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Off-equilibrium fluctuation-dissipation relation in a spi n glass

D. Hérissoff and M. Ocid]
Service de Physique deEfat Condensé, CEA—centre de Saclay,
Orme des Merisiers, 91 191 Gif-sur-Yvette cedex, France
(Dated: March 3, 2004)

We report new experimental results obtained on the insgapin glas$©dCri.7Ing.3S4. Our experimental
setup allows a quantitative comparison between the theamanent magnetization and the autocorrelation
of spontaneous fluctuations of magnetization, yielding rmpete determination of the fluctuation-dissipation
relation. The dynamics can be studied both in the quasiibgum regime, where the fluctuation-dissipation
theorem holds, and in the deeply aging regime. The limit phsation of time-scales, as used in analytical
calculations, can be approached by use of a scaling progedur

. INTRODUCTION The only difference between relatiofls 1 §hd 2 concerns the

domains of validity. The generalized fluctuation-dissipat

Despite their large diversity, glassy systems have many dy-€lation is valid for stationary systems (simpty,and R de-
namical properties in common. In particular, a similar ag-Pe€nd only ont —¢,, andT;s = T), and it is also valid for
ing behavior can be observed in polymers, gelatins, or spi§Very Systems in the limit of small rate of entropy produetio
glasse#?. Stationarity cannot be reached in these systems if?/aSSy Systems, in the limit of long waiting time are such sys
experimental, or even in geological times: they always jema [€MS. Some experiments have been set up to measure this ef-
out-of-equilibrium, even when not submitted to any extérna fective @erature using frequency measurements inyglass
perturbation. system ' _ . N :

During a long period, the theoretical activity was concen-, r‘ll'oluP?erstafnd thehmeanm(i;l; OJ tf\]/s tlnlzeEllml;[jl_n_eq;aﬂor; 2,1t
trated on the study of the statics of glassy models. WitHfNéEE) ultore tthIEeBso-cag q ead frgo_ICILy rera;gf f
the nineties, began the time of theoretical dynamical stydi ( ) concepe. was introduced first in the study o
first by numerical simulations, and then by analytical ressul the dynamics of a randomdrap model very similar to the Ran-
on specific mean-field moddidF. From these studies, new d0mM Energy Model (REM:. According to WEB scenario,

concepts appeared, generalizing the well known Fluctoatio two different contributions can be identified in the dynasnic

Dissipafion Theorem (FDT), which holds for equilibrated a stationary one, corresponding to usual equilibrium dyinam
system I|? in a metastable state (and then not relevant for aging st)jdie

In equilibrated systems with time translational invarienc and a second one, describing the long term evolution between

(TTI), FDT can be used to measure the temperature in an ab- o> metastable states, which features the aging propertie
' This approach agrees well with an experimental fact: in

solute way: glassy systems, the re@ation function can be decompaosed i
- two distinct contributionst:
T — O, Ot — tw) )
b R(t —ty) e The first one is independent of the age of the system

In this relationC (¢t — t,,) is the autocorrelation function of
an observable (for instance the magnetizafié(t)) between
two times, ¢ andt¢,, and R(t — t,,) the response function
associated with a pulse of the conjugate field at time
h(t) = 6(t — t,). These quantities are two times quanti-
ties, but, as the system is TTI, they depend only on the time
differencet — ¢,, .

Spin glasses never reach equilibrium, and the time auto-
correlation and the response function can not be reduced to
one-time quantities. Therefore, the temperature cannot be
defined on the basis of usual concepts. Nevertheless, it has
been shown that, in specific models with low rate of entropy
production, and using a generalization of the FDT relation,
a quantity that behaves like a temperature could be défined
the “effective temperature”. The effective temperatureioe
given value ofC(t,,,t) = C can be defined as:

O, C(tw, t)
R(tw,t)

kp Teff = lim (2)

t oy —00

C(tw,t)=C

(it depends only on the observation time- ¢,,), and
governs the dynamics for the shorter observation times.
Many results in spin glasses showed that the most ap-
propriate form for the decay is a power law with a small
exponenty =~ 0.1. This behavior is consistent with the
quasi-equilibrium noise power spectrum, which varies
asl/f'~*. As this part is stationary, it should behave
as in the equilibrated system: FDT should hold between
the stationary part of the relaxation and the correspond-
ing part of the autocorrelation, as shown in the section

e The second one is non-stationary and decays approxi-
mately as a stretched exponential of the ratig,. This
means that ift,, — 0, this part tends to be instanta-
neous, and it,, — oo, it becomes infinitely slow. This
contribution can be rescaled using a reparametrized
(effective) timeA(¢). When plotted versus the effec-
tive time difference, all the non-stationary contribugon
measured with different waiting times merge very sat-
isfactorily in one cur\?g, showing that the same kind
of dynamics persists along the whole experimental time



link response and stationary parts.

The limit in the definition of the effective temperature +0
(equatiorﬂZ) means that the two contributions must be well
separated,e., the stationary dynamics must become negligi- -2n @ s, SQUID
ble before the aging one starts to be effective. This sitnati @ l>_'
is referred as the “time-scale separation limit”, and the-ev Vs
lution of any dynamic quantity should presenplateau(in +2n g
log-scale of time) separating the stationary dynamics attsh -n
times from the aging one. Experimentally, this clear separa <
tion of the two contributions is not observed.

