s this error becomes sizea-
ble. We believe it can account for the fact that in
many measurements which have been performed with
Squid techniques in fields of the order of 1 Oe, the
field cooled suscgptibility itself does exhibit a weak

88
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Fig. 16.— The Log of the saturated thermoremanent magnetization
6(T, ) of a CuMn 8 at. % is shown (Fig. a) at different constant
temperatures (left side) vs. T Log ¢ for times ¢ varying from 1 to
100 min. after the field was removed. The right side shows the tem-
perature dependence of Log 0,(7, t = 1 min.). For

Te3 < T<2Ty3,

r
we have (left side) Ln 6,(T, 1) = Log 6,(7, ¢t = 1 min.) — T Ln¢

o
with T, ~ 210 K, and (right side)
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Those results can be condensed in the unique expression :

G = Gp exp(— %Ln-!—()) with 1o~ 1075,
Figures b and ¢ : same results for CuMn 2 at. 9, (T, = 84 K) and
1 at. % (T, =~ 59 K) respectively.
Figure d : the concentration dependence of T, (O) is compared with
the concentration dependences of T, (V : [32], A : [33], O : [34],
m : our work and [35]). T ~ 0.2 T,,.
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Cu

1-cMne ]

t=60s

.01

0011 1 ] 1 1 1 1 1 [
1 .2

T/Te

Fig. 17. — The same data as in figure 16 (for ¢t = 1 min.) are super-
imposed in a unique reduced diagram o,/0, = f(T/T,) including
all three concentrations (8 at. %, 2 at. %, 1 at. %) with o, and T,
defined in figure 16.

1 T T T T T
Cu1_c Mnc
$1.6 K mc=1%
ac=2°%
e C =8%
5 st —
\U’
b“ .4.2 K
L
\ol(‘).SK
6.15 K
sl 20.7K
42K el T 9.24K
®ee LY 31K
0 1 1 1 484 (XX Y|
0 1 2 3 4 5
I, .t
LA

Fig. 18. — The same data as in figure 16 including the time
(1 min. < t < 100 min.) and temperature (T5/25 < T < T) varia-
tions of all three concentrations (8 at. %, 2 at. %, 1 at. %) are shown

. . . T
in a unique reduced diagram o,,/c, vs. A Ln L with 1o ~ 10711 g
0 To

determined as in figure 16.

maximum [23]. This argument suggests a correction
of the form :

M;(H) - Zrev(H)
o

Xea = M,(H) +
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Fig. 19. — The thermoremanent magnetization of CuMn 8 at. 9]

. . . t . .
in different constant fields is shown vs. TLnt— . Notice the linear
o

temperature dependence in the unsaturated regime at low T LntL
(]

values.

which seems of the correct order of magnitude to

make the small structure noticed on M,(H) vanish.

13. Discussion of some discrepancies. — We have
quoted several features which the model fails to
describe. They are :

a) a finite and large reversible susceptibility at
T=0,

b) the presence of a maximum in the 7.R.M.,

¢) indications that t, might become larger in small
fields,

d) the existence of jumps in the magnetization,

e) another major difficulty is associated with the
sharpness of the susceptibility cusps which have been
reported in some cases (not all). The last point e),
to us, is much more important than the others a)-c)
since whatever sharpness which is present in our
description is obviously connected with the unphysical
cut-off which we have assumed for the distribution
P(W) and would vanish with any reasonable assump-
tion on the shape of P(W).

Points a), b), ¢), d), on the contrary could concei-
vably be amended in a more realistic description.
At least the discrepancy would not obviously increase
in an attempt to make the model more realistic as in
the case of ¢).
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Take point a) for example. In order to account for
the additional large initial susceptibility (7 = 0)
we would need to introduce an additional density
of states §'(¢,) the access to which would not be restrict-
ed by an associated distribution P'(W) of energy
barriers. We need

T'e0) _ AT = 0)
6o mh)

to be of the order of unity. This ad hoc modification
to the model is not contradictory with our initial
motivations (see § 2) : we introduced the distribution
P(W) in order to account for the observed large
relaxation times of the magnetization and of the
energy : this does not exclude the presence at the
same time of additional reversible responses of other
or of the same objects. In particular, the square cycle
(shown Fig. 5) traduces the response to a field applied
along the easy axis of the objects. The response trans-
verse to this easy axis is in fact reversible (dash-
dotted line figure 5). In an assembly of objects where
the orientation of the anisotropy axis is presumably
isotropic, the barriers restrict the response associated
with the component of the external field along the
easy directions of the objects. But there exists a rever-
sible response of the same magnitude associated with
the transverse component.

