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Nonequilibrium dynamics of spin glasses: Examination of the ghost domain scenario
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Extensive experimental and numerical studies of the nonequilibrium dynamics of spin glasses subjected to
temperature or bond perturbations have been performed to investigate chaos and memory effects in selected
spin-glass systems. Temperature shift and cycling experiments were performed on the strongly anisotropic
Ising-like system FgsMng sTiO3 and the weakly anisotropic Heisenberg-like systenilAgat% Mr), while
bond shift and cycling simulations were carried out on a four-dimensional Ising Edwards-Anderson spin glass.
These spin-glass systems display qualitatively the same characteristic features, and the observed memory
phenomena are found to be consistent with predictions from the ghost-domain scenario of the droplet scaling
model.
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I. INTRODUCTION The purpose of this study is to find out how chaos effects

Spin glasse¢SG) have been an active field of research for ¢ reflected on the nonequilibrium dynamics and to which
the last three decades. Experimental and theoretical studi@xtent they are relevant for spin glasses within the available
have revealed an unexpected complexity to a deceivinglyime window. It has been proposed in several recent
simple problem formulatiof3 Many open questions still re- paper®-2¢that the memory effects observed in experiments
main, not the least concerning the nonequilibrium dynamicgan be understood without the concept of temperature chaos,
of the spin-glass phadé. Aging® rejuvenation, and but simply as due to successive freezing of smaller and
memory® are intriguing characteristics of the nonequilib- smaller length scales on cooling, in other words, as the clas-
rium dynamics in spin glasses. Similar features are to &jcal Kovacs effeéf observed in many glassy systems. The
certain extent found also in other glassy systems, such ascperiments and simulations reported in this paper are in-
orientational glassespolymers? strongly interacting nano- spired by and inherit protocols, methods, and ideas from
particle system&}-*>colossal magnetoresistive manganiés, Refs. 20-22 and 28-30. Our approach allows us to distin-
and certain ceramic superconducttrs? guish between the classical Kovacs effect and rejuvenation-

Aging itself can be founq in much simpler systems, suchmemory effects due to temperature chaos.
as standard phase-separating systems. An example is a mix- This article is organized as follows: In Sec. Il we discuss

ture .Of ol and_ vinegar used in salad dre;sing. By Stronglythe consequences of chaotic perturbatigtesnperature or
shaking the mixture the system can be rejuvenated and sIO\S/

growth of equilibrium domains of oil and vinegar is observed :)nd chgngejon ttrr:e nhon(—:qdumbrl.um dyna_mm: of ;plln
afterward. Then the first nontrivial question is what is grow-g asses based on the ghost domain scenario. A Special em-

ing in glassy systems during aging. Moreover the aging 0bphasis is put on hoyv spin glasses that have peen.s.ubjecte.d to
served in spin glasses is very unusual in several respect®, SIrong perturbation gradually recover their original spin
First, the spin-glass system can be strongly rejuvenated by aﬂructgre..A br!ef introduction Fo expgrlments and simula-
extremely weak perturbation, such as a small change of tenflons is given in Sec. lll. Section IV is devoted to results
perature. Second, memory effects can be observed even affgpm detailed temperature-shift —experiments on the
such strong rejuvenation. These two aspects are in sharp cohe sMngsTiO3 and Ag11 at% Mn samples and bond-shift
trast to the aging in simpler systems. In the case of the oilsimulations on the four-dimension@D) Edwards-Anderson
and-vinegar system, one has to shake the mixture strongly t&cA) spin glass. Rejuvenation effects after perturbations of
rejuvenate it and such a strong rejuvenation will completelyvarious strengths are investigated in detail. Section V con-
eliminate memories of the original mixture. cerns one- and two-step temperature cycling experiments on
A natural physical picture for the aging, rejuvenation, andthe Ag11 at% Mn sample as well as bond cyclings on the
memory effects in spin glasses are proposed by the droplébur-dimensional EA model. The interest is the recovery of
picturé®-1° and its recent extension—the ghost domainmemory after various perturbations. In Sec. VI, results from
scenaric®®2? This picture includes concepts, such as agingnew memory experiments on &#n, sTiO5; and Ag11 at%
by domain growth, rejuvenation by chaos with temperatureMn) samples are reported and the influence of cooling and
or bond changes, and memory by ghost domains. heating rate effects are discussed.
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Il. THEORY outcomes of the original droplet theory and experimental and

In this section we present the theoretical basis for oufiumerical resuits.
experimental and numerical studies on the dynamics of spin
glasses and related randomly frustrated systems subjected to
perturbations, such as temperatuf@® shifts/cyclings and In this section we consider al#£dwards-Anderson Ising
bond shifts/cyclings. spin-glass model defined by the Hamiltonian,

One major basis is the prediction of strong rejuvenation _
due to the so-called chaos effects originally found within the H=- <.2 4SS - hz S- (1)

. . i) i
droplet, domain-wall scaling theory due to Bray-Moore and
Fisher-Husé®-1° This theory predicts that spin glasses areThe Ising spinS§ is put on a lattice sité(i=1,...,N) on a
very sensitive to changes in their environments. Even an ind-dimensional(hyperjcubic lattice. The interactiong; are
finitesimal change of temperature or, equivalently, an infini-quenched random variables drawn with equal probability
tesimal change of the bonds will reorganize the spin configuamong 4 with J>0, andh is an external field. In the fol-
ration toward completely different equilibrium states. Thelowing we choose the Boltzmann’s constant tokge 1 for
existence of the anticipated chaos effects in the bulk propesimplicity.
ties of certain glassy systems have been confirmed by some The original form of the droplet theory only concerns
theoretical and numerical studies, e.g., on the Edwarddsing spin glasses, but we assume that essentially the same
Anderson Ising spin-glass models using the Migdal-picture also applies for vector spin glasses. Recently it has
Kadanoff renormalization group methdd?—3® and the been found from a Migdal-Kadanoff renormalization group
mean-field theor$* as well as on directed polymers in ran- analysis, e.g., that vector spin glasses exhibit qualitatively
dom media&® However, numerical simulations on the EA similar but quantitatively much stronger chaos effects than
models on “realistic” lattices, such as the three-dimensionalsing spin glasse®
(3D) cubic lattice, remain inconclusive about the existence of
the temperature-chaos effect due to the lack of computational
powers6-4! Furthermore, the link between the chaos effect
and the rejuvenation effect observed in experiments remains We assume that an equilibrium spin-glass siate” is
to be clarified. It has been argued that the chaos effect, evepresented by itgypical spin configuration specified as
if it exists, may be irrelevant at the length scales accessible’qEA(T)cri(T'j) wherei=1...N. HereT is a temperature below
on experimental time scales so that the mechanism behinthe spin-glass transition temperatufg and 7 represents a
the rejuvenation found in experiments is of a differentgiven set of bonds;;. The parameteqe,(T) is the Edwards-
origin.>25264243|n order to shed light on these intriguing Anderson order parameter, which is 1Tas> 0 and decreases
issues we study in detail the crossover from weakly toby increasingT due to thermal fluctuations. Apart from the
strongly perturbed regimes of the chaos effects followingthermal fluctuations parametrized loy,, the typical spin
recent studies! 303> configuration is represented by thackbonespin configura-

The other major theoretical basis is the ghost domairjon represented by quenched-random variabﬂeg'm},
scenarigi?*which suggests dynamical memory effects thatwhich takes Ising values +1. Furthermore, we assume that
survive under strong rejuvenation due to the chaos effecthe only other possible equilibrium state at the same environ-
This scenario explicitly takes into account the remanence of . (T.7) is T™) whose configuration is given by
a sort of symmetry-breaking field drias left in the spin — .7
configuration of the system by which “memory” is imprinted ~VGea(Mo; o 18
and retrieved dynamically. We carefully investigate the 1N scaling theorf 18 suggje)zsts the chaos effect: the
memory-retrieval process, callégaling of the original do- Packbone spin configuratid; '} changes significantly by
main structuré? which takes a macroscopic time. In previ- slight changes in the environme{T, 7). Our interest in the
ous studies, the importance of this process has not receivédesent paper is to investigate how this effect is reflected on
enough attention. A traditional interpretation of the memorythe dynamics. Let us consider two sets of different environ-
phenomena was based ohierarchical phase space MmentsA=(T,J) andB=(T',J’), which are specified from
pictures* In the ghost domain scenario there is no need fotthe following:
such built-in, static phase space structures. Some predictions (i) Temperature change. The temperature-change simply
of the ghost domain scenario are also markedly differenmeansT’=T+AT with aninfinitesimalAT and 7=7".
from conventionafeal spacepictures including earlier phe- (i) Bond change. The set of bondg is created from7
nomenological theory, such as that of Koper and Hilférst by changing thesign of an infinitesimalfraction p of J ran-
and otherg542which do not account for the role of the rem- domly while T=T". As noted in Ref. 37 this amounts to a
anent bias. perturbation of strengtihJ~ Jvp.

It should be remarked that some basic assumptions of the The relative differences between the backbone spin con-
droplet picture are debated and alternative pictures have bedigurations may be detected by introducing tbeal overlap
proposed, which include proposals of anomalously low- OPB= JALB

- : . C=ola?, (2
energy excitations with an apparent stiffness exponent ! o
6=026-48 However, in the present paper we concentrate owhich takes Ising +1 values. In Fig. 1, a schematic picture of
working out detailed comparisons between the theoreticathe configuration of the local overla{m)iAB} is shown. The

A. Edwards-Anderson model

B. Overlaps between equilibrium states
of different environments
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into accounttypical aspects of the chaos effect. Let us
present an improved discussion on how the bulk of the equi-
librium spin-glass state is affected by perturbations on vari-
ous length scales. It will lead us to find a crossover from a
weakly perturbed regime €L, to astrongly perturbed re-
gime > L. For simplicity, let us decompose a block of
size L, into smaller subblocks of linear size,=Ly1/2"
with n=1, 2,.... The majority of the subblocks will have a
common value of the local overlap”® (either +1 or -J.
However, there will beminority subblocks, which have the
opposite sign of the overlap with respect to the majority. The
probability pinor that a subblock belongs to such a minority
group is expected to be a function of the scaled length
=L,/Ly7=2" In the weakly perturbed regimg<1, the
probability scales &&3°

Pminody) * Y4, y<1. (5)

Note thatpinor iS Simply proportional tdAT| or |[AJ| as can

be seen by inserting E3) or (4) into Eq.(5). The presence

of the minority phase is due to marginal droplets with van-

ishingly small free-energy gap, which easily responds to

perturbationg!3%35 For a detailed discussion see Refs. 21
FIG. 1. A schematic picture of the configuration of the local and 35. Note that the probabilityyi,o(y) increases with in-

overlap O*® between the equilibrium stafe, andI's. The black  creasing lengtty) and saturates to 1 gs— 1.

and white represents =1 values of the local overlap. As a first ap-

proximation, the configuration of the local overlap can be described C. Relaxation in a fixed working environment

as a collection of “blocks” of linear size of the overlap lendithy

within which the sign of the overlap is biased to posit{iack) or

negative(white). However, there are minorities within the blocks

that have the opposite sign of those of the majorities.

Consider aging in a given working environmert
=(T,,Jp) after a rapid temperature quench from above the
spin-glass transition temperatufg down to a working tem-
peratureT, below T,. We suppose that aging can be under-
) . stood in terms ofdomain growth Let us start by giving a
spatial pattern of the local overlap can be decomposed intgenera| definition of alomain First, we average out short-
blocks The value of the local overlap® is essentiallyuni-  ime thermal fluctuations on the temporal spin configuration

form_(either +1 or —1 within a given block while the values S(t). Then the spin configuration at tintemay be repre-
on different blocks are completely uncorrelated. The correla-Senteol bY\f'mS(t)- Heresi(t) is an Ising variable that

:Ir?en lg%%t]so}(ég?rézcidn%\;equiﬁ:\; T'Cig Iscg?lic:y?kfgéj;ze of represents a coarse-grained temporal spin configuration. Sec-
’ b P ond, we project this spatiotemporal spin configuration onto

6,17
lengtft® 7 betweenl’, and I's. In the case of temperature any desired reference equilibrium stéigat an environment
changes, the overlap length is given by R=(Tr, Jw)
- R:JR/)

s(T)|AT|\ "¢ ~
L=t SOET) @ SO ©

] Now we define adomainwith respect to the general refer-
where Lo, Y(T), and {(>0) are the unit length scale, the ence statd. It has the following two essential properties:
stiffness constant, and the chaos exponent, respectively. The , A domain belonging td's (or FR) is a local region in
factor s(T) describes the temperature dependence of th?ne space within which thsign of the projectiorﬁR is biased
droplet entropy® For the case of bond perturbations, theé

| | h iated with bond bati 0 either positive or negative. The spatial variation of the
overlap length associated with a bond perturbation ok of the bias defines the geometrical organization of do-
strengthAJ is expected to scale as

mains, i.e., domain wall configuration.
Ly, = Lo(|AJ)/3)"2¢ (4) » Theamplitude of the bia# the interior of a domain is
_ the order parametedefined as
with®” |AJ| ~ J\p. Note that the chaos exponehis expected
to be the same for both temperature and bond chaos. We (D) =
emphasize that a strong bond-chaos effect induced by an

infinitesimalchange of the bonds is as nontrivial as the tem- ) ) ) )
perature chaos effect. It should be noted that such a sensitiy¥here Vg is the number of spins belonging to the domain.

response to a perturbation does not happen in nonfrustratdd'® amplitude of the bias an_b? smaller than 1, indicating
systems, such as simple ferromagnets. that the interior of the domain is “ghostlikésee Fig. 2

The above picture is the simplest one, which only takesTo avoid confusion, let us note that the order parameter de-