In section|]|l, a setup allowing the measurement of mag- P
netic fluctuations and the response to the conjugate field wil ~——
be described, and it will be shown that it allows an absolute

measurement of the temperature, following Eq_ 1. In sectiofr!G- 1: Schematic of the basic circuit for noise measuremerdr-
; ! ; ; er to maximize the coupling factor between the sample am&itk
ml the experimental procedure to study the aging regime Oﬂp coil, a long cylinder 4 cm long, 4 mm wide) is used. The third

ahSplﬂ'ghlaSS lﬁ;'.ng t?IShtOO|ﬁIS d_escrlbed. The results aldD\]fv order gradiometer being2 cm long 5.5 mm wide, this size insures
check the validity of the effective temperature concepk; 0 almost the best possible coupling factor, as any contautdmst the

lowing Eq.[2, and analyzed according to various models irby.coil and the sample must be avoid to allow the temperaage
section[1V. ulation.

range, asin Figﬂ6. Here, FDT cannot be of any help to ﬁb
h
m

Il. AN FDT-BASED THERMOMETER thus allowing temperature regulation abek@ K. The vac-
uum system involves a charcoal pump thermally connected to
In this section, a new experimental setup, designed tehe *He through a thermal impedance. When cold, it insures
measure quantitatively the relations between fluctuatiomood thermal insulation; if heated, it allows to injééte ex-
and response in magnetic systems will be described. kthange gas thus thermally connecting the whole sample to the
will be shown that this setup works in fact as an absolutehelium bath temperature.

thermometer. The difficulties of the measurementlie in the extreme weak-
ness of the signal of the fluctuations and the strong response
Using FDT, expressed as in H{. 1 for instance, any systefp external excitations: the typical amplitude of magnfitic-
allowing a quantitative comparison between thermal spontatyations in our macroscopi¢dCr; 7Ing 5S4 sample corre-
neous fluctuations of an observable and the response to i&onds to the response to a magnetic field abouf G. Sev-
Conjugate field allows an absolute determination of the temeral magnetic Shie|d$(meta| and Superconductive) are used
perature. The new experimental setup developed for the stugh order to decrease the residual field at a level of otdefs,
ies of spin-glasses is first of all an absolute thermometerand to stabilize it. Furthermore, the PU is built with a third
which should allow a determination of theermodynamic  order gradiometer geometry, which strongly reduces the sen
temperature of any equilibrated magnetic system down tp versitivity to the time variations of the ambient fields. In such
low temperature. In a setup completely dedicated to low temconditions, and because of the extreme sensibility of SQUID
perature measurements, the lowest temperature to be measpfeasurements, a satisfactory signal/noise ratio can be eas
able should be below the milliKelvin range. ily obtained at short time-scales, corresponding to catich
measurements with time differences of few seconds. In or-
der to study a glassy system in the deep aging regime, such
A. Noise measurements time-scales are not enough: one needs to measure the time
autocorrelation with time differences up to several thodsa

The protocol of spontaneous magnetic fluctuations measeconds. To suppress spurious drifts of the measuring,chain
surements is quite simple: a thermalized sample is intreduc further precautions are then needed: stabilisation of e h
in a pick-up coil (PU), itself part of a superconductive aitc  lium bath to avoid drifts of the SQUIDS sensor, stabilisatio
involving the input coil of a SQUID-based flux detector (see0f the room temperature to avoid drifts in the ambient temper
Fig.[1). ature electronics, etc.

Materially, the sample of cylindrical shape with diameter It should be emphasized that the use of the third order gra-
and length5 mm and 40 mm respectively is contained in a diometer in this experiment is quite different from the most
cylindrical vacuum jacket, part of4He cryogenic equipment. common use. Usually, gradiometers are used in magnetome-
The PU is wound on the jacket. The sample itself is conters where the sample is small compared to the gradiometer
tained in a cylinder made of copper coil-foil whose uppet par size, and is placed in a non-symmetric position; an homoge-
is a copper sink with thermometer resistor and heater cgsist neous field is established, and the unbalanced flux due to the
thermally connected to théHe bath by a flexible copper link, magnetization of the sample is recorded.
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sical response measurements done in an homogeneous field:
il then the coupling factor in both measurements has to be eval-
. uated. A way to use the PU-coil as field generator is the fol-
ll‘ lowing. A small coil coupled to an excitation winding with
mutual inductancé/ is inserted in the basic superconductive
sQuip circuit (see Fig[[2.a).

C. Absolute thermometer

1. Fluctuation Dissipation relation

| Here we will show that, for any given equilibrated system,
‘Eé the validity of FDT on microscopic quantities results in the
vl Ti vl liz ll validity of an “effective FDT” on measured quantities. The
! factor K which appears is setup dependent, but sample inde-
S pendent.
L, + QR L, Ls @Dﬁ When a magnetic sample is inserted into the PU coil, by

the reciprocity theorem, a moment; at positionr; induces
in the coil a fluxd® = m;h; . Therefore, the flux in the coil
due to the sample is given by

FIG. 2: Schematic of the FDT circuits. oP : Basic FDT circuit. o — Z Z mP Rt 3)
BoTToM: The bridge configuration used. - R

where i indexes the spin componentg = {z,y,z} for

Heisenberg sping; = {z} for Ising ones, etc. We suppose

that the medium is homogeneous, the components of the fluc-
Already several years ago, a comparative study of the maguations are statistically independent and their spatiedeta-

netic fluctuations and the conventional magnetic respoase w tions are much smaller than the scale of the PU:

done using a setup similar to the one schematically degtribe

in figure[}4. This comparison could not be made quantita- (ml (" )ym¥ (t)) = (m(t")m(t)) 6ij 6. (4)

tive with a satisfactory accuracy: the coupling factor of th

sample to the detection system depends on the PU geoméhen, the flux autocorrelation is given by

try and is quite different in the noise setup and in a classica )

magnetometer with homogeneous field. In order to be able (®(t)®(t)) => > ™ (m(t')m(t)) = QC(t',t). (5)

to comparegjuantitativelythe results of both kinds of experi- T

ment, one has to eliminate the effect of this geometricabfac

in the comparison. This can be done only if the coupling fac

tor is the same in both experiments. The way to achieve thi lied by th ina f p ined by th .
can be illustrated very simply. The fluctuations of the magnetIIO led by the coupling acto) determined by the geometries
of the PU field and of the sample.

tization are recorded through a PU coil with a given geometry on th her hand. the i | f . f
According to the reciprocity theorem, the flux fluctuations i nt te' otth er anl, t e_lmpl;)se response function of one
duced in the coil are the fluctuations of the scalar product offiomentin the sample 1S given by