The fact that the model does not account for the
maximum of the T.R.M. (point b)) may be a conse-
quency of the very unsatisfactory assumption which
we made that P(W) and $(s,) are independent from
each other and from the magnetic state of the sample.
It would be tempting to introduce a correction on
W max Proportional to the deformation which has been
applied to the system : W, & Wa.x — @ AM where
AM is the variation of the magnetization starting from
the initial equilibrium situation. Thus in the saturated
regime the remanent magnetization associated with
a larger field would relax faster than a remanent
associated with a smaller field and would appear
smaller at any finite measurement time.

We do not regard the apparent increase of the
magnitude of 7, when very small measurement fields
are used (point ¢)) as the manifestation of an inade-
quacy of the model. Physically 74 ! is related with the
curvature of the potential well and it is expected that
this curvature increases when W increases [15]. Of
course it is reasonable to neglect (as we have done)
the effect of the variations of 7, as compared with
the hudge variations in 7 arising from the large distri-
bution of W since W appears in the exponent of the
Arrhenius law. When moderate or high fields are
used a wide enough range of W is reached and 7,
can reasonably be replaced by its average value.
The small fields however only select those barriers
which are small and which correspond to a large 7,
very different from the average value.

We have stressed from the beginning that this model
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has no ambition in explaining the occurrence of magne-
tic jumps (point d)) in positive fields (Fig. 12) nor in
negative fields as those discussed in reference [16].
Concerning the latter however, provided the inter-
action which is responsible for P(W) and J(e,)
has the rotational symmetry (like the R.K.K.Y.
interaction) the magnetizations which we described
are conserved by rotation. In this case it should be
possible to align at no cost the remanent magnetiza-
tion along any direction of space. The results of
reference [16] clearly show that the small reverse
field which is necessary to abruptly reverse the magne-
tization of a CuMn alloy must be due to the aniso-
tropy associated with the conduction electron spin
flip cross section due to spin orbit coupling. This
cross section is particularly small in CuMn but it can
be modified by orders of magnitude through the
addition of a very small amount of non magnetic

_impurities (such as Au or Pt) with little, if any, influence

on the properties which we have attempted to describe
in this paper.

This shows that the existence (or non existence) of
magnetic jumps is not a characteristic property of the
spin-glass state. On another hand it is clear that the
spin-glass state can be constructed with an interaction
which has the rotational symmetry. This observation
eliminates any explanation which would imply at some
stage the necessity of an anisotropic interaction (such
as the dipolar interaction) to account for the observed
relaxations (i.e. the energy barriers) [25].

14. What do the magnitudes of O, W, and H,_,,
tell us about the objects ? — The main parameters of
the problem are, apart from the additional initial
susceptibility (7 = 0), the width W, of the distri-
bution P(W) of the barrier heights, the associated

field H, and the parameter Q ~ Ln —Tt— through which
0

the experimental time affects the problem. We have
measured 7, ~ 107" s and Q ~ 25. The energy
Wax =~ kT Q is therefore about 25 time larger than
the apparent energy kT through which it manifests
itself in usual measurements (¢t ~ 1 s). This is much
larger than the R.K.K.Y. interaction at the average
interimpurities distance. This has several conse-
quencies. The first, which has been often stressed,
is that the considered objects are large size objects.
Comparing

M H, ~ W ~ QkTg

one gets an estimation of J_M—g ~ 500 pg in CuMn
8 at. 9;, 250 pg in CuMn 1 at. 9 (to be compared with
95 ug obtained from energy relaxation measurements
in AuFe 4 at. 9 [11]).

This large value implies the association of a large
number n of individual moments. This is an important
feature which has to be taken into account in the
microscopical description of the objects. A picture
was proposed by Holtzberg er al. [S] who attempted
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to extend to spin glasses Néel’s ideas on fine anti-
ferromagnetic particles. The suggestion was to attri-
bute the origin of the barriers W to an internal dipolar
energy proportional to the volume of the objects
(called magnetic coulds) ; this volume term is bound
to become larger than the interactions with neighbour-
ing clouds increasing presumably with the surface
of the cloud for some critical size, even if the magnitude
of the R.K.K.Y. is much larger than that of the dipolar
interaction. Although the interclouds interactions were
thus thought to be determinant on the size of a cloud,
their effect was in practice omitted in the description
of the time effects which was subsequently performed.

The model which was in fact used was a model of
symmetrical double well potentials which like equi-
valent superparamagnetic descriptions [24] can
account for neither the energy relaxations nor the
shape of the equilibrium curve M,(H). The model
however succeeded in popularizing the idea of a dis-
tribution of potential barriers and the phenomenolo-
gical discussion of time effects which are associated
to this distribution. We have tried to go a step further
by introducing phenomelogically the interactions
between the objects through the distribution J(eg)
or the equivalent use of the equilibrium magnetiza-
tion M (H).