L > T, )

NR i e adomainofl'g
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FIG. 2. (Color onling An illustration of the evolution of ghost domains in a “perturbation-healing” protocol at large length scales. The
above pictures are generated by an artificial simulation: Monte Carlo simulation is performed on a set of Ising spins on a square lattice by
cycling the working Hamiltonian given by Mattis models whose ground states are exactly giveéhand o® (see Ref. 51 for the detajls
The different colors represent the sign + and - of the projecﬁﬁ(tﬁs (top figure$ and”gB(t) (bottom figureg at the end of initial aging state
of durationt,, at the end of the perturbation stage of duratigiand after timer;, in the healing stage. Here the backbone spin configuration
of the target equilibrium states® and o® are completely unrelated random configurations so that the local o@ﬁ%p&’*(t)?(t):o-’*oB
[see Eq.(8)] is a completely random configuration: the overlap length is just 1 in the unit lattice. The remanent bias at the end of the
perturbation stage is found &keft) pem~0.15 and(right) p,em~0.04. In the former the human eyes just barely distinguish the ghost
domains, whereas in the latter the domains have become indistinguishable. In both cases, the strength of the bias incréasemupeo
healing stage(left) p,ec~0.59 and(right) p,ec~0.58.

fined above is different from the EA-order parameigh,  growth of domains belonging tBg (andI'g) up to the over-
which parametrizes the thermal fluctuations on top of thgap |ength. Thus we expect that at environmBrthe typical

backbone spin configuration. o “domain size, which we denote as effective domain size
The natural choice for the reference equilibrium state ig__t), should scale 483°

R=A, i.e., the equilibrium stat€',, of the working environ-
ment A=(Tx,Ja) itself. After timet from the temperature

quench, domains belonging T, andT , will have a certain Ler(t) = LATF(
typical sizeLTA(t). The domain sizd_TA(t) will grow very

slowly by a_lctlvated dynamics. Here the subsciipiis used The scaling functionF(x) reflects the following three re-
to emphasize the temperature dependence of the growth IaV\I/mes as the age of the Svstamincreases:
[see EQ.(A2)]. (The growth law is discussed in detail in 9 9 ystém )

Appendix A) Note in this context that the order parameter tha(r? tﬁeccgvrgﬁfg“f:n;glme‘to\r:eli;gwthsi;?lfﬁergg?nhaﬁqzogs-r
pa [EQ. (7)] within the domains belonging 16, andT 4 takes ar

the maximum value 1 constantly during isothermal aging.
Let us now consider more generally what is happening on
the reference states associated with different environments
during isothermal aging, i.eR# A. As illustrated schemati-
cally in Fig. 3, the domains of the reference states at different

L
7,(1) ) . ©

Lat

Lar-a-riys  Lar=a-tsys

environmentsR# A will grow with time up to the overlap §
length betweed™ andI'R. Concerning this point it is useful %
to note the relation between the projecti@tt) and (1) -
given by
(1) = Of" ), (8)
0 | |

which immediately follows from Eq(6). Here O*R is the
overlap between the equilibrium stdig and 'y defined in
Eq. (2). The spatial pattern of overlap’*® is roughly uni-
form over the length scale of the overlap Ie'ngﬂ} petween ture profiles of the effective domain size around the working tem-
'y and F,}.RE_’:eyond Lam, hOWG‘_’er’ the configuration of the peraturesT, and Tg. The solid and dotted lines represent the effec-
overlapQ;™ is random. Then it follows that the growth of e gomain size «(t) at logarithmically separated timesduring
domains belonging td’s (and I'y) only contributes to the isothermal aging aT, and Tg, respectively.

FIG. 3. (Color onling A schematic illustration of the tempera-
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longing toT', leads to the growth of the domains belongingtion of the order parameter. These defects are progressively

to I'gr such thaﬂ_eﬁ(tw):LTA(tW). This yields eliminated after thd shift andpg approaches the full ampli-
) tude 1. At timet after the shift of environment, such defects
lL”E)F(X) =X (10 smaller thanLy (t) are eliminated, but the larger ones still

remain. Thus, this process finishes once defects as large as
(i) Weakly perturbed regimé\s we discussed in the pre- the domain sizé.. are removed. The time scale needed to
vious subsection, the chaos effect emerges gradually ainish this transient process is given by
length scales shorter than the overlap length. We now want to
determine the first correction term to E40) due to defects LTB(ttrans) = Lest (14)
at the scale of_TA(t). Intuitively, we assume thdt. is ana-

lytic and an even functl(_)n ohT (and_ AJ). We also expect » The order parameter within domains belonging to equi-
that the correction term is an analytic function o [See librium states at other temperaturés Tz evolves as fol-

Eq. (5)], which is proportional tdAT| (and|AJ|). Combining lows. At length scales greater thany__v.r (see Fig. 3
- B

these we find that the first correction term should be . . ;
O(p2,..) leading t&° the domains grown before thEe shift suffer a progressive

reduction of the order parameter. However, the spatial pat-
F(x) =x(1-cx¥), x<1. (12) tern of thesign of the biagemains the same as before the
shift (see Fig. 2 This is a very important point that we
We note that because of defects at length schl@:tTA(t), discuss in detail in Sec. Il E.
the order parameteiz [Eq. (7)] is smaller tharpp=1. Let us also remark that the population of thermally active
(iit) Strongly perturbed regimeThe domains belonging droplets at a certain scale, which is proportional t&/
to I'x can, by aging aA, only grow to the size of the upper (k,T/J)(L/L,)~% cannot follow sudden changes of the work-
boundL 7, yielding Leg(t,) =Lat. This requires ing temperatures, but needs a certain time to be switched off
- s (or switched ol Progressive adjustments of the population
FO9=1, x>1. (12 of thermally active droplets take place on the time stglg,
defined in Eq(14).
In experiments, the progressive elimination of the rema-
) _ ) ) nent defects on domains belonging kg after the shifts
Let us now consider a shift of working environmeft  spoyid give rise to certain excessive contributions to the re-
— B after aging the system in the environmeénfor a time  |axation of the magnetic susceptibility with the duration time
tw. T'g is the reference state because the working environment __given above. The amplitude of the excessive response is
is now B. Just after thel' shift, the sizes of the domail%  expected to be proportional tAT or AJ. This is because
associated with the environmef (at temperaturelg) is  poth the population of the isolated defects due to the chaos
given by the effective domain sizgy(t,) in Eq.(9) (see Fig.  effect in the weakly perturbed reginjeee Eq(5)] and the

3). Thus the spin configuration just after the temperature shifexcessive thermal droplets are proportionalA or AJ.
To— Tg is equivalent to that after usual isothermal aging

done atB for a certain waiting time (after direct tempera- E. Relaxation under cyclings of working environments
ture quench from abové, down to Tg). The effective time
ter, is defined through

thustyane~ terr DECause of Eq(l13).

D. Relaxation after shift of working environments

We are now in position to discuss dynamics under cycling

of working environments, such as temperature cycling. Here
L, (terr) = Lem(tw). (13)  we consider the simplest protocdl) Initial aging stage
_ S _ after a temperature quench from abdygthe system is aged

SinceLel(ty) is limited by the overlap length,y, rejuvena-  for a timet,, within environmentA~(Ty, J,). (i) Perturba-
tion occurs after the temperatuger bond shifts: the system  tion stage a “perturbation” is then applied, and the system is
looks younger(i.e., Ly (ter) <Lt (ty)] than it would have aged for a time,, at the new environmerB—(Tg, Jp). (iii)
been if the aging was fully accumulativi.e., L1 (te)  Healing stage:Finally, the working environment is brought
=L, (tw)]- back to A where the spin structure obtained in the initial

The effective timetys can be determined experimentally aging stage slowly “heals” from the effects of the perturba-
by measuring the ZFC relaxation after temperature and bontion.
shifts (see Sec. 1Y. As in the isothermal casea crossover

occurs between quasiequilibrium and out-of-equilibrium dy- 1. Weakly perturbed regime

namics atlr (t) ~ Ly (ter), whereLr (1) is the length scale Let us focus on what is happening on length scales shorter
on which the system is observed at timafter the tempera- than the overlap length,t during the one-step cycling in-
ture (or bond shift. troduced above. This will be relevant for observations at cor-

Now let us turn our attention to what happens to the am+espondingly short time scales in experiments and simula-
plitude of order parameters within the domains afteshifts.  tions. The effect of the change of working environments
* The order parametegss within domains belonging tbg ~ should be perturbative in the weakly perturbed regime

evolves as follows. Although the system is essentially equili+ <L, as we discuss below.
brated with respect t® up to the effective domain size During the perturbation stage, the growth of domains be-
Lex(ty), it contains some defects that cause a certain redudenging tol'g introduces rare defects of siteon top of the
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domains belonging td’, with a probability proportional to responsible for the memory effect allowed after full rejuve-
(L/Ly7)¢<1 [see Eq.(5)]. Because the probability is low, nation induced by the chaos effect.

these defects are isolated from each other. During the healing In the healing stage, the domains belonging fostart to
stage, these islandlike objects are progressively removed omgow from the unit length scale, all over again. However,
by one from the small ones up to larger ones. Since th¢he initial condition for this healing stage i®t completely
maximum size of such a defect is(t,,), we find that the random, since ghost domains with biagn(tw,) exist. We
removal of the defects will be completed in a time sctﬁ??k thus need to consider domain growth with a slightly biased

given by initial condition2 The bias nowincreaseswith time ag?
LAt = Lg(ty,). (15) ( Lr, (1) )k
t; ~ Prem(tw,) : (18
Here the superscript “weak” indicates that the formula is Predti rem) ~ prent Y2\ Lyt

valid only in the weakly perturbed regime. After this recov- . ) . e
ery time, the original state of the interior of the domainsSince the size of the ghost domain itself is finite, it also

belonging toTs is restored. Finally, let us also note that COntinues to grow during the healing stage. Following Ref.
domain size aA continues to grow during the aging Btand 20 we call the growth of the bias inside a ghost domain

vice-versa within the weakly perturbed regime. during the healing stagner coarseningand the further
growth of the size of the ghost domain itseliiter coarsen-

2. Strongly perturbed regime ing. _
The growth of the bias stops when the bjasder param-

Suppose that the length scales explored during the threégey saturates to the full amplitude. This defines tbeovery
stagesLTA(twl), LTB(tWZ)’ and LTA(t) are all greater than the jme gtrong
overlap lengthd. ,. Then, the strongly perturbed regime of &
the chaos effec{see Sec. Il B which appears at Ie_ngth Pred5HONG o) ~ 1 L(EIO"Y/ L\ ~ pr—elr{]& (19)
scales greater than the overlap lengtly, should come into
play. Figure 2 gives an illustration of how projecticg¥t) ~ Combining this with Eq(17), the relatioR?
and3(t) evolves at length scales greater than the overlap _
length. The unit of length scale is chosen to be the overlap Ly (t5hon (LT (tw)>m

A B 2

length L,7. Thus the pattern of the local overla@*® is L =
AT

(20)

completely random beyond the unit length scale. Lar

In the initial aging stage, the domains belongingI® s ghtained. Here, the superscript “strong” indicates that the
grow up to the sizelr (t,,). The amplitude of the order formyia is valid only in the strongly perturbed regime.

parameter within the domains has the full amplitdlgev- An important remark is that the two exponentsand x

erywhere. . . -
In the perturbation stage, the system is relaxing in theét® generally different. In Ref. 52, a scaling relatiom\

environmentB. Since the spin configuration before the per-=d was found. Only in the special _calssf,_ which happens,
turbation stage is completely random with respecBtbe-  €.9., in the spherical model considered in Ref. 20, the rela-

yond the overlap length,r, the domains belonging t6®  tion Eq. (20) is accidentally simplified toLy,(77ec"

grow independently of the previous aging. In the meantime- Lr_(5). Concerning the exponet, the inequality is pro-

the domains belonging t6 become ghostlike, i.e., they - . _
keep their overall “shape” while their interior beconressy po;ed as Q/Z_sx<q. Cozmblnlng that withh +.=d, a use-
ful inequality is obtained:

due to the growth of domains belonging to the reference stat

B. The remanent strength of the order parametex défined —
in Eq. (7), NN =1. (21

> 3

In Ref. 22, the 4D Ising EA model was studied and it was
= i
N iea domain ofl'p

found that\ ~ 3.2 and\ ~0.8. In this case and also for 3D

systems in general, the recovery time is very latgg"

slowly decays with timet. Here/\/A~[LTA(tW)/Lo]d is the > iveak

number of spins belonging to a domain Iof. After time t The above results are markedly different from what one
from the beginning of the perturbation stage it becod€3, would expect from conventional “real-space” or “phase-
e space” arguments, which neglect the role of bias. If such a
pront) ~ ['—TB(U} 17 mechanism causing a symmetry breaking is absent, the “new
rem

Prem(t) = ) (16)

domains” grown during the healing could often have the
_ wrong sign of bias with respect to the original one leading to
where \ is a dynamical exponent. The crucially important total erasure of memory. In contrast to the hierarchical phase-
point is that the spatial pattern of tiségn of the local bias  space model&: the ghost domain scenario predicts memory
(order parameterwith decreasing amplitude of strength also in the positiveT-cycling (To<Tg) case. Indeed such
prem(t)—is preserved during the perturbation stages. We calexamples are already reporteske Fig. 6 in Ref. 44 and Fig.
this spatial structure ghost domainSuch ghost domains are 3 in Ref. 53.