B. Response measurements

The flux autocorrelationin the PU is thus the averaged oge sit
moment autocorrelation per degree of freedofw’, ¢), mul-

local magnetizatioMdV by the local fieldh produced by a OmY
unit of current flowing in the PU coil: R (t',t) = 8h‘z = R(t',1)0;j0 0, (6)
¢ = / z M.hdV whereR(¢', t) is the averaged one site response function of
sample

the sample. If a curreritis flowing in the coll, the flux on the

In our setup, the measured fluctuating observable is the flugoil due to the polarization of the sample reads
in the PU-coil. The conjugate quantity of this flux is the cur- .
rent flowing through the coil, and thus, the magnetic field-con _ n2 TRV
jugate of the sample magnetic moment is the field produced (1) = Z Z hi / R(E, i)t ™
by the PU-caoil itself. If this field is used as exciting fieldeh L
the fluctuation-dissipation relation should remain theséon  Thus, the response function of the flux due to the sample in
the macroscopic quantities as for the microscopic oness Thithe PU circuit is
is strongly different from the situation where one triesdone
pare the results of noise measurements to the results ef clas Ro(t',t) = QR(t, ). (8)
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The same coupling factap = >, ZH hf2 determines the the instantaneous response of the total self inductandeeof t
values of correlation and response of the flux due to the sanircuit (first term in the right hand side —R.H.S— of E{y. 9).
ple. In our case, both the susceptibility of the sample and the cou
Note that the ternk is the value of the internal field in the pling factor@ are weak. The quantity to be measured,— the
sample, due to a unit of current flowing in the coil. Therefore second term in the R.H.S of Eﬂ 9—, represents a few percent
@ corresponds to the same demagnetizing field conditions inf the first one. Thus, a bridge configuration as depicted in
both measurements. Actually, is time dependent, since the Fig. B.b has been adopted. Now, the main branch involving
internal field ish = hou(t', t) wherehy is the field term gen-  the sample is balanced by an equivalent one without sample.
erated by the coil in vacuum andt’, t) is the time dependent This second branch is excited oppositely, in such a way that
sample permeability, but the important pointis th¥t’, ) is ~ when the sample is extracted from the PU, there is no response
exactly the same in both experiments. of the SQUID to an excitation step. When the sample is placed
The above derivation is done in the context of a magnetiénto the PU, the response of the SQUID is determined only by
system, showing that the measured quantities represes# thothe response of the sample. Nevertheless, now, the loop cou-
used in theoretical work, in which the single-site autoelatr  pling factor of the sample to the SQUID involves differerif se
tion and response functions are computed, and averaged ovieductance terms in both measurements, and one gets
the sample. Incidentally, an equivalent derivation coutd b
done for any system with magnetic response, for instance the K = G Lo+2Ls
eddy currents in a conductor, with the same result: the cou- Mly Lo

pling factors are the same in the fluctuations and the rezipon%here]:O andL are the self inductances of the PU and of the

measurements. ; :
. N . SQUID input respectively, and the effect of the sample has
In the basic measurement circuit, Fi. 2.a, the total flux 'Mpeen neglected in the value bf. This adds sources of error

ipsulse response of the circuit to the currefit) flowing in it on the calibration since the self inductance values arediffi
to determine precisely.

kp (13)

RL(tlvt) = ZL(S(t*t/) +Q(t/7t)R(t/at)v (9)
where" L is the total self inductance of the circuit. Flux 2. Calibration.

conservation in the (SC) PU circuit leads to o _ _
The circuit as described above is a thermometer, allow-

¢ N ing the determination of the temperatukg, 7. Nevertheless,
Peac(?) Jr/ Rp(t',t)i(t')dt" =0, (10) it involves several home-made coils whose self-inductance
cannot be determined in their experimental environement
where®,...(t) = MI(t) is obtained by injecting a current without large errors. This dramatically limits the preoision
I(t) in the excitation winding. The conjugate variable of the the determination of the temperature. A calibration was thu
circuit current is the flux®..,.. injected by the excitation coil. needed. For this, the fluctuations and response of a high con-
In the case of an ergodic sample, it is easy to show that, onagductivity copper sample were measured in the setup. This hig
FDT applies to the fluctuations and response of the flux inpurity (99, 999%) sample has a very low residual resistivity at
duced in the PU, it applies also to the fluctuations and relow temperature, obtained by annealing at high temperature

— 00

sponse of the current flowing in the circuit. Thus, in oxygen atmosphere, thus reducing the density of magnetic
residual impurities. The sample has a cylinder shapem
oi(t—t') = Lci(t — ). (11) Wwide and4cm long. It was thermalized at the temperature of
kgT the boiling*He at normal pressure 215 K).

Since this equilibrated system is stationary, one can use
standard Fast Fourier Transform algorithms in order to com-
pute the autocorrelation function from a single record. The
average of the obtained autocorrelation function over many
successive records allows to reduce the noise level.

1 The relaxation function is obtained as the response to a field
= %7 (Vs(0)Vs(t)) - (12)  stepat,, and is only a function of—¢,,. As the system does

not have remanent magnetization (the eddy currents vamish i

where K = MLIUkB. The system is an absolute (primary) a finite time, a few tenth of a second), the limit value of the
thermometer since, by measuring both the response voltage tesponse function is zero.
an excitation current step and the autocorrelation of the vo  The measured relaxation and autocorrelation of SQUID
age free fluctuations, it allows a determination of the tempe voltage are plotted in figurd 3(a) and (b) versus the observa-
ature whose precision (once a sample with large signal is chdion time. The fluctuation-dissipation diagram (FD-plag) i
sen) depends only on the precision of the determinationeof thobtained by plotting the relaxation versus autocorretgtics-
experimental parametefg, G and M. ing the observation time as parameter, in figﬂre 3(c) . The

The main drawback of the elementary measuring circuit deebserved linear behavior is consistent with the FDT. As pre-
picted above is that the response to an excitation stepv@sol viously shown, the slope between the relaxation and the re-