The main criticism which has been raised against the
clouds model is that the microscopical mechanism
which it proposes for the occurrence of clouds relies
on the dipolar interaction a speculation which, as we
saw, has been ruled out by recent measurements [25,
16]. We escape this criticism because, being less
ambitious, we do not attempt any such description
of the objects. Let us stress however, that whatever
satisfactory it might be to have a static picture of the
objects, the important point in the problem is not
the objects themselves but the distributions and the
fact that a reasonably flar and constant density of
objects can be assumed in the conditions of time,
temperatures and fields which we consider. This
situation is of course automatically realized when the
objects are well characterized material fine particles
such as Néel considered [15]. But we are not restricted
to this description. The deformation of the system
associated with an experiment may well modify the
initial objects, we need only that the new objects
which are defined at each step are again characterized
by the same distributions. Recall that there is a strong
reason for the distributions to remain a white spec-
trum an it is that in an amorphous system no special
value of the energy should be favoured. The additional
requirement upon the constancy of the density pro-
bably implies little less than the presence of some
typical size or correlation length in the problem which
would be reasonably field and temperature indepen-
dent. We believe that in the absence of obvious
geometrical grains in a spin glass such a description
in term of say virtual fine grains would be appro-
priate.
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15. Frequency dependent maximum and frequency
independent cusp. — Nothing in this model would
account for the sharpness of the susceptibility data
which first started the phase transition hypothesis.
Even when, as in this paper, a sharp unphysical cut-off
of the distribution P(W) is assumed at W,,, the
predicted susceptibility is rather unpathological
neither figures 8 nor 9 exhibit the upward curvatures
which have been experimentally reported [1] and
which can be seen on figure 20. Further, T is expect-
ed to be frequency dependent : :

1 _ kQ
TG Wmax
4 T T T | — | p— T T T
-
o 50 Oe
M/H |o 12 kQe
a 4.8 kOe

He
* 50 0e

» 12k0e
» 48k0e|

c

M/H (1074 emulg)

0 1 1 1 | 1 | 1 1 1

1 ] 1
100K T

Fig. 20. — The initial susceptibility of _C_uMn 8 at. 9% vs. temperature
in different constant fields. The equilibrium (field cooled) suscepti-
bility does not show any anomaly. The reversible susceptibility

M. (h) — TRM.(h
JL——A) shows a rounded maximum in increasing

h
fields.

should be a linear function of Ln:¢ as shown on
figure 21, the intercept of the linear variation with
the Ln ¢ axis occurring for Ln 7,. In principle, varia-

T

Fig. 21. — Predicted variations of %— vs. Ln ¢ - }1: ~ -A—-If] is the
proposed high temperature limit of the variations of T (since,
over T, the cohesion of objects having the necessary size to produce
energy barriers as high as W_, cannot be maintained).
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tions of T should be observed over the whole range
between the long time limit (7 = 0), and the short
time limit (Tg = Wpa/k) which would occur for
frequencies of the order of z,.

This picture does agree with some of the experi-
mental data which have been reported in insulators
like EuSr,_.S, or true glasses doped with metallic
impurities [26] or in systems like LaAl,Gd [6] which,
although an f impurity is involved, are obviously to
be classified among the archetypal spin glasses [27].

In low-concentration AgMn in contrast, experi-
ments extended over decades in frequency [8] failed
to show any sizeable frequency dependence, a feature
which has been confirmed in several other systems [28].
In some cases it was possible, through a heat treat-
ment, to induce a frequency dependence in a sample
where no such dependence was present in the initial
quenched state [9].

These contradictions we believe, raise the all impor-
tant question of the validity range of our speculations.
Remember that the experimentally determined values
of W are very large : much larger than the average
magnitude AJ = \/{(J?)> of the R.K.K.Y. inter-
action at the average interimpurities distance. This
prompted us into considering the above discussed
large size objects for which it is not unreasonable to
argue that their rearrangements will involve energies
much larger than AJ. Inasmuch as such objects exist
it is possible to justify a W, ~25 AJ and a T; whose
higher limit is W, /k. It is however obvious that the
model collapses at temperatures of the order of
T, ~ AJ/k when the system becomes paramagnetic
and the R.K.K.Y. interaction is no longer able to
sustain the necessary cohesion of the objects which
are the basis of our model. This temperature T,
sets the higher frontier to the validity range of our
“model.