Lar
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3. Multiplicative rejuvenation effect should be replaced by ,(vt,T). The latter should be

The above considerations for one-step cycling can be exdréater than the overlap lengthr between the equilibrium

tended to multistep cycling cases. At large length scales beStates at two temperatures connected by a continuous tem-
yond the overlap length, some quite counterintuitive predicperature change. Thus, the finiteness of the heating and/or

tions follow due to the multiplicative nature of the noise 00ling rate can significantly reduce the recovery times for

effect?® For example, in aT-cycling Ta(ty,)— Tg(ty,) the memories. , _ _

. To(t,,)— T, the amplitude of the order parameter/ofs Indeegl, it is known from previous experimental st_udles
NE . that cooling and heating rate effects are nonaccumulative and

reduced top,em~ pg X pc in the end of the second perturba- o

. . . that it is only the rate very close to the target temperature that

tion. Here pg and pc represent reductions due to domain

growth atB andC. Thus, the recovery timgi>"9of the order af_fegts the observed isothermal aging behalforlowever,
within this narrow temperature region around the target tem-
parameter oA becomes

perature, heating and cooling rate effects were found to be
Ly (tsron Lt (t,) Lt (t,) MA relevant, but as long as the employed observation time is
Talrec l Tg' ol ~Tc Wy ] (220  made long, even a cooling rate with~O(10™") K/s can be

regarded as a “quench” that allows experimental observa-

Lot L Lar Lar

ions of nonequilibrium dynamical scaling properties of iso-

This tells that sequential short time perturbations can caus&%1 | adi . d h ) o
huge recovery times. Let us note that this multiplicative re-"éfMal aging starting from a random spin configuratioft.

juvenation effect is absent at length scales smaller than tH%n ir!terpretation of this fea}ture would be that the observa-
overlap lengthL,7. At such short length scales, changes oftion times used in the experiments are actually larger than the

temperaturgor bonds only amount to put isolated islandlike €ECtive agetmiy, related to the renormalized overlap length.
defects on the domains, which rarely overlap with each other! Nis remarkable feature is quite different from that of other

The multiplicative effect discussed above is hardly expecte@/@SSy systems gover_neqagy simple thermal slowing down,
within conventional pictures, which do not contain the times!JCh as supercooled I|qu|_ in which the effect of aging at
evolution of the biagorder parameter different temperatures during the heating and/or cooling only

add up accumulatively. It may be argued that the unusual
cooling rateindependencef the dynamics in spin glasses
already in itself supports the relevance of the temperature-
chaos concept.

F. Freezing of aging by slow changes of working environments:
Heating and cooling rate effects

The effect of finite heating and cooling rates is a very
important problem from an experimental point of view. Even
the fastest cooling and heating rates, such as those used in ) )
“temperature quench” experiments, are always extremely The mechanisms and nature of the memory effects involv-
slow compared to the atomic spin flip time,~#%/J  Ing length scales shorter and longer than the overlap length
~1013s. Typically, the maximum experimental heating or are markedly different within the ghost domain scenario. Af-
cooling rate isv~0(107%) K/s andT,~0(10) K (see Ap- ter a change of working enviropments involv!ng only short
pendix B, which in simulations would be equivalent to an length scales, the chaos effect is wepkrturbativg and the
extremely slow heating or cooling rate ofp; System is not rejuvenated. Such nonchapgeturbativeef-
~107%5T,/MCS (Monte Carlo steps Thus, the instanta- fects yield, as discussed in Sec. Il E 1, the trivial recovery
neous changes in the working environments assumed in tHéne given by Eq.(15). This recovery time fits well with
previous sections are very unrealistic, at least experimentallgonventional intuition based on “length scales” or “phase

Nonetheless, we expect that the effect of a finite heatingPace.” Such effects may be understood as classical memory
and/or cooling rate can be taken into account by introducingffects in afixed-energy landscap&nown as Kovacs effects
a characteristic length scalg,,(vr, T). As discussed in Ref. 1N polymer glasse&] which do not accompany a real rejuve-
22, it is natural to expect that the competition between accuP@tion. Itis reasonable to expect that Kovacs effects exist in
mulative and chaoti¢rejuvenation processes during a slow @ broad class of systef®%>%%s far as the chaos effects are
change in working environments, either temperature or bon@PSent or irrelevant. The fixed-energy landscape picture is

changes, results in a sort of freezing of aging, such that th¥lid only at length scales shorter than the overlap length,
effective domain size with respect to the temporal workingWhere defects are approximately independent of each other.

environment becomes a constant in tiog (v, T). This  FOf perturbations involving length scales greater thap,
domain size is expected to decrease when the rate of tHBis picture becomes totally invalid ar_ld th_e scenario outlined
changes increases, e.g., the heating or coolinguatdhe above for the strongly perturbed regime is required.
characteristic length.,,(vt,T) can be seen as m@normal-
ized overlap lengtlin the following senses: [II. INTRODUCTION TO EXPERIMENTS
e The frozen agé, given by L+(tmin) =Lmin(vT,T) Sets AND SIMULATIONS
the minimum time scale for the start of the domain growth
when the target temperatufieis just reached after continu-
ous temperature changes. This effect can be readily seen ex- The nonequilibrium dynamics of two canonical spin
perimentally as we discuss in Secs. IV A and B 2. glasses was investigated using superconducting quantum in-
« The overlap length.,t appearing in Eqsi20) and(22)  terference devicéSQUID) magnetometry. The samples are a

G. Comparisons to the classical Kovacs effect

A. Experiments
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single crystal of FgsMng sTiO3 (Ty=21.3 K), the standard 250
Ising spin-glass/:°® and a polycrystalline sample of the Ag(11 at% Mn)
Heisenberg Agll at% Mn spin glass(Ty=~32.8 K). The 30K
experiments were performed in noncommercial SQUID
magnetometer®, designed for low-field measurements and 2007
optimum temperature contr@gee Appendix B for details
Experimental results for the two samples will be pre-
sented using the following thermal procedures:
(i) In an isothermal aging experiment, the sample is 150+
quenchedcooled as rapidly as possiblEom a temperature
above the transition temperature to the measurement tem-
peratureT,,, in the spin-glass phase. In dc measurements, the
relaxation of the ZFC magnetization is recorded in a small 100 - s
probing field after aging the sample in zero field for a titpe 0 5000 t(s) 10000 15000
at the measurement temperature.

(i) In a T-shift experiment(Sec. IV A) the sample is, FIG. 4. (Color onling The ac susceptibility versus time after a
after a quench, first aged at before measuring the relax- temperature quench. A temperature cycling from 30 K to 28 K and
ation atT,,=T;+AT. back to 30 K is shown as pluses. The solid lines are the isothermal

(i) In a T-cycling experimen{Sec. V A the sample is aging at 28 K and 30 K. After the negatiifeshift from 30 K to 28
first aged afl,, then atT,,+ AT and, subsequently, the relax- K, the system icompletely rejuvenatedtill, after theT cycling it
ation is recorded af,, keeps amemoryof the first aging at 30 Kf=510 mHz.

(iv) In a temperature memory experimé?ft (Sec. V)

the system is cooled from a temperature above the transition, 7. instead of a temperature change. The initial conditions
temperature to the lowest temperature. The cooling is interyre random spin configurations to mimic a direct-temperature
rupted at one or several temperatures in the spin-glass phasgiench(with vr=2) to T<T,. Detailed comparisons of the
The magnetization is subsequently recorded on reheating. effects of bond perturbations and temperature changes allows
_In experimentsi)iii), all temperature changes are madeys to clarify the common mechanism of rejuvenation and
with the maximum cooling ratévc,q~0.05 K/9 or maxi-  memory effects. An important advantage of the numerical
mum heating ratévpes—~ 0.5 K/9). A temperature quench, approach is that the dynamical length sdajét) can be ob-
therefore, refers to a cooling with the maximum cooling rate tgined directly in the simulatiorf&:%3 Details of the model

The magnetic fields employed in the experiments are smalind the simulation methods are given in Appendix C.
enough(h=0.1-1 O¢ to ensure a linear respoif8ef the

system.

To shortly illustrate the rejuvenation and memory phe-
nomena, which are examined in detail in this article, we
show in Fig 4 a negativel-cycling experiment on the A@1 In this section, we present a quantitative study of the re-
at% Mn) sample. The ac susceptibility is measured as funcjuvenation effect usingr-shift experiments and bond-shift
tion of time after a temperature quench. The system is agesimulations.
at 30 K for 3000 s, afterward the temperature is changed to
28 K for 3000 s, and finally, it is changed back to 30 K. The temperature
isothermal aging at 30 K and 28 K are shown as references.

We first notice that the aging at 28 K is the same in the Tg A\

cycling experiment as after a direct quench. Hence, at 28 K,
the system appears unaffected by the previous aging at 30
K—the system iscompletely rejuvenatedt the lower tem-

x(t,0)

IV. REJUVENATION EFFECTS AFTER TEMPERATURE
AND BOND SHIFTS

perature. However, some tinfg,y) after changing the tem- T

perature back to 30 K, the ac signal is the same as if the external field\/ i
aging at 28 K had not taken place; despite the rejuvenation at - :\ ’
28 K the system keepsraemoryof the aging at 30 K. One \ tw

of our major interests is to clarify if the memory recovery a

process with duratiom,.. can be understood in terms of the Iag(time)
ghost domain picturéSec. I).
FIG. 5. (Color onling Schematic representation ofvain T-shift
B. Simulations experiment. In the experiment represented using the thick line
] ] (T, Ty =(T1,Ty), while (T;,T,)=(T,,T;) in the experiment repre-
Standard heat-bath Monte Carlo simulations of the EAsented by the thin line. In ac experimentgl) is also monitored
Ising model (introduced in Sec. 1A on the four-  during the halt aff;. In order to ensure thermal stability &, a
dimensional hypercubic latticéT,=2.Q0)%* were performed  short waiting timet,=3 s is needed before applying the magnetic
following protocols (i)—(ii ), but using a bond changg, field and recording the ZFC relaxatigRef. 64.
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Ag(11 at% Mn)

+ 1,=100,1000, 10000, 30 000 s
1,=100, 1000, 10000 s

4+ t,=100,1000, 10 000, 100 000 &
w

1, =100, 1000, 10000 s

‘ + t,=100,1000, 10 000, 30 000s
"

« t,=100,1000, 10 000s
w

¥

S(t) (arb. units)

i N ) e
s 475" : L )
05/ + st = E =
|AT| = 0.05 K |AT|=0.1K [AT| =0.2K
0
2 + lw=1000,10000,1000008 + iw=10000,1000003 + Iw=1000008
g ‘  t,=100,1000, 10000s « 1,=100,1000,10000s . 1,=100,1000,10000s
2 15 e : FIG. 6. (Color onling Relax-
S T v ation rate versus time after posi-
£ 1 + N tive and negative twinT-shift
- . o measurements. Pluses are positive
& 05 T shifts (T,, T,), while squares are

|aT| = 03K laT| = 0.4 K |AT| = 05K negative T shifts (T,,T1). (@)
10° 10" 10° 10° 10° 10° 10' 10> 10° 10° 10° 10' 10° 10° 10 Ag(ll at% Mn: T,=30-{AT| K
(a) t (S) t (S) t (S) andT2—30 K. (b) FQ)_5Mn0_5T|03.
T;=19-/AT|K and T,=19 K.

Fe, sMn, TIO, Note that for eactAt the peak po-

4 ’ sition ty,qy increases witht,, and
w 5 P the maximum inS(t) broadens,
g ‘ﬁ%ﬁf -»-jj‘f_,f— L T, which suggests that these datfa re-
g 5 = flect the weakly perturbed regime
) [AT| = 0.2K [AT|=0.5K of the temperature-chaos effect.
= 1 (See Fig. 11 for the corresponding
@ + 11000, 3000,10000 e saee e data of bond shifts in the 4D EA

- QN =1000, 3000, 10000 s w b= 1000, 3000 s

0 model)

4 t
w0 + -t W‘““W*uw
£ iy
3 1 ="'-*____-h-_+-
g
o [AT|=1.0K IATI=15K
% 1 n tw= 1000, 3000, 10 000 5 + !w= 10 000, 30 000 s

- tW:100.1000,100005 - tw:100,1000,100005

0

10 10" 10° 10° 10*10° 10' 10® 10° 10°
(b) t (s) t(s)

A. Temperature-shift experiments 1. ZFC relaxation after T shifts

In a T-shift experiment, the system is quenched to the ) ) ) )
initial temperatureT,(<T,), where it is aged a certain time _ The relaxation rate after twif-shift experiments are
t,; the temperature is changed to the measurement temperglown in Fig. 6 for the two samples. The effective 4gg)
ture T,,=T;+AT, and ZFC-relaxatioM(t) (or ac susceptibil- Of the system after & shift is determined from the timie,,
ity relaxatior) is recorded. Conjugate experiments with Corrgspondmg to the maximum B{t) (see Appendi B 2 for
and T, being interchanged are callddin T-shift experi- details. The shape of theS(t) curves changes after both
ments(see Fig. 5. negative and positivé shifts; the maximum irg(t) becomes

The effective agét.y) of the SG system &F,,, due to the broader with increasin@\T| (and for a certaifAT| also with
previous aging af;, can be determined either from the maxi- increasing,,). Due to this broadenintje,cbecomes less well
mum in the relaxation rat&(t)=h'dM(t)/dlogt of ZFC  defined and thuky less accurate. A broadening Bft) with
relaxation measuremert$>66or by the amount of time that increasingAT] is observed for both samples, but it should be
an ac susceptibility-relaxation curve measured afteshift, ~ hoted that the temperature shifts employed for the
needs to be shifted to merge with the reference-relaxatiofféy.sMnosTiO3 sample are much larger than those for the
curve measured without & shift11:2441We will here show Ag(11l at% Mn sample. That the data in Fig. 6 shows an
that both ways to derivé,; are consistent, discuss the ex- increase oft,eq With t,, indicates that theAT's are small
perimental limitations that determine the accuracy of the esenough to belong to the weakly perturbed regime, i.e.,
timations, and indicate in which time window the derived L,(t)=Lar. The broadening of the relaxation rate can
effective age gives nontrivial information. Finally, we will hence be explained by the weak chaos effset Sec. Il §;
use the extractetly data to quantitatively analyze the emer- during the aging afl; ghost domains grow at nearby tem-
gence of the chaos effect. peratures up to the overlap length. The interior of these ghost
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—_
[$]

time for thermal stabilization and stabilization of the ac sig-
nal). In a T-shift experimenty”(t) is continuously measured
after the initial temperature quenchTp In the following we
chooset=0 immediately after thd shift to T,

T-shift ac relaxation measurements wWith< T, (positive
T shift) are shown in Figs. @) and &c). For large enough

Ag (11 at% Mn)

h~" dM/din(t)

e \\
T Kk; :
AT =0.05 - N |
L AT=01K ‘*\kht
.