The SQUID gain isG = Vg/i. Thus, if a current(t) =
In(1 — 0(t)) is injected in the excitation coil, the relaxation
of the SQUID output voltage is related to the autocorretatio
function of its fluctuations by:

Vs(t)
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o Servation timer [S]o,z 03 ratio than any other insulating spin gl&s Nevertheless it

T ‘ ‘ ‘ ‘ | has a very strong ferromagnetic value of the average inter-
* action and its behavior is far from the “standard” spin glass

(a)

] behavior.
| ‘ 1 CdCry_o4Iny, S,  was also extensively studied experi-
! ‘ | mentally, assical susceptibility, magnetic noisajtnen

(b) AL . ! .
f scattering$111H10 | this series of compounds, the magnetic

ions areCr3*, with low anisotropy. The coupling is fer-
romagnetic between first neighbors, and anti-ferromagneti
0 ‘ 0.1 — 02 ‘ 03 between the second ones. The substitutiolCof™ by the
. | ‘Obse‘“’a“‘?“ tmer [S]‘ non-magnetidn®+t increases the relative importance of anti-
ferromagnetic coupling as compared to the ferromagnetc on

; 21 PR " f The random dilution introduces disorder and frustratitwe, t

T L i basic ingredients leading to spin-glasses. In the studitseo

| P )l spin glass stat&;dCr; 7Ing 354 is the preferred compound in

=t B this family. The high concentration &fr3* allows this sam-
1.0<10 2.0x10 3.0x10 4.0<10 5.0x10 6.0x10

ple to have a strong signal, but it is not high enough to reach
the percolation of the ferromagnetic order. With decreasin
FIG. 3: Measured relaxation (a) and autocorrelation (bgfiom for ~ temperature, finite sized ferromagnetic cluster formation
the copper sample at2 K. (c) FD-plot, relaxation versus response, observed. Close t6),, these clusters are rigid, and the interac-
the observation time = ¢ — ., being used as parameter: the ob- tjon between them is random, with a weak anti-ferromagnetic
serve(_j linear behawor aIIow_s callbratlo_n of the systenhasmome- average. This clustering greatly increases the signaheas t
ter, this slope being proportional 197", independently of the sam- noise power ofV = N, /n ferromagnetic clusters of spins

ple. The observed deviation from the linear behavior at tieter is \/7 times stronger than the one bF individuals spins
times is due to the effect of the low-pass filtering of the &at@dn— " 9 pIns.

which does not affect the correlation measurement.

AutocorrelationC (1),[ Vip]

B. Experimental details

sponse is sample-independent, and proportional tE T
The measurement on the copper sample, at a well known tem- Glassy systems are not stationary; their dynamics depends
perature allows thus to determine the fackér From it, we  on two times, both referred to a crucial event, the “birth” of
can determine the temperature of any sample placed in thifie system. In spin glasses, the birth time is best defined by
gradiometer from the value of the slope of the measured rethe time at which the final temperature is reached, as soon as
laxation versus correlation curve. This can be applied o anthe end of the cooling procedure is fast enadgi cooling
equilibrated system. For glassy systems, it should allow aprocedure based only on driving the sample holder sink tem-
experimental determination of the effective temperature. perature would introduces non-negligible temperatureligra
ents if the cooling or heating rate is too high. This wouldllea
to a distribution of ages over the sample. In order to obtain a
lll. FLUCTUATION-DISSIPATION RELATIONS IN A more homogeneous temperature, the cooling procedure is as
SPIN-GLASS SAMPLE follows:

o first, the temperature is slowly decreased from a ref-
erence temperaturé,.; aboveT, to a temperature
Ty =~ T,, + 3K, whereT,, is the working temperature;

The aim of this work is the study of the fluctuation-
dissipation relation in a spin glass. In this section, wd wil
emphasize the peculiarities of this measurement, and ten d
scribe the procedure used to make the analysis quantiteive e then, by heating the charcoal pump, a small amount
well as the limits of this procedure. of He gas is introduced, allowing guick and homo-

geneougooling;

e finally, the charcoal pump heating is switched off and
the vacuum surrounding the sample is restored, allow-
ing the temperature regulation’at, .

A. Sample

The knowledge acquired in previous magnetic noise inves-
tigations on spin glasses was very helpful to choose a gootihe first step (slow cooling, approx0.25K.min~!) does
candidate for the present study. First, eddy currents iminet not introduce severe temperature gradients, as the cooling
lic samples produce noise, as in the copper sample used f@& slow enough. This step cannot be avoided, as the fast
calibration. This noise can be measured, but not directly recooling by exchange gas can only be used to decrease the
lated to the spin dynamics. In order to avoid this drawbacksample temperature by few Kelvin without introducing too
an insulating spin glass sample was chosen. strong perturbations in the helium bath. Previous studies o

Measurements of'sNiFeFg have shown that this com- CdCrs_o.Ins,Ss show that the dynamics is governed by the
pound has a stronger signal, and then a better signal to noisecond, fast, cooling step, at least on timescales shbder t



the same order of magnitude as the fluctuations themselves.
- It corresponds to the drift of the SQUID due to the contin-

70 uous decrease of the He-level, and to the global response of
T 2 \ the sample to the residual field during the cooling procedure
The average of the signal over records gives the zero, and the
\ sample fluctuations signal is then given by:

o0 ® m(t) = M(t) — (M(t)) (14)
The autocorrelation is then evaluated from its definition:

Ch (t, tw) = <m(tw)m(t)> (15)

. , . , . , . In order to obtain a small statistical error, a very huge nemb
0 2000 4000 6000 of recordsis needed. As each record length is about few hours
the number of records is limited to about 300, and the average
t(s) over the records is not enough to obtain a satisfactory ratio
between the statistical error and the signal. As the auteeor
FIG. 4: A typical thermal history of the sample fora500 srecord  |ation function should evolves smoothly for both variabtes
at10K. Ininset, detail on the crucial part, the I8sK’s cooling. andt, the autocorrelation function computed following Bd. 15
is averaged over small time intervals of both variables :

