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Off-equilibrium fluctuation-dissipation relations in the 3 d Ising spin glass in a magnetic field
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We study the fluctuation-dissipation relations for a three dimensional Ising spin glass in a magnetic field
both in the high temperature phase as well as in the low temperature one. In the region of times simulated we
have found that our results support a picture of the low temperature phase with broken replica symmetry, but
a droplet behavior cannot be completely excluded.
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[. INTRODUCTION ther. They analyzed a field theory in which the replicon and
anomalous sectors are bothitical going beyond the old
The understanding of the behavior of a spin glass in analysis where only the replicon sector was taken to be criti-
magnetic field is a challenging issue from both experimentatal. The main result of this analysis is the existence of a new
and theoretical sides. On the theoretical side, there are twaritical point (which appears at eight dimensigriaking the
competing theories. In the droplet model the spin glass phaseontrol of the phase transition at six dimensions. The authors
is unstablgfor any amount of magnetic fieland so there is also pointed out that this new fixed point provides a phase
no phase transition: there is only a pure state describing thigansition which has different features from that of the mean
entire Ising spin glass in a magnetic fiél@n the other side, field.
the mean fieldMF) approximation predicts a phase transi- On the numerical side the situation is a bit cledlmrt not
tion between two phases. The first one is characterized bgnough. Looking at the off-equilibrium numerical simula-
one pure state, and the low temperature phase is described tigns, the difference between the mean overlap and the mini-
a countable number of pure states. In the mean field approximum overlap has been comput€d? In four dimensions
mation a third order phase transitfohas been found be- and not for too low temperatures there is a clear difference
tween those two phasts separated by the de Almedia- between these two measurements, which is a clear signature
Thouless lin€. See Ref. 4 for a description and Ref. 6 for a of replica symmetry breaking. Another off-equilibrium ap-
critique of the replica symmetry breakin®SB) picture. proach is to compute the violation of the fluctuation-
Hence, those two competing theories have opposite pradissipation theorem out of equilibrium. This has been done
dictions about the overall behavior of a spin glass in theusing a slightly modified version of the four dimensional
presence of a magnetic field. However, to perform experiGaussian spin glas§,and it was found that the violation is
mental or numerical tests of the previous analytical predicwell understood in terms of a nontrivial low temperature
tions has proved very difficult despite the clear theoreticaphase. In this paper we will follow this approach but working
predictions(phase transition or npt in three dimensions and simulating the Edwards-Anderson
A further step in mean field computations is to take intomodel. It is important to notice that the same kind of studies
account the effect of fluctuations. This can be done, for in-on the violation of fluctuation-dissipation out of equilibrium
stance, using field theoretic methods, and has been done @an be done in real experiments. In fact, in a recent psper,
the past. Working with a projected thedityy taking only the  the violation of the fluctuation-dissipation relations in an
replicon sector which contains the most divergent terms ofsing spin glassin zero magnetic fieldwas reported, and the
the initial Hamiltonian no fixed points have been found in experiment can be explained in terms of replica symmetry
the model’ It is important to mention that the existence or breaking.
not of a transition in magnetic field affects the existence or Another numerical method is to use exact ground state
not of a phase with RSB at zero magnetic field. In particulartechniques in order to understand the qualitative features of
the absence of a fixed point for the Ising spin glass in ahe low temperature phase. This has been done in three di-
magnetic field supports the droplet picture against the meamensions, and a RSB behavior has been found between zero
field one. and a magnetic thresholdor the Gaussian Ising spin glass
A recent and detailed analy8igeached the same conclu- in 3d, this threshold is near 0.§5however, this work cannot
sions as Ref. 7, and so three possibilities are opefiedo  completely exclude a droplet behavi8rA recent study®
phase transition at al(ii) a first order phase transition driven pointed out that there is no phase transition at(ailfinite
by fluctuations, and finallyiii) a second order phase transi- temperaturg but one cannot exclude a critical field below
tion dominated by a fixed point outside the accessible pertur@.4.
bative region(i.e., the region of small parametgrslowever, We can cite different numerical studies working at equi-
a fourth possibility was recently opened by Temesemd  librium. Those studies have been mainly done in four dimen-
De Dominicis? who extended the field theoretic analysis fur- sions in order to avoid the proximity to the lower critical
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dimension(which is between two and three, at least in theand the response function
Ising spin glass without magnetic figldThose studies are
not fully conclusive, but the existence of a finite temperature S(A(ty))
phase transition emerges as the most likely explanation for R(ty,tp)= m
the numerical dat&!’