éo's aTZozk AT, the relaxation curves after tlleshifts become identical
® T -30K gégg to the reference isothermal aging curve. Th&/ T, needed

0 m.. . t . ATZ06K to make the aging at the lower temperature negligible is,
(a)1 5 however, much larger for the jgMng sTiO5 sample than for

the Ag11 at% Mn sample. If the time scale of thegé(t)
curves are shifted by the effective time determined from the
corresponding ZFC-relaxation experiments reported before,
they merge with the reference isothernyé(t) curve. This is
true for both samplefsee the insets of Figs(&@ and §c)],
however, a transient part of the curves at short times lies
below the isothermal aging curve.

T-shift ac-susceptibility relaxation measurements with
05 0 X 2 3 4 T,>T,, (negativeT shift) are shown in Figs. ®) and &d).

(b) t(s) For the Ad11 at% Mn sample, theT-shift relaxation curves
lie below the reference isothermal aging curve for small

FIG. 7. (Color onling Relaxation rate versus time after aging |AT|. However for largetAT]| the T-shifted relaxation curves
the Ag1l at% Mn sample at(a) T;=29.95,29.9,29.8,29.7,29.6, lie above the reference curve, and for large-enoudh, the
29.5,29.4 K(b) T;=30.1,30.2,30.3,30.4,30.5,30.6,30.7 K using relaxation curves are identical to the isothermal aging curve
=1000 s andl,=30 K. Dotted lines are ordinary isothermal aging (complete rejuvenation For the FgsMng sTiO5 sample, no
curves witht,,=3 and 1000 s[See Fig. 3 in Ref. 67 for the case of complete rejuvenation can be observed even fof
a CuMn) spin glasg. =-3 K(AT/T4=-0.14, whereas for the Ad1l at% Mn

sample complete rejuvenation is already observed for
domains contain defects or noise and do therefore not havaT|/T,=0.03 on the examined time scales. Shifting the
full amplitude of the order parametfq. (7)]. These defects time scale byt.s, determined from ZFC-relaxation experi-
are progressively eliminated after tAeshift giving rise to  ments, makes th@-shift curve merge with the reference
extra response@ee Sec. Il L Such extra responses are re- curve at long time scales as shown in the insets of the fig-
flected in the ZFC-magnetization measurements as a broadres. At short time scales, a long transient relaxation exists
ening of S(t). during which y”(t) lies above the reference curve.

For the Ag11 at% Mr) sample, if|{AT] is increased even  The transient part of the susceptibilityy” shows non-
further, then the maximum if(t) again becomes narrower, monotonic behavior with increasingT in the case of nega-
as can be seen in Fig. 7, where positive and negdtisieifts  tive T shifts; Ay” initially becomes larger but it eventually
with T,=30 K andt,,=1000 s are shown for various values disappears for largAT’'s asts— 0. These two features can
of T;. For larger enoughAT| the peak positiofye,piles up  be observed for the AG1 at% Mn sample in Fig. &) and
aroundtyi,. This tyi[Lmin=L+(tmin)] is the shortest effective complete rejuvenatiot.z=0 andAx”=0) is shown in Fig.
age (domain size in the system after & change, and it 4. However, only the initial increase dfy” can be observed
depends on the cooling and/or heating rate as discussed far the Fg gMng sTiO5 sample in Fig. 8). The nonmono-
Sec. Il F and Appendix B 2. A similar behavior has beentonic behavior oA y” is consistent with the picture presented
observed in a Qn) spin glass, as shown in Fig. 3 of Ref. in Sec. Il D, in the weakly perturbed regime, the excess tran-
67. Thatt,e, Saturates tdy,, indicates thal yt<Lpy,, the  sient responses should be proportionalAfd and the dura-
experimentally accessible timég [or IengthsLTi(tW)] lie in  tion of the transient responsg,,sis roughly the same as the
the strongly perturbed regime. However, since the overlagffective timet.y, while in the strongly perturbed regime
length is “hidden” behind the domains grown during the Ax”— 0 ast.z— 0, which is the limit of complete rejuvena-
T-change, these measurements do not give any direct infotion.
mation about the overlap length.

For the FgsMnysTiO5; sample the strongly chaotic re-
gime could not be observed within the temperature range The previous sections described how to determine the ef-
used in the experiments reported in the present section. Hovfective age(te) of the SG systems after Bshift. The ex-
ever, we expect to see a narrowing 8ft) also for the tracted effective age can now be used to examine if the aging

h~" dm/din(t)

S(t)

3. Nonaccumulative aging

Fe, sMn, <TiO5 sample if|AT| is made large enough. is fully accumulative or not. The advantage of the twin
' ' o _ . T-shift method® is that it allows one to distinguish between
2. ac susceptibility relaxation after T shifts the two cases although the growth law(t) is unknown. By

In an isothermal aging experimeny;(t) is recorded ver- plotting t, (t, or te at T,) versust; (t,, or te at Ty), the sets
sus time immediately after the quen@nly allowing some of data from the positivel shifts and the corresponding
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Ag(11 at% Mn)
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FIG. 8. (Color onling x” versus time measured for positive and negalivhift experiments(a) The Ag11 at% Mr) sample is aged at
T,=29.95,29.9,29.8,29.7,29.6 K fay,=10 000 s before changing the temperatureltz=30 K. (b) It is aged atT;=30.1,30.2,30.3,30.4,
30.5 K for t,=1000 s before changing the temperatureTte=30 K. (c) The Fg sMngsTiO3 sample is aged af;=18.8,18.5,18.0,17.0,
16.0 K for t,=10000 s before changing the temperatureTg=19 K. (d) It is aged atT;=19 K for t,=1000 s before changing the
temperature td,,=18.8,18.5,18.0,17.0,16.0 K. The thick lines are (teferencg isothermal aging curves starting froigp+t=0 andt,,+t
=t,. The insets show”(T,,) versust+tes with te determined from ZFC-relaxation experiments.510 mHz.

negativeT shifts should fall on the same line correspondingac relaxation data measured at different frequencies and tem-
to tzzL}i[LTl(tl)] if the aging is fully accumulative, while peratures are consistent with a logarithmic domain growth
any deviation suggests emergence of rejuvengtiomaccu- law [Eq. (A2)]. The temperatures used in that study include
mulative aging. those in Fig. 6 for the A1 at% Mn sample, but not for the
Plots oft, versust, are shown in Fig. Stk is determined  Fe, sMng sTiO; sample. We therefore restrict the search of
from the twin T-shift ZFC-relaxation experiments shown in temperature chaos to the &g at% Mr) sample.
Fig. 6. For the Agll at% Mr) sample, the line of accumu- For the Ad11 at% M sample, we showed in Ref. 28
lative aging is shown in addition; a logarithmic domain that positive and negative twi shifts can be made
growth law[Eq. (A2)] has been used with parameters takengquivalent by plotting_t (te) versusL(t,). This supports
from previous studie&’* It can be seen for both samples ¢ expectation of the droplet thedfy” that there is a
that the aging is accumulative for small valuessT| while —hique overlap length between a given pair of temperatures.
for Iargg_r|AT| nonaccqmulaﬂye aging is observétie data By scalingLy (to) and Ly (t,) with the overlap length
for positive and negativ& shifts do not any longer fall on —Ly(aAT)/T ey Il dat i ding to differemit. T
the same ling There is, however, a large difference between” o(@ o) all data corresponding to differem, T,
andt, merge on a master curve if §#2.6 (see Fig. 10

the two samples as to how large vaIues|M'|/Tg are re- X X i ) s )
quired to introduce nonaccumulative aging. A similar analy-Th'S master curve is consistent with the scaling ansatz in the

sis of toy after twin T-shift experiments was recently per- Weakly perturbed regimgEgs. (9«11)] as shown in the

formed on the 3D EA Ising modél. Only very weak figure. o _

rejuvenation effects could be observed for the Ising model on ' the limit of strong chaos itis theoretically expected that

the time and length scales accessible by the numerical simdeT,(tef) =Lar [Egs.(9) and(12)] and, hence, that the effec-

lations even for such largaT/T, as 0.3. tive age of the system should only be given by the overlap
lengthL,t and not by the wait time,,. Our study is, how-

ever, strongly limited by the experimental time window. The
upper limit 1#-1C s is set by how long we can wait for our

Is the nonaccumulative aging consistent with temperaturexperiments to finish, while the lower limit,, is set by the
chaos as predicted by the droplet model? In order to answeooling and/or heating rate and the time needed to stabilize
that question we need to transform time scales into lengtthe temperature(see Appendix B 2 For large AT
scales. In other words, we need to know the functional form=0.7 t,c, is saturated td, (corresponding td_,) and,
of the domain growth law. In Ref. 29 it was shown that theobviously, such values df..cannot be used in the scaling

4. Evidence for temperature-chaos
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FIG. 9. (Color onling Relation between,, andte in twin ex-
periments(T4,T,) shown as pluses and,, T;) shown as squares.
(a) For the Adll at% Mrn sample, T;=(30-|AT|) K and T,
=30 K with |AT|=0.05,0.1,0.2,0.3,0.4,0.5 K0.015T). The solid
line indicates fully accumulative aginigy (t;)=Lr,(tp), calculated
assuming logarithmic domain growtfEqg. (A2)]. (b) for the
Fey.sMng sTiO3 sample,T;=(19-|AT|) K and T,=19 K with |AT]

2

10> 10*  10° 10°

time (s) at T,

=0.2,0.5,1.0,1.5 K0.064T,).

plot in Fig. 10.L,t cannot be observed directly in this re-
gime, but the fact that ,1 <L, in and of itself, gives evi-
dence for strong chaos within the experimental titeagth)

window.
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FIG. 10. (Color onling Scaling plot of Lgg with Lt
=Lo(a]AT|/ Ty ¢ with a=6 and 1£=2.6. The fit is due to the
scaling ansatz for the weakly perturbed regifi®. (11)] with c
=0.4. The deviation from accumulative aging is shown in the inset,
and the line is the fit to the scaling ansatz for the weakly perturbed
regime.(See Fig. 12 for the corresponding scaling plot of the data
of bond shifts in the 4D EA modsl.

Finally, we will make some comments on the validity
of the scaling presented in Fig. 10. The quality of the
scaling does not change significantly when altering the val-
ues of the parameters,,=103s, T;=32.8 K, zv=7.2, ¢
=1.2,J=T, andv=1.1 from Ref. 28, with one exception—
symmetry between positive and negativehifts is obtained
only if ¢yv=1.3. Thex andy scale are completely arbitrary.
We have intentionally chosen the constargo that the data
appear to be rather close to the strong chaos regime.

B. Bond-shift simulations

We now present results of bond-shift simulations on the
+J EA model introduced in Sec. Il A. Two sets of bondg
and Jg are prepared as explained in Sec. Il B. Namely, the
set of bonds7; is created from the sef, by changing the
signof a small fractionp of the bonds randomly. The proto-
col of the simulation is the following: a system with a certain
set of bonds7” is aged for a time,,, after which the bonds
are replaced by/®, and the relaxation of the spin autocorre-
lation function

Crrclt+twty) = (UN) X (StWSt+t)), (23

wherei runs over theN Ising spins§ in the system, is
recorded. The brackets..) denote the averages over differ-
ent realizations of initial conditions, thermal noises, and ran-
dom bonds. The subscript “ZFC” is meant to emphasize that
this autocorrelation function is conjugate to the ZFC suscep-
tibility: if the fluctuation dissipation theoren®=DT) holds
[1-Cue(1)](J/T) becomes identical to the ZFC susceptibil-

ity. The relaxation rateS(t) is extracted by computing the
logarithmic derivatives numerically,

S(t) = = dCzec(t + . tw)/log(t). (24)

Usually the ZFC susceptibility is used to obtain the relax-
ation rate. Here, we used the autocorrelation function be-
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cause it has much less statistical fluctuations. We note thdike. This noise is progressively eliminated, starting from the
FDT is well satisfied within what is called the quasiequilib- small defects and giving rise to the excessive response, as
rium regimé® so thatS(t) defined above yields almost the discussed in Sec. Il D. On the other hand, tf@@rowing of
same effective timé.; as obtained from the ZFC suscepti- S(t) at larger p(>0.09 suggests that the overlap length
bility. We remark that the autocorrelation function can belas(p) has become smaller thar(t,) and even approaches
measured experimentally by a noise-measuremerthe minimum length scalé,~1. Thus the excessive re-
technique®® sponse decreases as the effective domain [gize (9)] is