20,000 s@. Thi_s; second step is obtained by heating the char- Covg(to, twy) = C1(t, fw)|twe[tw0ietw I, teltoter, ] (16)
coal pump during few seconds. As the gas surrounds the sam- 0
ple, the resulting cooling is homogeneous. When the heating;ith
is stopped, the charcoal absorbs the gas back, allowing the
regulation of temperature. The amount of gas used and the e = 0.05t < t. a7
duration of heating are adjusted in order to lower the temper
ture exactly down to the working temperature. This allows toThe criterion used (EQ_17) is a compromise between the need
cool the sample bg K in less thar80 s, keeping the tempera- of statiscs in order to obtain a low enough statistical noise
ture gradient negligible. The birth time is taken as theainst and the requirement to keeps small as possible to be able
when the sample temperature reachgs+ 15mK. This al-  to capture as precisely as possible the non-equilibriunagyn
lows a precise, and reproducible determination of it. ics.

The measurement of the relaxation is straightforward. A
DC current is applied to the excitation coils at high tem-
perature, before the beginning of the quench procedure, and C. Correlation offset.
switched off att = ¢,,. The relaxation is then recorded for
t > t,. The signal is measured before applying the excita- In principle, our experimental procedure, involving many
tion: this determines the zero baseline of the measurementealizations of the same experiment, allows to compute the
After relaxation, the sample is re-heated to the start teémpe autocorrelation function of the magnetization followitgéx-
ture in order to check the stability of the baseline. Thushén  act definition, and thus exactly. Nevertheless, in reatitig
measurement, both the zero and field cooled (FC) levels angould be the case only if external sources of noise were neg-
known. ligible, not only in the correlation time-scale under stuioyt

Recording the fluctuations is even simpler, at least in prinalso in the time-scale of one complete record. This means tha
ciple: no field is applied, the spontaneous fluctuations ef th the external noise should be controlled not dowrl iaHz
signal are just recorded from the end of the quench procedur@s in our experiment, but at least down to frequencies as low
and during a long enough time to be able to compute all thas few(0.01 mHz, which is quite impossible. The result is
desiredC(t,,,t). However, as the system is not ergodic in that the computed correlati@(t,,, t — t,,) contains an offset
the aging regime, the autocorrelation of the sigreainotbe  practically independent on— ¢,, but randomly dependent on
evaluated from a single record, as for an equilibrated sampl ..
In order to compute the autocorrelation function, an endemb  As the setup is a calibrated thermometer, the temperature
average has to be done on successive equivalent recortis, eaan be extracted from the derivative of the”') curves in ex-
one initiated by a quench. This does not only increase dramaperimental units. In order to obtain the FD-plot, this is not
ically the length of the experiment, but also the difficidtef  enough. For a normalization of the data, one needs to know
the acquisition, the ideal acquisition conditions haviade the zero reference level of the response and of the cooalati
kept during months instead of hours. This complication hadn the case of the copper sample data, where the eddy currents
nevertheless an advantage: by averaging, it allows to nieke t producing the signal have a finite and experimentally acces-
separation between a systematic spurious signal and tha sig sible lifetime, this calibration is trivial: relaxation drauto-
of the fluctuations. In our results, the systematic signalfis correlation functions decrease to zero after a few secdnds.



the spin glass case, normalization of the relaxation is Emp should reach the starting point of the FD-pl6t{¢,,, ¢,,) cor-
since the zero level and the FC level are determined durig thresponds toy (¢, t,) = 0. As no long term memory is ob-
measurement. For the correlation, things are not so easy. served in spin-glasses§;(t,,, +o0) = 0 should also corre-
As seen above, at a given temperature, the correlatiospond tox(t,,, +o00) = xrc, but the extrapolation to this
curves for different,, are shifted between each other by a ran-point is not obvious at all, as the (unknown) aging regime
dom unknown offset. Nevertheless, it is possible to normeali should be extrapolated.
the data by taking as the origin of each curve the square of
the measured value of the first poi6t, ¢ (., t.,). Due to the
elementary measurement time constant, this term correlspon
to an average over-t’ aboutl0—?s,i.e, arange oft—t') /t’

corresponding to the stationary regime where all curvesmus 1ha raw results show a waiting time dependence which can

merge. Thus, the following quantity is computed: be easily explained. The main theoretical predictionsesorr
spond to the approach of the lintif, — oo, C(t,,t) = C
(WEB). In this case, the stationary and the aging parts of the

B. Scaling procedure

C(ta tw) - CVO = Cavg(t7 tw) - Cavg(tUH tw)

The “individual” offset is now replaced by a “global” on€y,
which should apply simultaneously to any measurement dong
at a given temperature.

Then, the best way to normalize our data could be to ex
tractC(t,t) from some other measurement, and to be able tg
convert it in the “experimental units”. Neutron diffractiex-
periments are now under way in order to measure this quan-
tity. C(¢,t) can also be extrapolated from high temperature
measurements (abog) to low temperatures (belot,), or
deduced from some other quantities. Then a complete —but
model-dependent— determination of the autocorrelation ca
be obtained, allowing to obtain the FD-plot. Anyway, even if

dynamics evolve on distinct time-scales, yielding a sefrara

of both dynamics. Experimentally, such a separation is aot a
cessible since the waiting times are finite. In order to sear
both part of the dynamics, the entanglement between both par
should be described. The simplest way to combine these two
contributions is to add them. For instance, if one consitters
relaxationo observed after a unitary field step at time

0(tw,t) = (1 — A).ostar (t — tw) +

A Gaging AE) — Altw)) (18)

the hypothesis used to obtain this complete determination o_ N this equation, all the differert are normalized to unity.

the autocorrelation were not realistic, some charactesisif

This relation is obviously valid in the limit of separatiofi o

the FD-plot would not be affected. The temperatures, effectime-scales, and is the most commonly used in theoretical ap
tive or not, are measured from the slope between relaxatioRroaches, butitis f:ounte.r-mtunwe as shown by the folfayv
and correlation in the experimental units. They will not be WO thought-experiments:

modified by the normalisation procedure, whose effect is jus
to suppress an offset.