On the experimental side the situation is not clear. Thergvhere we have assumed that the original Hamiltonian has
is strong experimental evidence about an irreversibility linebeen perturbed to
(where the zero field cooled and the field cooled magnetiza-
tions start to be different but unfortunately, that line de-
pends on the time, and so, we have only off-equilibrium H':H+J Ah(A(tdt. 4
information about what happens in the presence of a mag-
netic field. In the literature, one can find some attempts torhe brackets- - -) in Egs.(2) and (3) here imply a double
analyze the scaling behavior of the freezing temperaturesjverage, one over the dynamical process and one over the
and the conclusion is that no phase transition exfsts. disorder. As usual one could chooggt)=o;(t) and the

However, recent experimental studies based in theesponse function should be
fluctuation-dissipation relations point out the existence of a
phase transition in the presence of a magnetic fieMore- om(ty)
over, a phase transition has been reported in a Heisenberg R(ty,t2)= SAN(t,)
spin glass(AuFe) in three dimensions in the presence of a
magnetic field against the droplet predictiome recall that wherem(t) =(o;(t))
the droplet model predicts no phase transition independently However, to improve the signal of the autocorrelation in

()

1
Ah=0

_ 8(ai(t1))
~ SAN(ty)

®

)
Ah=0 Ah=0

of the number of components of the S})?fﬂ the present paper we have used:
We will study a three dimensional Ising spin glass using
an off-equilibrium approach based on the computation of the v
fluctuation-dissipation relations. This method has provided C(tl,tz)zv _21 (oi(ty) oi(ty)), (6)
=

an important tool to investigate the low temperature proper-

ties of disorde_red systentand it has been very u_seful in the andm(t) = (1V)Z;(o;(t)). We remark that we are interested
study of nondisordered systems such as glasse¥’ in global fluctuation dissipation relations. Recently work has
been done in local microscopic fluctuation dissipation
Il. THEORETICAL BASIS relations?’ but we will not study them in this paper.
In the dynamical framework, assuming time translational
invariance, it is possible to derive the fluctuation-dissipation
éheorem(FDT), that reads

We have focused this paper on a study of fluctuation
dissipation relations in the off-equilibrium regime. To do this
we need to define the spin-spin autocorrelation function an
the response of the magnetization to a small change of the IC(ty,ty)
magnetic field of the system. R(ty,t,)=B6(t;—t,)— 2=,

In order to make the paper self-contained and to fix the Ity
notation, we shall recall some important results about th
off-equilibrium fluctuation-dissipation relations. We have
simulated a binary Ising spin glass in three dimensions on Au
cubic lattice of volumeV= L3 with helical boundary condi-
tions. The Hamiltonian of the system is given by

@)

§vhere the inverse temperature@s= 1/T.

The fluctuation-dissipation theorem holds in the equilib-
m regime, but in the early times of the dynamics we ex-
pect a breakdown of its validity. Mean field studfesuggest
the following modification of the FDT:

dC(ty,tp)
i,

H==23 odyjo=h2 ;. @ R(t1,t)= BX(t1,12) 61~ 1)

()
By (ij) we denote the sum over nearest neighbor pdifs. It was also suggested in Refs. 28—30 that the function
are chosen fron{+1,—1} randomly, anch is the external  X(t,t') is only a function of the autocorrelatiorX(t,t’)
magnetic field. We have studied systems with magnetic field= X(C(t,t")). We can then write the following generaliza-
h=0.2 and lattice sizek=20, 30 and 60. tion of the FDT, which should hold in early times of the
We have used the SUE parallel computer. SUE is a dedidynamics, the off-equilibrium fluctuation-dissipation relation
cated machine with an overall performance of 0.22 ns pe(OFDR), that reads
spin flip. See Refs. 25 and 26 for a detailed description of
this computer. dC(t1,t2)
Given a quantityA(t) that depends on the local variables R(ty,t2) = BX(C(ty, 1)) 0ty —t))——— (9
of our original Hamiltonian #), we can define the autocor- 2
relation function We can use the previous formulggqg. (9)], to relate the
observable quantities defined in E@®) and (3). Using the
C(ty,to)=(A(t)A(tr)), (2)  functional Taylor expansion we can write
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been already verified for finite dimensional spin glagdes.
The link has been analytically proved for systems with the
h' (1) =h(t) property of stochastip stability. '
For future convenience, we define

om[h"](t)
sh'(t")

m[h+Ah](t)=m[h](t)+ ﬁ dt’