In Fig. 11, we show some data of relaxation rates obtainefeduced with increasing and finally disappears in the
atT/J=1.2 (T/T,=0.6) for bond-shift simulations with wait strongly perturbed regime. Interestingly, this behavior re-

timest,=10%, 1%, 10*, and various strength of the perturba- SEMPIes the results from ouF-shift experiments on the
tionsAv\V]/J~ \B with p in the range of O—%.lﬁ. For rglatively Ag(11 at% Mn sample. There, a considerable narrowing of

small p(<0.09), it can be seen that the peaks in the relax-the peak in(t) occurred for large temperature shiftsT

. . . : =0.6 K (see Fig. J, from which we concluded that the over-
at_lon rateS(t) beco_mebroader_elther by increasing or t,,. lap length had become as small as the lower lim, in-
Simultaneously, with increasing, they become somewhat qced by the finiteness of the heating and/or cooling rate and
suppressed and their positions are slightly shifted to shortehe time required to stabilize a temperature in experiments.
times compared to the peaks of the reference curvepfor | et us turn to a more quantitative analysis similar to that
=0.0[Fig. 1Xa]. At larger p(=0.09), different features can of the temperature perturbation results on®gat% M) in
be noticed. The relaxation ragt) still becomes broader by Fig. 10. We first determine the effective tintg; from the
increasingt,, but tends to saturate to some limiting curve. peak positiort,e,,of S(t) (see Ref. 70 for detai)sThen the
By increasing the strength of perturbatipriurther, not only  effective domain size is obtained asz=L(ts¢), using the
the peak position of(t) is shifted to shorter times, but the data of the dynamical lengthy(t) obtained in Refs. 63 and
shape ofS(t) again becomesarrower. Remarkably, these 69 to convert time scales to length scalsse Fig. 24 The
features are very similar to experimental data wh&feis  overlap length was calculated fromAJ(p)/LO:O.l\fB‘l’g
varied. The effects of temperature perturbations shown infgq. (4)] assuming the chaos exponent to £e0.9. The
Fig. 6 showed considerable broadeningSaf) while Fig. 7 value of the chaos exponeitof the present 4D EA lIsing
showed narrowing of(t). model reported in earlier works varies as 0(&ef. 37 and

The results can be qualitatively interpreted according tal.3 (Refs. 7). Here we assumé=0.9, but small variations
the picture presented in Sec. Il D. We know that the dynamiof the chaos exponent do not significantly affect the results
cal length scalet+(t) do not vary much within the feasible reported below.
range of time scalet, (see Fig. 24 while the overlap length We are now in position to examine the theory presented in
Lay(p) = Vp~ ¥ given in Eq.(4) varies appreciably with the Secs. Il C and Il D. Equatio(®) suggests that all data should
strength of the perturbatiop. The saturation of thé, de-  collapse onto a master curve by plottihgy/L,;(p) versus
pendence can be interpreted to show that with large enpughL+(t,)/LA;(p). Figure 12 shows the resulting scaling plot.
the strongly perturbed regime of the chaos effect enters th&he scaling works perfectly well, including all data from the
numerical timglength window. Thebroadeningof S(t) sug-  two different temperature§/J=1.2 and 0.8 atp<0.05,
gests that the order paramef&q. (7)] does not have its full which implies that the data collapse on a universal master
amplitude; in other words, the domains are noisy or ghosteurve. A fit according to the scaling ansatz for the weakly
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7 FIG. 13. (Color onling Schematic representation of a one-step
e . . . temperature-cycling experiment according to the prot(i;ﬁﬂtwl)
0 0 05 | 15 5 — Tm*+AT(ty,) — T When returning tol,, a short waiting time,
LT(tw)/LAT tws=3 s is needed before applying the magnetic field and recording

the ZFC relaxation in order to ensure thermal stability. In ac experi-

FIG. 12. (Color onling Test of the scaling ot after bond ~ Ments,x(t) is also recorded during the cycling.
shifts in the 4D EA model. The straight line in the main figure is the
no-chaos limit. The fit is due to the scaling ansatz for the weaklytemperature is subsequently changeditg-AT, where the
perturbed regiméEq. (9)] with L,y(p)=0.1yp* with {=0.9. The  sample is aged for a timg,, (perturbation stageand then
dynamical lengthL+(t) is due to the data obtained in Refs. 63 and {he temperature is put back f, (healing stage After a
69. Thus, there are essentially zero fitting parameters. The correghort wait timet,,s to ensure thermal stability at,, the mag-
tion part to the no-chaos limit is shown in the inset, where thenetic field is switched on and the magnetizatidae(t) is

?tra'ght.“ne 'S th.e power law with exponeny. Bee the Correfc‘pond' recorded, or the ac susceptibility is recorded continuously
ing scaling plot in the case of the temperature-shift experiments on

g during the cycling process.
0,
the Ag11 at% Mn sample shown in Fig. 10. A negative one-stepl-cycling experiment(AT=-2 K)

_ _ measuring the out-of-phase component of the ac susceptibil-
perturbed regimér(t,)/Lo<Lay(p) is @lso shown. The cor- v is shown in Fig. 4. Results of such measurements with
rection partleg/Lss(p)—~L(t)/Lay(p) to the accumulative ¢ =3000 s are shown in Fig. 14. The agingTab+AT has
limit is plotted in the inset. It can be seen that the correctiorbelen cut away in this figure, and only the agingTat is
term is proportional tdLy/(ty)Lay(p)J? with £=0.9, which  ghown 1t can be clearly seen that the aging gt AT intro-
is in perfect agreement with the expected scaling behaviogyces a considerable amount of excessive response, which
for the weakly perturbed regime<L,,(p) [see Eq(1D)]. In increases with increasing,. In the ghost domain scenario,
the above scaling plot we excluded data jpor 0.05 where  {he excessive response is attributed to the introduction of
terr has become too small. As was shown in Fig. )  pgise in the ghost domains by the aging at the temperature
becomesarrowerat these larger values pf which suggests T AT, This yields a reduction of the order parametef:
that the lower limit of the length scaldsy now comes into Eq. (17)] so that the recovery timé,. corresponds to the

play explicitly. The scaling ansatz Eq€®)~(12) shouldnot  time scale at which the order parameter is recovered, and
work in such a regime.

V. TEMPERATURE AND BOND CYCLINGS 250 ‘ v

In this section we will investigate the “memory” that sur-
vives even under strong temperature or bond perturbations.

A. Temperature-cycling experiments

In Sec. IV A we found strong evidence that for the(Aty
at% Mn) sample, our experimental time window lies in the
strongly perturbed regime, i.elLyt<Lni, In the case of
large-enough temperature shift§AT|=1 K). For the .
Fe, sMng sTiO5 sample, on the other hand, the strongly per- 1500 : : -
turbed regime was not reached within the temperature range 0 2000 4000, (3)6000 8000 10000
and time window of our experiments. With this knowledge in
mind, we can, for the A@.1 at% Mr) sample, focus on how FIG. 14. (Color onling x"(t) versus time aff, for experiments
the SGheals after a negativel cycling into the strongly with a negative T cycling of AT=-2 K (T,,+AT=28 K); b,
perturbed regime and make comparisons to the ghost doma#o00 s and,, =30,300,3000,30 000 @ottom to top. The thick
scenario presented in Sec. Il. (black) lines represent the reference isothermal aging,atone of
these curves is shifted a quantity, in time. The inset shows
[X" (1) = Xrei(D ]/ X7ei(t) for the transient part of the susceptibility after

In one-step temperature cycling experimeiste Fig. 13 the T cycling. x"(t) during the all stages of thE cycling are shown
the sample is first cooled ff,, and aged there a tint@l; the  in Fig. 4 fort,,=3000 s.w/2m=510 mHz.

200

¥’ (arb. units)

1. One-step temperature cycling
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= 2 FIG. 15. (Color online ZFC-
"§ 56 relaxation curves[Mze(t) and
g S(t)] obtained after a negativé
85 cycling of AT=-1.5K(Tp,
= 52t =30 K; T,+AT=28.5K); Type

50! I t,,=30,300, 3000, and
_ 30000 s andW2:3000 s; Type Il
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hence, the excessive susceptibility disappégefisEq. (20)].  stood as follows. The aging at the second stage introduces
From Fig. 14, the recovery timeg. are found to be of order strong noise and reduces the amplitude of the order param-
O(10°-10% s. If the T cyclings would have kept the system eter in the ghost domairisy (t,,) grown atT,, during the

in the wealél_y perturbed regime, the recovery times wouldnjtial aging. The system is hence strongly disordered with
becomet;:*=0.04,0.1,0.3,0.9 s fax,,=30,300,3000,30 000 respect to the equilibrium state By, but the original domain

s according to Eq.15) and the growth law EqA2) with the  structure is conserved as a bias effgbie order parameter
same parameters as in Sec. IV A 4. Consistent with the Prés,,>>0). During the third stagehealing stagethe aging
diction in Sec. Il E 2, the observed valuestgf are several - cajled inner-coarsening starts, i.e., new domain growth start-
orders-of-magnitude larger that{-™ However, thet,, de- g from an almost random state although with a weakly
pendence of,.cis weaker than expected from EQO) indi-  pjased initial condition. Hence, when the magnetic field is
cating that corrections to the asymptotic formula are imporsyitched on in the healing stage, the inner-coarsening has
tant on the. experimenta_l length scaléssinally, let us note already proceeded for the tinig;, This is reflected by the
that a similar observation of anomalously large recoveryg peak ofS(t). During the healing stage, the strength of the

times was made in a recent study by Sasskal.”3 . . . s
The 2FC magneizaon hs been measured aernegaufes |S50% L°2S10 % L U ooty pras
one-stepTl cyclings on the A¢gll at% Mr) sample withT,, :

=30 KandAT=-1.5 K. Figure 15 shows the ZFC-relaxation peak of S(t)_ co_rresponds_ to the size of the gh_ost domain
data; Type I: the initial wait timet,, is varied while the Lt (tw,), which itself continues to slowly expand in the heal-
duration of the perturbatioy, =3000 s is fixed. Type II: the NG Stage (outer coarsening Thus, this represents the

initial wait time is fixed tot,, =3000 s while the duration of Memory of the thermal history before the perturbation. An

the perturbatiort,, is varied. Isothermal aging data are a|Soillustration of this noise-imprinting-healing scenario is given
, .

shown in these figures for comparison. As seen in the figureé'? Fig. 2. HOWZYSL’ the increase of the bias is so slow that the
the magnetization always exhibits an enhanced growth rafieCOVery timete:" “of the order parameter can be extremely
at observation times around, after the cycling, and in large as givenin Eq20). Then, the order parame;erwnhm a

addition, a second enhanced growth rate at observation tim@{10st domain may not be recovered fully until the ghost

aroundt,, , which are manifested as two peaks in the relax-domain itself has grown appreciably in the healing stage.
) . . .
ation rateS(t). The peak of(t) aroundt, . can be attributed Probably this explains the fact that the second pea&®fis

to rejuvenation effects, and the peak aroupdto memory greatly suppresse(put not e'rase)dby'mcreasmg the dura-
. . 1 ) tion of the perturbation,, , which also increases the recovery
effects. It can be seen that by increasing the duration of th 2

- ) ﬁme tstrong
perturbationt,,, the height of the second peak 6&ft) at rec

aroundt,, dramatically decreases, but the peak position itself
does not change appreciably. By studying the magnetization
curve and comparing it to the reference curve of isothermal Finally, two-stepT cyclings are studied in order to inves-
aging (with wait timetW:th), it can be appreciated that the tigate the anomalous multiplicative effects of noise antici-
cycling data eventually merges with that of the isothermalpated by the ghost domain pictufgee Sec. Il EB In this
aging curve(although it is outside the time scales of our protocol, an extraT shift is added to the one-step
measuremen}s The time scale of the merging appears totemperature-cycling procedure shown in Fig. 13; the sample
become larger for longer duration of the perturbatipn is cooled toT, where it is aged a wait timg, (initial aging
Within the ghost-domain picture discussed in Sec. Il, thisstagg, subsequently the temperature is shifted Ti=T,,
two-stage enhancement of the relaxation rate can be undetAT, for a timetW2 (first perturbation stagethen shifted to

2. Two-step temperature cycling
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(a) P-two-step-T-cycling  (b) N-two-step-T-cycling Mzec(t) curve is close the one-step cycling with,+AT
Tm Tm Tm m =29 K andt,,, =30 000 s. This may appear surprising, since
T2 m time the total duration of the actual perturbation is otu¥+tw
T2 - :
Il =6000 s.