IV. DISCUSSION

In this section, the results of the measurements done at sev-
eral temperatures i6dCr; 7Ing 3S4 will be analyzed follow-
ing the line of the method described above.

A. Raw measurement

Figure [b displays the values of(t,,t)/xrc = 1 —
o(tw,t)/xrc plotted versug’(t,,, t) for several values of,,
and using —t,, as parameter. The three graphs correspond to
the three temperatures 10, 13.3 did<. A first observation
is that a linear regime exists between relaxation and corre-
lation for all the temperatures and waiting-time invesiiga
This regime corresponds to the shorter observation tinres. |
the figures, the straight lines represent the FDT slope as-cal
lated from the values of calibration factéf and of the tem-
perature: in this regime, the relation between relaxatioh a
correlation follows the FDT. Thus, this regime can be extrap

¢ In the first one, a glassy system is quenched at a tem-

perature belovl, at timet = 0, and att = 0™, a field

is applied. This experiment is usually though as being
equivalentto the “Field-cooled” procedure, in which the
field is appliedbeforethe quench. Experimentally, the
Field Cooled magnetization is strikingly stable. In the
additive formulation, the predicted behavior is the fol-
lowing: first, an instantaneous variation due to the aging
part, and then a slow variation up to the FC value, as the
system approaches equilibrium. Thus, the field-cooled
magnetization should not be as stable in time, as what
is observed experimentally.

The second problem arises when thinking about some
finite t,, experiments, but with (very) huge time differ-
ences,t — oo. Aging and stationary parts are usu-
ally described as stretched exponential (with character-
istic time of ordert,,) and power-law with small ex-
ponent respectively. For finitg,, after a finite time,
the only remaining contribution to the dynamics would
come from the stationary part, and FDT would be re-
covered.

If the time-scales are not well separated, it seems inaljtiv

olated from the shorter experimental observation-timerdow that the two different contributions must be more entangled

to the microscopic time-scale. This extrapolation at stion

than the result of a simple addition. Another (more realjsti
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FIG. 5: Raw results (full symbols) and aging part (open sylsjbdeduced from the scaling analysis for the three invatgi temperature,
T = 10, 13.3, 15 K. The straight lines have the FDT-slope obtained from th@eppalibration for each temperature of the thermalizabimti,
and start all from the poirv/xrc = 1,C/C(t,t) = 1). The correlation offset is adjusted following the “PaT hipsis” (cf sectioS)
The different curves span the waiting times studied:t,, = 100s, A : t,, = 20058, V : ty = 50058, ¢ : t,, = 1000s, <1 : t,, = 2000s
and, only forT' = 13.3K, > : t, = 5000s, : ¢, = 10000s.The last plot represent the complete FD-plot for each ptes/measurement
measurements reported on the same graph, the smooth curespands to equati26, with an expon@nt 0.47.

way to mix the two parts together is to consider a “multiplica @ and illustrated by Fi(ﬂ 6 is applied on both relaxation and
tive” combination, which can be written as: correlation measurements, within the following constisin

1. In the relaxation, the stationary part is described by
0 (tw,t) = [(1 — A).ostar(t — tw) + A] X a power-law decay; its exponentis extracted from
Gaging (At) — A(tw)) (19) the decay of the noise power-spectra measured on the

same sample, at the same temperature, in the quasi-
In the limit of time-scales separation, equatifnis 18 fahd 19 equilibrium regime obtained after a very ﬁg waiting
are equivalent. Moreover, it is easy to show that the problem )

at the working temperature (typically 15 d
raised in the two cases discussed above disappear. Thus, as

this formulation is at least as justified as the “additive’epn 2. In the non-stationary regime, the effective time is given

and seems less counter-intuitive to the authors, it will ke p by A = tll,:- The value of the sub-aging exponent,

ferred in the following. i.e, p is in the range.85 — 0.98. 1 and the relative
Experimentally, separation of timescales is not accessibl amplitude of the aging part,e., A, are chosen to ob-

since the waiting times are finite. In order to separate bath p tain the best rescaling of the relaxation curves once the

of the dynamics, a scaling analysis, as described by equatio stationary part has been subtracted.
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tt, (s) the FD-plots. Thus, the equatipr] 18 {o} 19) can be written for
0.1 1 10 100 1000 the correlation, with the amplitude parameﬂerrc;@aced by
0.4 : : : ' qea, the usual Edwards-Anderson order parantetevhich
is defined as the remaining part of the autocorrelation for an
equilibritated spin glass after an infinite waiting time. As
consequence, the FD-plots are determined by a single param-
9 0.31 eter, the effective time difference: the limit FD-plots e
g sponding to the ideal separation of the stationary and aging
.= regime is independent of the age of the system, as supposed
° : in theoretical works.
024 °
0.6 " I " " C. Comparisons with some models predictions
-0
0.5 g Depending on the models, some remarkable features of the
. s FD-diagrams are predicted. The analysis of the FD-diagrams
= 0.4 > may help to check the validity of the models used to interpret
g 20 5 the glassy behavior found iddCr; 7Ing 354.
= 034 =
6 Og O/I\
0.2+ 40 = 1. Domain growth
10" 10° m"m“ 10° 10 E)/
0.1

- - - - In domain growth models, as in any replica symmetric
0.1 1 10 1001000 models, the FD-plot should be quite simple in the limit of
tt, (s) time-scale separation. For an infinite waiting timg the
guasi-equilibrium relaxation should go down to zero. A FDT-
FIG. 6: Relaxation (DP) and autocorrelation (8TTom) functions  behavior should then describe all the response, governed by
recorded atl3.3 K. The different curves correspond, from bottom the single-domain response and the scaling approach used in
to top, tot,, = 100, 200, 500, 1 000, 2 000, 5 000 and 000 s. this paper should giV@EA 7& 0, A = 0) Thus, the remain-
In insets, the resp_ective aging parts, deduced by the scaifialysis ing part of the diagram, an hori al line, should correspo
developed in sectioh IV]B to an infinite effective temperatk®2f. This description does
not coincide with the FD-diagram shown in figlﬂe 5, even af-
) ) .. terthe separation of time-scales obtajned by scaling.