X Ah(t")+O(Ah?), (10
1
and so s(0)= | ‘dax). a7
C
t
aminARID= [ GURLEIANE) OB, or equivalentl
(12) 4?S(C)
where we have definedAm[h,Ah](t)=m[h-+Ah](t) P(q)=— 7 (18)
—m[h](t). Equation(11) is just the linear-response theorem c C=q
neglecting higher orders inh. By applying the OFDR we - - ;
obtain the dependence of the magnetization with time in Elln the limit whereX—x we can write Eq(14) as
generic time-dependent magnetic fielgvith a small AM[AR](DT
strength, Ah(t), Ah =S(C(t,ty)). (19
Am[h,Ah](t)zﬁft dt’ X[C(t,t’)]ac(t:t )Ah(t’). Looking at the relation between the correlation function
—o t and the integrated response function for largeve can thus

(120 obtain qmay, the maximum overlap with nonzem®(q), as

N let th | h th b CIthe point where the functio®(C) becomes different from
ext we let the system evolve with the unperturbedy,q ¢ nction 1 C.

Hamiltonian of Eq.(1) from t=0 to t=t,,, the so called
waiting time, and then we turn on the perturbing magneti
field Ah (hence, the system “feels” a magnetic fiehl
+Ah). Finally, with this choice of the magnetic field, we
can write (ignoring in our notation the fact thaim also
depends o)

From the functionS(C) we can get information on the
Coverlap distribution functiorP(q), through Eq.(18). Let us
recall which is the prediction for th&(C) assuming the
validity of each one of the competing theories described in
the introduction. The droplet model predicB(q)= (q

—q@) and, consequently,

e ac(tt)
Am[h,Ah](t):Ah,Bft dUX[Ctt)]=—, (13 1-§ for c<§
v S(C)= . (20
and by performing the change of variables C(t,t"), Eq. 1-C for C>q.

(13) reads
In models with only one state, as the droplet model pre-
! dicts for this model, the equilibrium time is finite irrespective
Am[h,Ah](t)=Ahp du Xu], (14) Ic , g p

C(tty) of the value of the volume of the system; hence we can
always thermalize any volume, and so the asymptotic behav-
ior, for waiting times larger than the equilibration time, is
composed only for the straight line-1C. There is no hori-

where we have used the fact tt@ft,t)=1 (always true for
Ising sping. In the equilibrium regime X=1 as the
fluctuation-dissipation theorem ho)dse must obtain

zontal part.
On the other hand the MF like prediction for the overlap
Am[h,Ah](t)=AhB[1-C(t,t,)], (15  distributior?  P(q)=(1—Xy) 8(d— Aman) + Xm(q— Amir)

+p(q) (where the support op(q) belongs to the interval
i.e., Am[h,Ah](t)T/Ah is a linear function ofC(t,t,,) with [ Amin»Amax]» qminoch4/3 and Qs Mainly depends on the
a slope—1. We remark that we can use this formula to temperature; implies that
obtain q,ax @s the point where the curvam[h,Ah](t)
againstC(t,t,,) leaves the line with slope- BAh. S(0) for C=Quin
In the limit t, t,—o with C(t,t,)=q, one has that ~
X(C)—x(q), wherex(q) is given by S(C)=1 s(C) o Qmin=C=Umax (D)
1-C for C>0max

x(q)= fq da’P(a’), (16 \wheres(C) is a quite smooth and monotonically decreasing
mn function such that
whereP(q) is the equilibrium probability distribution of the
overlap. Obviouslyx(q) is equal to 1 for allg>Qyax, and _ d?s(C)
we recover the FDT foC(t,t,)>Omax. This link between p(a)=— > (22)
the dynamical functiorX(C) and the static on&(q) has dc Cc=q
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=06 e - FIG. 1. Off-equilibrium fluctuation-
| 1 dissipation relations foT=2.5,h=0.2, andL
g - =30. We have drawn the equilibrium straight
04 - line 1-C. We plot AmT/h againstC(t,t,,) for
the waiting timet,,= 819200.
02F 1
0 1 | 1 | 1 | 1 | 1
0 0.2 04 0.6 0.8 1