The anomalously strong rejuvenation effect after the two-

FIG. 16. Schematic illustration a#) positive(T,>Ty) and(b)  step cycling can be understood by the ghost domain picture
negative(T,<T,) two-stepT cycling. as the multiplicative effect of noise given in E@2). One
should, however, take into account the renormalization of the
overlap lengthLyt— Lyin(vT, T) due to finiteness of heating
liand/or cooling rates discussed in Sec. Il F. Naturally, the
; . . . ) atter effect can significantly or even completely hide the
}qnds .Of two.-stepT-cycImg' gxperlmentiwnh Tl'T2<Tm.)’ multiplicative nature of the noise introduction, as appears to
involving elther a positive (T,>T,) or a negative have happened in a previous stdéylo reduce such “dis-
(T<<Ty) T-shift betweenT, and T,. turbing” effects as much as possible, one should use fast-

In Fig. 17, a set of data using the two-step temperatureanoygh heating and cooling rates. It should also be recalled
cycling protocol withT,=30 K andt,, =t,,=t,,=3000 s are  {hat in the present experiments, the heating is almost 10
shown, together with reference data for one-step cycling eximes faster than cooling, which implies that the renormal-
periments and isothermal aging experiment3 atit can be  jzed overlap length.,(v7, T) is larger for cooling than for
seen that the data of thél-two-step experiment With heating. This may explain the apparent asymmetry of the
(T1,T2)=(29 K, 27 K) is slightly more rejuvenated than the pegative and positive two-step cyclings in Fig. 17. The
corresponding one-step cycling with,+AT=29 K andt,,  weaker rejuvenation effect observed in tR@wo-step mea-
=3000 s, while the data of the-two-step experiment with  surementT;,T,)=(27 K, 29 K) compared with(28 K, 29 K)
(T1,T2)=(27 K,29 K) is much more rejuvenated. Further- can simply be attributed to the temperature dependence of
more, the data of thé-two-step experiment witlfT;,T,)  the domain growth law EqA2).
=(28 K,29 K) is strikingly more rejuvenated, so that the

T,=Ty+AT, for a timet,,, (second perturbation stageand
finally, changed back td,, (healing stagewhereMgc(1) is
recorded. As illustrated in Fig. 16 one can make two differen

B. Bond-cycling simulations

«+ isothermal a]gi ng
A

B0~ oo sepiar -1 47— 200008 —— 1. One-step bond cycling
5g - b e s W For a one-step bond-cycling simulation on thé EA
¢ N-two-step: (29K,27K) . . . .
w model, we prepare two sets of realizations of interaction
€ 56 bonds 7 and 7® as before. The set of bond§; is created
S5y from J, by changing thesign of a small fractionp of the
= latter randomly. In order to work in the strongly perturbed
= 52 regime we choosp=0.2, since the analysis in the previous
50 section(see Fig. 12ensures that almost the whole time win-
dow of the simulations lies well within the strongly per-
15 turbed regime withp=0.2. We also made simulations with
C ae ‘wif?.‘???? the weaker strength of the perturbatips0.05, for which
@ e time scales greater than 3IMCS belongs to the strongly
c 1 N ' 1 perturbed regime as can be seen in Fig. 12 and obtained
g qualitatively the same results, but with larger statistical er-
s rors. The working temperature is fixed T@T;=0.6 through-
=05 out the simulations and the strength of the probing field is
» h/J=0.1, which is small enough to observe linear response
0 within the present time scalé&3.
107" 10° 100 10 10°  10* The procedure of the one-step bond cycling is as follows.

t(s) First, the system is let to evolve undgt for a timetWl at
temperatureT starting from a random-spin configuration.
FIQ. 17. (Color onling ZFC-relaxation curves obtaingd after Then, the bonds are replaced 59’ and the system is let to
negative two-stepT cyclings. Two-stepT-cycling experiments  eyolve another time intervaj,.. Finally, the bonds are put
Tntw,) —Ta(tw) = Talt) = Try With Tp=30 K andty, =tw,=tw, ooy 1o 74 and the system is let to evolve. After a time
=3000 s are shown. A negatve shift in T, —T, is made with ;0 oy tw, @ small magnetic field is switched on and the

T, T»)=(29 K, 27 diamond$, and positive T shifts in T 2 . .
(JTZ Z)aré ade va)ith( T, TZ):%ZS K zg K (circles, (T, T; growth of the magnetization is measured to obtain the ZFC

=(27 K, 29 K) (pulses. The isothermal aging with, =3 and 3000 s  Susceptibility

(dotted line$ at T,,=30 K and one-stepl-cycling experiments _

Toltu) = Tt AT(t) = Ty With  Tpp=30 K, T+ AT=29 K t,, xzrc(t) = (/) (11 N)Ei: (S(t+ty, +ty, +ty)) (25
=3000 and 30 000 glashed linesare shown for comparisoliSee

Fig. 19 for the corresponding data of the two-step bond cycling inwhere t is the time elapsed after the magnetic field is
the 4D EA model. switched on. We also measured the conjugate autocorrelation

174402-16



NONEQUILIBRIUM DYNAMICS OF SPIN GLASSES.. PHYSICAL REVIEW B 70, 174402(2004)

type-1
0.5

T 10° 10! 10 103 10* 10° 100 10! 10 10° 10* 10°

(a) t (MCS) t (MCS)
Type-1 Type-II
@) @)
0.05 ' ' ' ! 0.05 ! ' ' !
10° 10! 10? 10° 10* 10° 10° 10! 10? 10° 10* 10°
(b) t (IMCS) t (MCS)

FIG. 18. (Color onling ZFC susceptibility and the corresponding autocorrelation function in the 4D EA model after bond cyclings. The
filled squared are the data obtained after bond cyclings with Tym—;:t:loz, 10%,10%, 10° MCS (xzrc from top to bottomCyec from bottom
to top), t,,=10, andtw3=lO(MCS); Type I th:lO4 MCS, ty,=10, 40, 160, 640, and 2MCS (xzrc from top to bottomCyec from
bottom to top, andt,, =10 MCS. The solid lines are the reference isothermal aging @tay(t,t,) and(b) Co(t,t,) with t,=t,,_ and the
dotted lines those withN:tW1+tW3. (See Fig. 15 for the corresponding temperature-cycling experiiment.

function to the ZFC susceptibility in the same protocol butthe duration of the perturbatidm,2 is varied while the other
without applying a magnetic field, time scales are fixed. The corresponding data in the case of
temperature cyclings are shown in Fig. 15. In all of the data
Czrc(t) =Clt+ty, +ty, +ty by, +tw, + 1), (260 in Fig. 18, there is a common feature that the ZFC suscepti-
. . bility xzec(t) and the conjugate autocorrelation function
where C(ty,t)=(1/N)2iS(t)S(ty) is the spin autocorrela- ¢, (t) exhibit two-step relaxation processes that can be
tion function. Again, the subscript “ZFC” is used to empha-patyrally understood as the inner and outer coarsening dis-
size that this autocorrelation function is conjugate to the ZFGyssed in Sec. II. In the figures the data of the reference
susceptibility if the FDT holds. We expect both quantities tojsothermal aging without perturbations of the ZFC suscepti-
reflect the inner and outer coarsening discussed in Sec. II, buility x,(t,t,) and the autocorrelation functioBy(t,t,) are
there are also apparent differences. First, the FDT is expectaghown for comparison.
to be violated in the outer-coarsening regifd&econd, the Quite remarkably, the generic features of the behavior of
linear susceptibilityyzrc(t) should have the so-called weak the ZFC susceptibility,ec(t) is the same as in temperature-
long-term memory propertystating that an integral of linear cycling experiments. First, there is an initial growth of the
responses during a finite interval of time finally disappears asusceptibility that appears to be close to the curve of the
later times, whereas the autocorrelation does not have suchreference isothermal aging(t,t,) with wait time t,=t,,.
property. This feature can be naturally understood to be due to the
In Fig. 18, we show a data set labeled “type-l,” where theinner coarsening. Then, there is a crossoveydo,t,) with
initial wait time tw, is varied while the other time scales are wait timetW:tW1+tW3, which can naturally be understood as
fixed. Another data set labeled “type-11" is also shown, wheredue to the outer coarsening.
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Correspondingly, and as expected, the autocorrelation 0.5 . . : .
function Czr(t) exhibits a similar two-step relaxation as
xzec(t). It initially follows the reference curvey(t,t,) of
t,=tw, (inner coarseningand makes a crossover to slower
decay, which depends dg, +t,, (outer coarseningat later
times. This autocorrelation function was studied in bond- ¢
cycling simulations of the spherical and Ising Mattis model
in Ref. 20 with rejuvenation set in by hand, where essentially
the same result as this was obtained. Thus, the present results
support that the same mechanism of memory is at work in

m2=10 w3=10 —=—

the spin-glass model. - . _ m2=80 nw3=80 +--e--s
_ T10° 10! 107 10° 10* 10°
2. Two-step bond cycling (@) 1 (MCS)
- i i - 1 T T T
For the two-step bond cycling, we consider that the pro =10 3=10

cedure*— J8— J°— J" is the same as the one-step bond W2=80 W3=80 +-—amu
cycling except that some tintg,_ is spent a7 before com-
ing back to.7A. The bonds oUi and 78 are prepared as in
the one-step cycling case, i.e., the set of basifiss created
from J* by a perturbation of strengtp. The third set of
bondsJC is created from7® by a perturbation of strengit
Note, that this corresponds to creafe out of 7* by a per-
turbation of strengthp’=2p(1-p). Here, we again us@
=0.2 and thug’=0.32 in order to work in the strongly per-
turbed regime. The temperature is again fixed'td,=0.6
throughout the simulations and the strength of the probing 5 - = - " i
field is h/J=0.1. 10 10 10 10 10 10

In Fig. 19, we show the ZFC susceptibilifgec(t) and the (b) t (MCS)
conjugate autocorrelation functidyg(t) after the two-step FIG. 19. (Color online The relaxation after two-step bond cv-
bond cyclings7*— J°— J°— 7%, Wh'Ch is compared with cling jA—>jE3—>j°—> jA?The target equilibrium state ig cycled ;s
the data of the one-step bond cyclingd— J°— J*. It can JA10F MCS)— 78(t,, MCS)— JC(t,,. MCS)— JA(t MCS). I

be seen that the effect of the two-step perturbations Wwithye fig res the dotted lines are the reference data of one-step bond-

tW_z:thlo MCS is stronger than the one-step pgrturba?iorbycnng JA(10* MCS) — 7C(t,,, MCS) — JAt MCS) with t,, =20,
with t,,=20 MCS. Moreover, two-step perturbations with 40,80,160,320,640 MCS, which vary from bottom to toanand
tWZ:tW3:8O MCS is as strong as the one step-perturbatiorirom top to bottom in(b). (See Fig. 17 for the corresponding two-

0.1

CZFC

with t,,,=640 MCS. step temperature-cycling experiment.
The above result can hardly be understood by a naive
length-scale argument. It resembles the result of the corre- A. ac memory

sponding two-step temperature-cycling experiments dis- Results of ac-susceptibility memory experiments are
cussed in Sec. V A and is consistent with the expectation ighown in Fig. 20; the ac susceptibility is measured on cool-
the ghost domain scenario, which predicts multiplicative efing and on the subsequent reheating. Measurements are made
fects of perturbations in the strongly perturbed regi®ee  both with and without temporary steg at constant tempera-
Eq. (22)]. ture on cooling. In the figurey’(T) is plotted versus tem-
perature for the two samples. It is interesting to note that
even without a temperature stop, we observe differences be-
VI. MEMORY EXPERIMENTS tween Ad11 at% Mr) and Fg:sMnysTiO3 in regard to the
relative levels ofy”(T) measured on cooling and reheating
This section discusses memory experiments that probghe “direction” of measurement is indicated with arrows on
nonequilibrium dynamics under continuous temperaturehe figure. In the case of Agl1l at% Mn, the heating curve
changes and halts, using low-frequency ac susceptibility anlies significantly above the cooling curyexcept close to the
ZFC-magnetization measurements. Such experiments havewest temperatuje Such a behavior can only be explained
become a popular tool for investigations of memory and reby strong rejuvenation processes during the cooling and re-
juvenation effects in various glassy systems, for exampleheating procedure. In the case of,EdnysTiO;, on the
interacting nanoparticle€$, polymer glasse&! and granular  other hand, the susceptibility curve recorded on reheating
superconductor¥. It can, however, be difficult to interpret lies below the corresponding cooling curve, indicating that
the experiments because memory and rejuvenation effecsome equilibration of the system is accumulative in the cool-
are mixed with cooling- and/or heating-rate effects in a non4ing and reheating process. By making one or two temporary
trivial way. stops during the cooling processes, memory dips are intro-
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}“’ 400!} FIG. 21. (Color onling ZFC susceptibility versu3/T; for (a)
= the Ag11 at% Mr) sample andb) the Fg gMng sTiO3 sample. The
ZFC susceptibility is measured after continuous cooffilied sym-
2007 bols) and cooling with a temporary st@gppen symbolsof 3000 s at
T/ T;~0.8 (Ts=27 K for Ag(1l at% Mp and Ts=19 K for
FeygMng sTiO3). The insets show the corresponding difference

plots (“stop curve”—reference curyeand additional results for
3000 s stops made &) T;=24—-31 K and(b) Ts=16-21 K.v¢gg
~0.05 K/s andvg ~0.005.