3. The stationary part of the autocorrel:_;ttlon function is Anyway, a more refined approach a@iis not excluded, in
then evaluated using FDT and the stationary part of thhich dynamics is described introducing a crossover region
relaxation. The aging part Qf the autocorrelation can, petween the quasi-equilibrium regio® (> gg4) and a
then be deduced from equatipr] 1§ of 19. purely aging region caracterized “dynamical order parariet
p for C < qp < qga. This approach could explain the

The resulting FD-plots are displayed in open symbols in thé‘learly” departure from the FDT regime. This departure sdoul

diagrams of figurg]5 for the aging part (by construction, thebet -dependent, but this dependence may be hidden by a too

stationary part follows the FDT line). For all the investigg mall range of waiting times explored (as well as a too weak
temperatures, the aging part starts with a slope very close £ ng 9 > EXP
exploration of the aging regime)...

the FDT one. This may reflect the imperfections of our de-
composition between the stationary and the aging partagJsi
the additive scaling, this effect is even more pronounced. ) )
The multiplicative scaling has a main drawback: it can 2. 1-step replica symmetry breaking
not be used without the knowledge of the amplitude of the
concerned physical quantity. As previously discussed @ se  In CdCr; 7Ing 354, one of the best realization of an Heisen-
tion [ITG, for the correlation this value must be determinedberg spin-glass, it has been shopn that the scenario of the
indirectly, and is model dependent; thus the scaling is alsehiral spin glass could be relevahtf. Such model be-
model-dependent. The additive form of the scaling can be agengs to the 1-step replica symmetry breaking (1-RSB) mod-
plied without any amplitude parameter. However, the depenels familyedi2piP
dance of the scaling on this parameter is weak, the results ob In 1-RSB case, the aging regime is described by a unique
tained from different models are indistinguishable frorohea effective temperature, finite and strictly greater thanttes-
other. malization temperature. By considering a normalized FD-
The aging part of the correlation function is found to follow plot, it is easy to show that the value @f 4 can be deduced
remarkably the scaling-law used for the aging part of the refrom the value ofT’, T.;; andy = 152, the ratio between

A
sponse, resulting in a very weak systemétiedependence of the stationary and the aging part of the relaxation, which is
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TIK] Ty [K] g0t qRaT high temperature, following equati¢n|22, and beldyy its
- value is temperature independent:

10 2846 0.65+0.05 0.63
13.3 50+ 10 0.45+0.05 0.37 xro(T >Ty) = C(t,t)/kpT (22)

15 80+20 0.36+0.07 0.21 xrc(T <T,) =C(t,t)/kpTy, (23)

TABLE I Values ofT.;; as obtained in an 1-step replica symmetry The lower the concentration of magnetic ions in the canon-

breaking scenario and the corresponding Edwards-Andeseer  ic@l Sample, the smaller the probability of spins clusgrin
parameter. **” (cf section[IVCP). The values of5%” are de- and the better the validity of the above relati&nsThus, the

duced from the Pa@insatz(cf. sectior[IV CB). value ofC(t, t) can be straightforwardly derived from suscep-
tibility data. The canonical behavior is also observed or im
posed in theoretical models, and known as the Parisi-Taelou

experimentally accessible: Hypothesigt. This “PaT” hypothesis implies that the FC re-
sponse is temperature independent, as observed in dijited s
_ 1 20 glasses.
9BA = 1+ 7.-L (20) In samples with high concentration in magnetic sites, de-

T. L . . .
1 viations from the simple canonical behavior are observed, a

As the experimental setup is a calibrated thermometer, i{V€ll @s the formation of clusters of spins. At low tempera-
allows an absolute determination of the temperatures. Thi!'es;the response of single spins is no more observedyéut t
determination ofl” and 7., extracted from the slope of the '€SPonse of some rigidly coupled groups of spins. For macro-
stationary and the aging part respectively allows the cetspl SCOPIC quantities, this is equivalent to the response oefew
determination of the offsef,,. The obtained values &, renormalized spins. 10dCr, 7Ing 354, which has an
and g4 are reported in tablp I. The separation by scalingtouPling constant strongly ferromagnetie = 100 KEI&3),
between stationary and aging part being far from perfeet, ththis clustering may explain that at low temperature, buvabo
uncertainty on the determination @, and consequently g+ the compound behaves as a compound with antiferromag-
on x4 is quite large. The choice of a scaling procedurenet_'c average of coupllngs. A standard_ Curle—Welss_ law de-
also influences the results (the previously reported vasae f SCTiPtion around0 K gives a mean coupling characterized by
T.;; ~ 30K for a thermalization temperature 03, 3K was ~ © ~ —9KE. Such a description, with a non-trivié(T))
obtained by an additive scaling analysis of the BtaThe variation, sho_uld be assoma_ted Wlth_ a non-trivial, .bqll sti
results of tabld] | can be compared with the results of simSmooth, functiorC(¢, ; T'). As informations on the variations
ulations dane on a weakly anisotropic spin glass model b C(#; ;') are lacking we propose to consider that relations
Kawamurdd. In this work, it was found that depends lin- and are Stl|! valid in the genergl case. This is a strong
early onC' in the aging regime. The effective temperaturehypm,hes's since it amounts to consider that the temperatur
was found to be independent of the temperature of the theiariation of x ¢ is due only to the temperature variation of
malization bath. This independence does not appear in odr (f: £ 7). One can write:
data, but, maybe, it can be due to the extremely low anisgtrop

used in the simulationsCdCr; 7Ing 3S4 is known to be an C(t,t;T) Ty

Heisenberg spin glass with a non negligible anisotropyctvhi T xro(T < Tg)T (24)
as been found to be five times stronger than in the canonical