More precisely, consider an hypothetical alloy
which would be built up with impurities in the same
positions than in the real alloy and where the inter-
action would everywhere be positive and identical
to the modulus of the real interaction. This alloy has
a ferromagnetic transition at T, ~ AJ/k. We may
now construct the associated Mattis alloy by flipping
(when necessary) the spins to their actual orientation
in the real alloy : provided that for each spin we flip,
we flip at the same time all its interactions with the
N — 1 other spins, we conserve a flat model which
still exhibits long range order below T,.. (This alloy
differs from our real alloy by the fact that any closed
loop of bonds contains an even number of antiferro-
magnetic bonds and frustration is absent.) We know
(in particular from numerical experiments) [31] that
this long range order is destroyed by the frustration
effect [30] (and we enter the spin glass state) when a
sufficient fraction of the bonds are flipped to their
actual sign in the real alloy. There must be a qualita-
tive difference between the situation over T, where
the temperature in any case prevents the occurrence
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of long range order and the situation below T, where
the frustration prevents the occurrence of an other-
wise infinite cluster. Only below T, we can speculate
about objects of the required (reasonably temperature
independent) size to justify the magnitude of
Wnax ~ 25 Tg. T, therefore would limit the tempera-
ture range where the glass behaviour characterized
by a scaling in terms of 6 ~ T/Tg (with Tg ~ (In )~ ?)
can be observed. In a similar way, we believe the
fusion temperature of say crystalline silica sets the
higher limit where vitreous silica can be observed
and the Curie temperature of the magnetic material
sets the limit where fine grains behaviour can be
observed in an alloy with this metal.

We have represented in the figures 22, 23 the pre-
dicted variations of the susceptibility (assuming an
equilibrium susceptibility M, given by a Curie-Weiss
law and forgetting about x(7 = 0)) and of the para-
T'fl'M' (h — 0) vs. T at different times

a
and vs. time at different temperatures. We simply
assume in this rough picture that the distribution
P(W) is unaffected up to temperatures of the order of
AJ/k where it suddenly vanishes. We expect a transi-

meter q(f) =

T
|
I
|

X rev

-
1
C

l_ -
I
I
I
T

0 T

Fig. 22. — Schematic representation of the expected features of
the reversible susceptibility vs. temperature for different measure-
ment times. The scaling T/T; (yielding a time dependent maximum)
vanishes at T, where the system becomes paramagnetic.

tion from a glass regime where all the properties scale
with T/Ts (with Tg being frequency dependent) to
a regime where T being larger than T, ~ AJ/k
the transition to the paramagnetic regime occurs at
T, (Fig. 22) with a sudden inversion of the curvature
of the susceptibility. It is remarkable that reasonable
estimations of AJ have been made in the past on the
basis of the temperature of the susceptibility
maximum : this implies that kT, ~ W/Q and AJ
are actually of the same magnitude at the usual fre-
quencies i.e. W, ~ 25AJ. This can be checked
using independent estimations of AJ which can be
made very accurately from the magnetization curve
in the vicinity of its saturation [29]. It is therefore not
unexpected if, depending on the system, W,,/Q
can be found to be slightly larger than AJ (AgMn),
or slightly smaller (LaAl,Gd) for usual values of Q.
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Fig. 23. — Predicted behaviour of the autocorrelation function
q = { S(0) S(z) > vs. time for different temperatures (Fig. @) and vs.
temperature for different measurement times (Fig. b).

This is supported by the fact that when a straight line
is drawn through the experimental data showing the
frequency dependence of T (like in Fig. 21) it very
seldom provides a value of 7, (by extrapolation to the
Log ¢ axis) in agreement with the low temperature
data on the same samples, or even a value which can
be easily justified on physical grounds (z, ~ 1072° s
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in LaAl,Gd vs. 107! 5 from remanent data at low
temperatures). This suggests that this straight line
was incorrectly drawn through data which are already
in the cross-over regime.

16. Conclusions. — We have discussed the conse-
quencies of a model of a distribution of asymmetrical,
thermally activated double well potentials and found
that such a model gives a satisfactory description of
the properties of spin glasses.

Some discrepancies would probably be explained by
a modified model which would use more realistic
distributions and would account more properly for
the correlations. The consideration of the magnitudes
of the characteristic energies which are required,
implies the necessary existence of two regimes
a glassy regime T < T, where the properties can be
expressed in terms of a reduced variable 0 = T/Tg
where T decreases as (Log #)” ! and a regime T > T,
where the system is truly paramagnetic or super-
paramagnetic. It is in the transition towards para-
magnetism that the pathological effects, which even-
tually would need the definition of new phase, occur.

The model which has been used is very general
since it is justified essentially on the basis that the
structural disorder inherent in the system does not
favour a particular value of the energy. This generality
implies similarities between the magnetic properties
of spin glasses and the properties of other disordered
systems (for example the elasticity of rubbers). This
justifies the name spin glass given to this type of
magnetic system and also the application to spin
glasses of a more practical definition which was
established for glasses namely : systems which react
like liquids at long times like solids at short times.
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