FIG. 20. (Color onling x” versus temperature with temporary
stops at(a) Ts =30 K and T, =24 K and(b) T, =20 K andT;, ~ a small magnetic field. A reference curve measured using the
=16 K; tg =t =3000 s. These values ofs correspond toT/T; =~ same protocol, but without the stop is also recorded. The
=0.9 and 0.7 for both samples, whéfgis the freezing temperature difference between corresponding reference and single
(Ref. 75. Filled symbols are used to represent the curves measure@emory curves are plotted in the inset, together with results
on cooling, and open symbols the curves measured on heating. Tibtained from similar measurements with stops at some
reference curveswithout stops are shown as lines; the arrows Other temperatures. As seen in the main frames, the curves
indicate the cooling respective of the heating curve. The insets shoorresponding to the single stops lie significantly below their
the difference plots for double-stop experimentpen symbols  reference curves in a limited temperature range around
and associated single-stop experimefites) measured on heating. T¢/Ts. In the associated difference plots, this appears as

(b)

w/2m=510 mHz and® ~ue" ~0.005. “dips” of finite width around the stop temperatures. It has
been argued that such dips directly reflect the memory
. . . . 0
duced in the susceptibility curves on reheating as seen in tHhenomenof:

main frames and illustrated as difference plots in the insets of "€ memory dips appear much broader for the

Fig. 20. These figures illustrate one more marked difference5&sMnNo.sTiIO3 sample than for the Ag1 at% Mn sample.

in the behavior of the two samples: the memory dips are NiS can be seen even more clearly in the double-stop dc-

wider for the FggMny<TiOs than for the Agll at% Mn memory experiments shown in Fig. 22. Twc_) 3000 s sto_ps are

sample. performed atrsl/Tf:O.g andTSZITf:O.YZ during the cooling

to the lowest temperature. The results of the corresponding

single-stop experiments Zgl andT52 are included. For both

systems, the sum of the two single-stop cur¢est shown
ZFC-memory experimerfi3“®will here be used to further here is nearly equal to the double-stop curfeBut, while

elucidate the differences between the two samples. Results @ifr Ag(11 at% Mn the two peaks are well separated, for the

single-stop ZFC memory experiments for the(Aat% Mn  same separation inT/T;, the single-stop curves of

and FgsMngsTiO3 spin glasses are shown in Fig. 21. In Fg,Mn,TiO; overlap, due to the larger width of the

both cases, the sample is cooled in zero magnetic field angiemory dips.

the cooling is temporary stopped &t/T{=0.8 for tg

=3000 s(main framg. HereT; is the freezing temperature of C. Accumulative versus chaotic processes

the ZFC magnetizatioff. The cooling is subsequently re- In the ghost domain picture, the size of domains at a given

sumed, and the ZFC magnetization recorded on reheating t@mperaturel’ can be increased by aging at nearby tempera-

B. ZFC memory
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-0.08 50l
Feo.sMno.sTioa
- Ocy,
& -0.01¢
s
I 002 FIG. 23. (Color onling A schematic illustration of the length
% ' scales explored in the Al at% Mr sample by continuous cool-
ing (and heatingwith temporary halts al, =30 K andT =24 K

—0-086 07 08 09 1 for t,=t,=10"s. The effective domain size grown durlng the
T temporary halts atTg for a time tg is given by Lgg

=Lat7-T, ‘F(LT (te) /L aT=7- Ts\) [Egs.(99<12)]. It is bounded from
above by the overlap lengthar=r- Td- The scaling functiorF(x)

=tanHx)[1-cx%/coshx)] mterpolates between the fit to the

weakly perturbed regiméshown in Fig. 10 and the strongly per-
turbed regime lim_,.. F(x)=1. Here all parameters for the growth
,, w L+(t) [see Fig. 23tand the overlap length,t are the same as in

ec. IV A 4. The continuous cooling and heating yields the mini-
mum effective domain sizk,;, at all temperatures. Here it is sim-
ply assumed to bé,i,=L1(tyin) with ty,,=100 s(Ref. 77).

FIG. 22. (Color onling Difference plots of ZFC susceptibility
versusT/T; corresponding to single- and double-stop experiments,
with one(or two) temporary stops for 3000 s @) Ts= 30 K and/or
T52:24 K and(b) T51:21 K and/orT52:17 K. The single-stop ex-
periments are represented using filled markers, while open marke
are used to represent the double-stop experimenigyg,
~0.05K/s anobheat 0.005.

tures(see Fig. 3 However, noise is induced on the domainsthe reference curve because the overlap length becomes
at T by the growth of domains at other temperatures outsidgmaller than the minimum domain site,,, which depends
the overlap regior(cf. Sec. Il E 3. In particular, the spin  on the cooling raté” On subsequent reheating, the domain
configuration subjected to continuous temperature changeszes at the temperatures aroufgdare larger tharl,;, so
with a certain ratevr is expected to attain a domain size that the susceptibility curvéac or dg measured on heating
Lmin(vr, T) at temperaturd, due to the competition between makes a “dip” with respect to the reference curve without
accumulative aging and chaotic rejuvenation proce¢ass any stop.
discussed in Sec. IDFLpyin(vr,T) is reflected on the mag- Let us compare the schematic picture of length scales for
netic response of the systems under continuous temperatutige Ag11 at% Mr) sample shown in Fig. 23 with the corre-
changes; the largér,,,(vr,T), the smallery’(T). In the data  sponding two-stop memory experiment shown in Figs. 20
of the ac susceptibility measured under continuous coolingnd 22. We can see that the widths of the dips arolyic
and reheating shown in Fig. 20, we found that for th&€dg the memory experiment correspond roughly to the widths of
at% Mn) sample they”(T) curve on reheating lies above the the temperature-profile of the effective domain sizg at
one measured on cooling, while the opposite applies to tharoundTs. The width of the memory dips becomes broader at
Fey,sMn, =TiO5 sample. These features suggest strong chalower temperatures for all memory experiments both for the
otic rejuvenation in A¢l1 at% Mr) and are much weaker in Ag(11 at% Mn and FgsMngsTiO3 samples. In the length
the FgsMn,sTiO; sample. This is qualitatively consistent scale picture it is also seen that the temperature profilgpf
with the observations made in the temperature-shift experiaroundTs becomes broader at lower temperature, due to the
ments presented in Sec. IV A that the overlap length for thdemperature dependence of the growth lesee Fig. 24
Ag(11 at% Mn decays faster with increasigl than that of From this scenario it is clear that a larger overlap length
the Fg sMng sTiO3 System. makes the weak chaos regime larger and, hence, the memory
dips broader. The observed differences between the width of
the dips of the FggMng 5TiO3 and Ag11 at% Mn samples
may be attributed to such a difference in overlap length in
In a memory experiment, during a stop madeTatfor  consistency with the results shown in Fig. 9.
a time t;, the size of the domains becomes (ty). The The distinct multiple memories shown in Figs. 20 and 22
ghost domains at nearby temperatures will also grow butould suggest some sort of “hierarchy of temperatures.”
only up to Lt [Eq. (9)], as illustrated in Fig. 23. The However, it is not necessary to invoke either the traditional
min[Ly (t,), Lar=;r-7] is the upper bound foket. When the  hierarchical phase space picttfrer the hierarchical length
coolrng is resumed, the ac- susceptibility curve merges wittscale picturg?326:41-43.530 understand this multiple-memory

D. An apparent hierarchy of temperatures
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AgMn the experimental time scales. Thus the memories imprinted

250 at the two stop temperatures are significantly different from

30?(“(%_093‘11%; """ each other. Also, retrieval of such memories under a strong
200 - 28K (0.85T,) =-====== 1 i temperature-chaos effect is possible within the ghost domain
26K (0.79T¢) - picture as discussed in Sec. Il E. A crucial ingredient in ex-
- 150 - 24K (0.73T.) , i periments is the finiteness of the heating and cooling rate,
§ 20K (0.61T,) =weveee * which yields the characteristic length scalg;,, schemati-
3 100 | cally shown in Fig. 23. As discussed in Sec. lILg,;, plays
v the role of a renormalized overlap length, which leads to
substantial reductions of the recovery times of memories.
0 F It should, however, be noted that much broader memory
- e . . . . . dips are observed in experimental systems, such as superspin
010(3 12 10° 10° 10° 10° 102 10 10' 10 glasses, for which experiments probe short ti(irmgtf) .
@) 17, with 7,=10"" (sec) scales so that the. e_ffect of temperature chaos is negligible,
" " and the memory dip is determined by freezing of smaller and
ADEA smaller domains on cooling in a fixed-energy landséape
3 . . . (see also Ref. 23 Finally, we note that the width of the
T/T,=1.0 —— memory dips give an indication of the strength of the
25 | 0.9 &--x-o “ i temperature-chaos effect, but a better estimation is given by
08 sk o x the twin T-shift experiments discussed in Sec. IV.
. L 0.6 8 JEX i
(=] . 2 1 -
S | Ce ! Xi;xﬁ* | VIIl. SUMMARY AND CONCLUSION
N % .
~ t.;;%ﬁ . o ’ Rejuvenation(chao$ and memory effects have been in-
1r ﬁg % B T vestigated after temperature perturbations in two model spin-
0.5 f..—«g'i""*’ 1 glass samples, the féMnysTiO5 Ising system and the
) Ag(11 at% Mn Heisenberg system, as well as after bond
0 . . ! perturbations in the four-dimensional EA Ising model. These
10' 102 10° 10* 10° effects are discussed in terms of the ghost domain picture
b) 1 (MCS) presented in Sec. Il.

» The ZFC relaxation is measured aftel ashift for the

FIG. 24. (Color onling The dynamical length scales relevant in F&.sMNosTiO3 and Ag11 at% Mn samples. By analyzing
our experiments and simulation®) A plot of the growth lanjEq.  the peak positions of the relaxation rai) using the twin
(A2)] with parameters determined for a @d. at% Mn sample in  T-shift protocol introduced in Ref. 28, evidence of both ac-
Ref. 29 from a scaling analysis of the relaxation of the ac suscepcumulative and nonaccumulative aging regimes in both
tibility in isothermal aging in the range of 20-30 K. The growth law samples were foungtf. Fig. 9. The Ag11 at% Mr) sample
at the critical temperaturie(t)/Lo=(t/ 7)) (z=6.5 is also shown. was found to exhibit stronger deviations from fully accumu-
[The possibleO(1) prefactor in front of Eq(A2) and the critical lative aging with increasin@&T|/Tg than the FgsMng sTiO3
growth law are not knowh.The unit of time is chosen to bg, sample. A scaling analysis performed on the data of the
~#h1J~10%s. The experimental time and/or length scale is theAg(11 at% M) sample(Fig. 10) reveals increasing rejuve-
area surrounded by the bak) The size of the domains of a 4D EA nation effects with increasingT. These rejuvenation effects
Ising spin-glass model determined directly in a previous numericakgn consistently be understood in terms of partial chaos at
simulation(Ref. 69, monitoring the spatial correlation function be- length scales smaller than the overlap lengtly, as first
tween two real replicas undergoing isothermal aging. The dOtte‘ii)roposed in Ref. 30. However, data derived using larger per-
line is the power law for the critical regimg(t)/Ly=(t/ 7,,) Y/ with turbations |AT|>0.6 K could not be used in the scaling
2=4.98. analysis because the rejuvenation effect saturates due to the

effect. Indeed, the domain sizes grown at the two stop temslow cooling and/or heating rates. This suggests the emer-
peratures are almost of the same order of magnitude becaugeénce of the strongly perturbed regime in the sense that
thermally activated dynamics does not allow significant hi-Lat<Lmin, WhereLy;, is the smallest observable domain size
erarchy of length scales explored at different temperaturegue to the slow cooling and/or heating. The overlap length
(as discussed in Appendix)AThus the scenarios of the can never be directly observed in experiments because it is
memory effect, which strongly relies on the assumption ofhidden behind.,;,, as can be seen in the schematic Fig. 23.
hierarchy of length scalé3.2641-4355cannot explain the ©On the other hand, some properties of the overlap length are
distinct memory dips. Without temperature chaos, the temobtained indirectly by the scaling in the weakly perturbed
perature profile ofL.s becomes so broad that the memory regime(Fig. 10).

dips strongly overlap. Our estimates suggest that the sizes of * In the case of bond-shift simulations, the relaxation rate
domains, grown at the two stop temperatures shown in FigS(t) is found to show a similar behavior as in tfeshift

23, are much larger than the overlap length between the equéxperiments as shown in Fig. 1%t) is initially broadened
librium spin configurations at the two temperatures withinwith increasing strength of the perturbatipnwhere also the
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scaling analysis presented in Fig. 12 exhibits the emergencgrongly perturbed regimes of the chaos effects. Quantitative
of corrections to the fully accumulative aging. The scalingdifferences in different systems can be attributed to differ-
ansatz Eqs(9)«11) was shown to hold with only the chaos ences of the magnitude of the overlap length. Anomalously
exponent{ being a fitting parameter; a result that also giveslarge recovery times of the memories are found to be re-
further support to the corresponding analysis fréaycling  quired in the one- and two-step temperature and bond cy-
experiments. However, again the data with stronger perturciing experiments when performed into the strongly per-

bation(largerp) could not be used in the scaling because theyrhed regime, in agreement with the ghost domain scenario.
peak positions saturated @(1) (MCS), which is the mini-

mum time scale. In such a reginf&t) exhibits considerable
narrowing with the peak ab(1) (MCS). This can again be ACKNOWLEDGMENTS
understood to be due to the emergence of the strongly per-
turbed regime in the sense thatr~ Ly, whereL, is the unit
of lattice spacing.

e For the Ad1l at% Mn sample, temperature changes

|AT|=1 K were shown to cause strong perturbations to th . \ :
system. One- and two-step negatieycling protocols were eby the Swedish Research Cour@R). H.Y. is supported by

used in order to investigate the healing after such strong,we Ministry of Education, (_Zultu_re, Spor_ts, _S_C|ence and
perturbations. The recovery times after one-step cycling echnology of Japan, Grant-in-Aid for Scientific Research
shown in Figs. 14 and 15 were found to be anomalousl)}\lo' 14740233.
larger than the trivial recovery tima4® given in Eq.(15)
(which could be evaluated using the growth law confirmed in APPENDIX A: SEPARATION OF LENGTH
Sec. IV_A4_). Furthermore, the two-step cyclings _data dis- AND TIME SCALE
played in Fig. 17 show that the effects of perturbations made
at two different temperatures can give rise to much stronger In this appendix we summarize important properties of
rejuvenation than only an additive increase of the effects ofictivated dynamics that govern the growth of domains in
single perturbations. These striking features are in agreemefpin glasses. At mesoscopic levels, the dynamics of a spin
with ghost domain scenari@ec. Il B. glass at temperatures beldly is governed by nucleation of

« In the bond-cycling simulations, a large strength of thedropletlike excitationd® The energy barrier associated with a
perturbation,p=0.2 was used to focus on the strongly per-droplet of sizeL is assumed to scale &&,~ A(T)(L/Ly)"
turbed regime. The healing process after one-step cycling/ith #>0. Then the time needed to nucleate a droplet by
simulations displayed in Fig. 18 and the two-step bond cythermal activation becomes
Iclmg shown in F_|g. 19_ were f(_)und to require anomalously AT/ L\
arge recovery times, in consistency with the results from (M =n(Mexp ——| |, (A1)
T-cycling experiments and the predictions of the ghost do- keT \Lo

Enaln sc%nafrloh Ith.'s alscl; (fdemOEstrated 'g‘ Fig. 19 thaL Qvhere the effects of critical fluctuations are taken into ac-
memgry 0 It el Istory _fehor%t e.pertL;rhatlon caBnqt €count in a renormalized way in the characteristic energy
erased completely even If the duration of the perturbation i e A(T) for the free-energy barrier and the characteristic

effectively longer than the duration of the preceding history.,. .
* It is proposed that the effects of finite heating and/ortlme scaler(T) for tr;,? thermally activated procezs ses._z'lv'hey
. ; . scale as A(T)/J~¢€" and mo(T)/ 17y~ [&T)/LoJ*~ €|
cooling rates; can be parametrized by a renormalized over-

lap lengthLi,(v7,T). In combination with a strong separa- with f;T(Tg—l. The microscopic time scale ign~A/J
tion of time scales, this can lead to an apparent “hierarchy of. 10 S In atomic spin _glassgs and one Monte Carlo step
' gMCS) in Monte Carlo simulationsJ~ T sets the energy

tﬂ?:ﬂﬁglra;lé;sr{/aggnzaz beeirr1] SRueggSeigec;n%agIg ' I:O'[rr?e exﬁg Ihit, zis the dynamical critical exponent, amdhe exponent

: . €., ) | 9NOSH the divergence of the correlation length. The importance
domain scenario, however, the temperature chaos effect IS : . . ) .