AgMn spin glass. A smooth behavior ofZ(¢,t;T)/kgT aroundT, can be

obtained using’; = 17.2 K in the formula.
This ansatzgives an access to the unknown offset of the
3. Continuous replica symmetry breaking autocorrelation: i) the starting point of the FD-plot, afr
sponding to[C(ty, tw; T); o(tw,tw)] is completely defined,

In continuous replica symmetry breaki SB) mod- i) C(ty,o00; T) corresponds to the point \!vhere the FDT line
els, as the Sherrington-Kirkpatrick (SK) moéiit, the Parisi  reaches the level given byrc (T < Tg)ZT&. Then the FD-
ord%@arameter is a continuous function between 0 andraph can be plotted in reduced units as displayed in fure 5d
qeABIE. Links between statics and dynamics imply that theln this plot, the starting point = 1) and the end point
corresponding effective temperature is a smooth and net tri (C' = 0) are temperature independent. Furthermore, it has
ial function of the autocorrelation : been shown (for some mean field models, and approximately

. L for the SK model) that not only these points hut also all the

_ 0 aging part of the plot is temperature indepenéerit |
Tesr (€)= T /0 Pla)dg (21) jectured that this can be still valid in short range mokt '
This property is particulary interesting: it allows, by rsaee-

Then there is no trivial relationship betwegeps and the ments at several temperatures, to obtain the whole “master”
measured quantities. It is nevertheless possible to toressg curve describing the aging behavior, even if each set of data
further if the studied compound is a canonical spin-glass. | spans a limited portion of the correlation. This feature has
these systems, the FC susceptibility is purely paramagatti been already used to obtain the master curve from response

48l 14
=13
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data, assuming that the separafion of time-scales is rdache 0.07
usual susceptibility measurem . 10K t <1008
In the SK model at@zaw, it can be shown that the master 10K, %=200s
curve should behave 10K, t,=500s
13,3 K, t,=100s
006 b gmace
() =vI=C (25) % 2K, 1oz 001
— 15K, t,=100s
For correlations close to zero, the slope of the FD-plot, . EE %3000;05
X(C) = foc P(q)dg, should asymptotically reach zero, as 15K, 1,52 000s
P(0) is known to have a finite value in the continuous RSB 0.05 , , ,
case. 0.003 0.004 0.005 0.006
Equation[2b can be generalized by allowing any exponent @
different from0.5: T°C

FIG. 7: Scaling of the aging parts of the FDT-diagramm foilmgv
equatio@. The straight line shows the result predictatiisyequa-

xX(C) =(1- C)B (26) tion.
Such a curve can be easily superimposed to our experimen-
tal results. Using a coefficie®® = 0.47, a single curve can V. CONCLUSION
describe the aging regime at all the investigated tempersitu
and for the data close tg:4(T"). Both the value ofjgA(T') In this paper, it has been shown that the experimental setup
and the effective temperature closeq© seem to be well  developed in this work can be considered as an absolute mag-
described by Ed. 26. netic thermometer. However, to get rid of uncertaintiestan t

ForC <« ¢ga, ateach temperature, the experimental pointssalue of several elements of the setup, the setup was daiibra
deviate from relatior] 26. This cannot be due only to theby measuring the magnetic fluctuations and response of a high
smaller signal to noise ratio at the longest timescalesesin conductivity copper sample thermalized at helium tempera-
the effect seems to be more pronounced at the highest tempewre. This calibrated thermometer was used to determine the
ature, where the sample signal is the strongest. out-of-equilibrium properties of a spin-glass below thasgl

A possible explanation is that the scenario with continuougransition. The autocorrelation function of the spontarseo
replica symmetry breaking should be associated with agenti magnetic fluctuations of a well characterized insulating-sp
uous distribution of timescales describing the system.h&s t glass was investigated in the deeply non-stationary regime
limit of separation of timescales is not reached in our tssul Its waiting time dependence can be described by using the
the aging regime itself is a combination of many timescalessame scaling as for the response function. The FD-plots
The scaling procedure allows to extract the stationary, partclearly confirm that the stationary dynamics observed at the
but not to reach the limit where a full time-scale separaison shorter timescales can be considered as a quasi-equitibriu
achieved. once, as the fluctuation-dissipation relation betweencauto

A way to reach the limit could be to iterate the scaling pro-relation and relaxation obeys the fluctuation-dissipatiues
cedure on the aging data to separate the “aging timescalesrem. The scaling analysis allows to extrapolate the experi
The aging regime can be considered as a pseudo-FDT on@,entgl _results tq the limit used in theoretical studies odikve
with a temperature equal 6./ (¢z4). Such a work on the ergodicity breaking models.
available data is however hopeless, as the separationéetwe The experimental results obtained GdCr 7Ing 354 dif-
stationary and aging part seems obviously already far frorfier qualitatively from the predictions of any domain-gréwt

perfect. model. The experimental data allow interpretations that ar
A scaling can be deduced from equaﬁvhich, using rather consistent with predictions from the two replica sym
& = —L-, can be written as, : metry breaking models under study. As long as the autocorre-

lation cannot be determined completely, both models can be
relevant, giving slightly different results concerning tralue
_ of gp4. An independent determination of the characteristic
X.T% = { Al — Cﬂ; #7 for € < qpa(T), (27)  magnetic moment of the clusters as a function of temperature
(1-0)T~ for C > qpa(T). is needed in order to resolve this ambiguity .
The possibility of analyzing the experimental results aa th
If a power-law can describe the aging dynamics, then all thdasis of 1-step replica symmetry breaking confirms that, at
scaled data should merge along a single line. The best resditst sight, the chiral model developed by Kawamura could be
is obtained forB = 0.5, but the cloud of points remains very the more relevant one for thedCr; 7Ing.3S,compound with
broad, and is not well described by the predicted straiigiet-I low anisotropy, supporting the conclusion from D. Petit &nd
in thelog(T*~®x) vslog(T~*C) diagram. Campbell on this sampe However, the scatter of the data is



such that one cannot reject definitely an interpretatiopires
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