. - . accounting for critical fluctuations has been realized in
the mechanism that allows distinctness of memories at each : . g 6369 . 29
> S > P . analyses of recent simulatidii$®°and experiment$®
level of the “hierarchy” as illustrated in Fig. 23. This ex- = Ea (AL it foll h ithi : |
lains the two well-separated memory dips seen in the fom Eg. (A1) it follows that within a time scald, a
P . - droplet excitation as large as
memory experiment shown in Fig. 20, for example.
To conclude, dynamical properties of the Ising kT t 1y

FeysMno<TiO; and the Heisenberg Afjl at% Mn) spin Lt() ~ Lo _A(T)ln e (A2)
glasses subjected to temperature changes and the four- 0
dimensional Edwards-Anderson Ising spin-glass model subsan be thermally activated. At finite time scales there must be
jected to bond changes are examined and compared to eachrrections to the asymptotic form EA2) due to critical
other in detail. The temperature-shift and cycling experi-fluctuation§®%3as well as logarithmic correction terms to the
ments and bond-shift and cycling simulations show remarkenergy barrier8! but the actual forms of the corrections are
ably similar features suggesting a common mechanism of theot yet known in spin glasses.
rejuvenation and memory effects. The detailed features of the An immediate consequence of activated dynamics is an
rejuvenation effects after temperature and bond shifts arextremely wide separation of time scales with temperature.
found to agree with the anticipated crossover from weakly tdOn the other hand, the variation of length scales with tem-

We thank Jean-Philippe Bouchaud, lan Campbell, Koji
Hukushima, Hikaru Kawamura, Philipp Maas, Falk Schef-
fler, Tetsuya Sato, Hajime Takayama, and Eric Vincent for
stimulating discussions. This work was financially supported
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perature is very mildtypically less than one order of mag- is in these setups generated by a small superconducting
nitude). Let us consider two arbitrarily close temperatufes solenoid always working in persistent mode. The time
and T+AT. From Eq.(Al) it follows that the ratio of time constant of the superconducting magnets is of order 1 ms,
scales at the two temperatures associated with a given lengkit the whole procedure to change the field fronto h

L for AT/T<1 becomes +Ah and reestablish persistent mode in the magnet takes
~0.3 s, which also determines the shortest observation time

7.(T) 7o(T) L ¥ in the ZFC-relaxation experiments. In the case of the

7 (T+AT) - 7o(T+AT) L.(AT) . (A3 FeysMngsTiO3; sample, cut into a rectangular shape

(2x2x 4 mn?) with the c-axis along the longest side, the
where we introducetime-separation length probing field was applied along theaxis of the single crys-
1w tal, and for the A¢ll at% Mr) spin glass, turned into a
L+(8) ~ Lol(¢ (A(D/KeTH/a DATI . (A4) cylindrical shape(4ga-nm long a?ldg m?n in diap the field
The above expression means that two times becerpe- Was applied along the symmetry axis of the cylinder. The
nentially separated if one observes dynamics on length scaleg@mple space is magnetically shielded with cang.-ohetal
large enough compared to the time-separation lehgthT). ~ @nd niobium and the remaining background fieleis mQe,
Note thatL.(AT) remains finite as long aaT is nonzero. While the measurement fields used #re0.1-1 Oe. The

- : ; ; sample is glued to a 50 mm long sapphire rod with a diam-
Lokingat he rato oflengt el o a givn ime st ST 911 102,50 I g SobErve o b e

ing the sample stationary in the center of the third coil of a
Lyear(t) third-order gradiometer. The sapphire rod is connected to a
Lo O(1) (A5)  solid copper cylinder on which the thermometer and a resis-
tive heater are placed. The materials in the experimental
independently of the chosen time scaléThus, the magni- setup are chosen so that the heat transfer between the sample
tude of the length scales explored at two close temperaturesnd copper cylinder is maximized while the heat exchange
appears quite similar as long as the same time scales awvdgth the surroundings is kept quite low, being mainly carried
used. However, we emphasize that thermally activated dyby thermal conduction through the sample holder rod—a
namics brings about a significant hierarchy of time scales, ithin-walled stainless steel tube, via @e) holding springs
spite of an apparent mild hierarchy in length scales. into the surrounding helium bath. The temperature can be

Assuming that Eq(A2) is applicable to the Heisenberg- kept fixed with a stability better than 1QK using an ac-
like Ag(11 at% Mn spin glass, Fig. 24) shows the domain bridge-based temperature control system and with a stability
growth at different temperatures in this system using earliebetter than 5 mK using a commercial temperature controller.
derived experimental values for the parametérén Fig.  The maximum cooling rate in these magnetometers,is,
24(b) the domain growth at different temperatures is drawn~ 0.05 K/s in the temperature ranges of these studies and, to
for a 4D EA spin glass derived from previous numericalmaintain a good temperature control, the maximum heating
simulations®® rate is limited tov,eo~ 0.5 K/s. The maximum heating and

In spin-glass materials the microscopic time 1§,  cooling rates were always employed when changing the tem-
~10 8 s and relaxation experiments are performed typicallyperature in the current experiments. In ac measurements, a
in the range of time scales 1-218 ort/7,=10"-10' On  coil generating the ac field is wound around the sample and
the other hand, in usual Monte Carlo simulations of EA Isinga similar compensation coil is wound on the sample rod
spin-glass models, the microscopic timeris=1 MCS and above the sample and positioned so that it becomes centered
the range of time scales is 1-°IRICS ort/7,=1-1¢. Be-  in the second pickup coil of the gradiometer.
cause of the slow dynamics, there is a common problem that When measuring both the ac and dc susceptibility as a
the investigated four to six decades in time only cover a quitéunction of temperature, the magnetization is recorded on
limited length scale as shown in Fig. 2dee also Fig. 1 of heating by elevating the temperature in steps of 0.1-0.2 K.
Ref. 26. Due to the much shorter time scales probed inThe measurement of the magnetization at constant tempera-
numerical simulations, the influence of critical dynamics areture (including temperature setting and stabilization, and ac-
much stronger than in experiments for the same reduced tentsal measuremepttakes ~30-60 s, yielding an effective
peratureT/T,. It can also be seen in Fig. 24 that the lengthheating rate ofv$ﬁ~0.005 K/s. The magnetization is also
scales are rather different: simulations explore length scalegcorded on cooling in ac experiments yielding a cooling rate
of order L+(t)/Lp~O(1) while experiments explore similar to the heating rate, while the sample is cooled using
L1(t)/ Lo~ O(10)-O(10?). the maximum cooling rate in dc experiments.

Since the same thermal protocols are employed in both
dc-magnetization and ac-susceptibility measurements, the
same nonequilibrium processes are probed in both methods,
with the difference that the ac susceptibility can be measured
at all times and temperatures during the thermal protocols,
while the zero-field coole@ZFC) magnetization can only be

The experiments were performed in noncommercialrecorded as a function of temperatyrespective timgafter
SQUID magnetometers, designed for low-field measure- applying the probing field at the lowest temperat(respec-
ments and optimum temperature control. The magnetic fieltive measurement temperatureThe magnetic fields em-

APPENDIX B: EXPERIMENTAL DETAILS

1. 1. Noncommercial SQUID magnetometer
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b) h=10e . 30008 after a rapid cooling to 29 K, where the sample was kept for 3000
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FIG. 25. (Color online S(t) of ZFC-relaxation measurements Which is a considerably shorter time thgp,~30 s in the

employing different wait times orfa) Ag(11 at% Mn and (b)  case of quench. The fact that, is smaller after a positivé
Fe, sMng =TiO3. The reduced temperature is 0.9 for both samples. shift than after a direct quench implies that the system is
completely dominated by the strong chaos effect. Namely,

|AT| is so large that the intrinsic overlap lengtht<Lmin,

ployed in the experiments are small enough to ensure a linedyhereL, is the domain size corresponding to the effective
response of the system, and do hence not affect the noneq@#g€tnmin. We cannot evaluate the valuelofy itself because it
librium dynamics. is masked by i, (on heating. tin(Lmin) is smaller on heat-
Some complementary magnetization measurements weigg than on cooling due to the faster heating than cooling rate
performed using a Quantum Design MPMS5 SQUID mag-and the temperature dependence of the domain grosith

netometer in order to check the absolute susceptibility valAppendix A). Thel ., corresponding td.,;, determined here
ues. gives an upper limit for the renormalized overlap length

Liin(vT, T) introduced in Sec. Il F because the time needed to
stabilize the temperature @t, also contributes tdy,in(Lmin)-
It is also possible to obtain a random initial configuration
with a smallt,,, by using a magnetic field making a “field
The relaxation rat&(t) determined from isothermal ZFC- quench.84 Throughout this article, we have, however, only
relaxation experiments is shown in Fig. 25. The sample ig/sed the ordinary temperature quench to initialize the sys-
quenched(cooled with the maximum cooling ratefrom  tem.
above Ty to the measurement temperatufg, For both
samplesS(t) exhibits a peak a1, except for the short-
est waiting timet,,=t,s=3 s (which is the time needed in
order to stabilize the temperatfife Due to the slow cooling,  The Monte Carlo simulations were performed on the four-
the system has already been aged for a certain effective tim@imensional EA Ising model whose critical temperature is
tmin When reachingTy,*? From the measurements wit, T /J=2.0 (Ref. 6. The simulations were made at the tem-
=lws We can determindy,=tyea=20-40 s. The effective  peraturesr/J=1.2,0.8(T/T,=0.6,0.4, which are well below
age of the system afterBshift is determined from the time  the critical temperature so that numerical time and length
tpeak COIresponding to the maximum &t), asten(ty+tmin)  scales arenot strongly affected by critical fluctuations. Sys-
= (tpeal ™™ with =1 for the Ag11 at% Mn sample atT  tems with 24 spins were used, which are large enough to get
~30K and w©=~0.98-0.99 at T=17-19K for the rid of finite size effects within the numerical time wind&i.
FeysMng sTiO; sample®® We notice thatty,, can only be  The simulations were done using the standard heat-bath
determined from isothermal ZFC-relaxation measurementsvionte Carlo method up to a time scale oICS, starting
but not from the corresponding ac-relaxation measurementwith random spin configurations in order to mimic aging
In Fig. 26, S(t) is shown after a temperature quench after ideal temperature quenches. The average over at least
(veoo~0.05 K/9 to T, and after aT shift to a temperature 32 different realizations of random bonds were taken. For the
T,=29 K, where it is aged for 3000 s before the temperatureneasurements of the ZFC susceptibilities, 320 samples were
is rapidly raisedvpea~ 0.5 K/9 to T, The maximum of the  used.
S(t) curve of theT-shift experiment appears &;,~ 3 s, The advantage of the four-dimensional model compared

2. 2. Effective age of a spin glass system measured
by ZFC relaxation

APPENDIX C: SIMULATIONAL DETAILS
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with the three-dimensional EA-Ising model, which might ap-the anticipated signatures of the chaos effect have been ob-
pear slightly more realistic, is that a rich amount of knowl- served both in the case of temperature chaflgeschange
edge about the equilibrium and dynamical properties of thevlonte Carlo methogand bond perturbatio#.

model has been accumulated by independent studies. This Unfortunately, within the available computational power
includes the critical properties associated with the fixed poinit is difficult to observe even some weak traces of rejuvena-
at T,°* the T=0 glassy fixed point># and the dynamical tion by temperature changes by the standard heat-bath dy-
length L+(t) obtained in Refs. 63 and 69. We note that anamical Monte Carlo simulatior§:26:39.41.428\\jithin fea-
recent Monte Carlo simulatiéh on the same model con- sible CPU times, one is forced to work at temperatures rather
firmed, to a certain extent, certain predictions from the fun-close toT,, such as 0.8-0R),. In this temperature range, the
damental dynamical scaling ansatz due to the dropletlynamics in the numerical time window is strongly affected

theory*®-18[including that for the decay of TRNthermore-

by critical fluctuationg8:39.636%yhile the experimental time

manent magnetizatioh which are all expressed in terms of window lies well outside the critical regirffe(see Fig. 24
the dynamical length scale(t). It is also worth mentioning Thus we limit ourselves with bond-shift and cycling simula-
that in equilibrium Monte Carlo simulations of the model, tions.
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