C(t,tw)

To finish this section we will recall an approximate scal-mean field approximation J;; being the random couplings
ing property of the probability distribution of the overlap that between the spinsT(0) being the critical temperature in

was introduced by Parisi and Thoulg$ereafter Pal®? In absence of a magnetic field and finally(h) being the criti-

particular in Mean field the PaT hypothesis implies cal temperature in the presence of a magnetic fielthat is
the formula that fixes the Almeida-Thoule@sT) instability
1-C for C=Qmay in infinite dimensional spin glasses.
_ We can modify that formuldEq. (25)] for a finite coor-
= [ 2 L S
SCO=TVI=C for Gmin=C=dmax- @3 dination number. Let be the coordination number of our

lattice. We recall that oud;; have unit variance and sb

. - . =+/z. Hence we can write
The result forC=q,,a is general(and true for finite di-

mensionand for g,in=<C<(ax We make the following An-

satz: S(C)=AT(1—C)® (in the mean fieldA=1 and B T(h)=T(0) (3% h\|?®
=1/2). If we substitute this ansatz in EG.9) we obtain the 10 3 |\ & (26)
scaling equation
T In our case z=6,T,(0)=1.14, and so T(h=0.2)
M o fr1-c)T- 4, (24y =0.945 (=02 is the magnetic field simulated in the
h present work Notice that near zero magnetic field the phase
_ _ _ _ transition line has vertical slopa{T(h)/dh=1/h3).

wheref is a scaling function ang=1/(1—B) (in the mean In order to check the existence or not of a phase transition

field, =2). In order to be_ consistent the scaling function (using the OFDR as a topWe have simulated at very high
should be composed by a linear pax) @nd by a power law  temperature T=2.5) and a lower temperatuftevhich is be-

part (Ax®). We have only measured the autocorrelation funciow our previous estimate of the critical orie=0.714).
tion [see Eq(6)] and the response functigeee Eq.(5)].

B. OFDR in the high temperature region
IIl. NUMERICAL RESULTS . .
We have simulated the system at temperafure2.5 in a

A. On the critical temperature magnetic fieldn=0.2 and with perturbing fielddh=0.01

Assuming the existence of a phase transition in a mag@nd 0.03(in order to check linear responsand different
netic field, we can estimate the shift of the critical temperaWaiting times: 409600 and 819200. The number of samples

ture when a small magnetic field is turned on using the meagimulated was about 6400 samples for each waiting time. In

field approximation. The main formulaZs Fig. 1 we show the plot fot,,=819200 and. = 30.
For the largest value of the waiting time simulated all the
T(h)=T(0) (3|3 h|23 data stay on the equilibrium line-1C (i.e., this waiting time
e’ 7 (_) -, (25)  is greater than the equilibration time for this lattice gize
T(0) 4/ \J In the paramagnetic phase, droplet and RSB agree: for a

o “finite” volume and very large timeggreater than the equili-
whereJ is defined(in the mean fiel;dasJizszle, N being  bration time all the points should lie on the straight line
the volume of the systertor the coordination number in the Am(t)T/Ah=1—-C with Ce[0,gea] (equilibrium situa-
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g FIG. 2. As Fig. 1, but with,,=409600.
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Ct,)
tion). For intermediate situation§.e., not so large waiting The first check we have performed is to control that we

times the curves lie below the straight liieee Fig. 2 and  are in the linear response regime. To do this we have com-
the final straight line is built from belowi.e., curves with  puted the OFDR for different perturbing magnetic fields
lower waiting times lie below those with higher one$his ~ Ah=0.01 and 0.03. We have found that the results are inde-
behavior is similar to that found in the two dimensional Ising pendent of these two values Ah. In the following we show
spin glass in a magnetic field for a finite temperatlfe®  the results obtained with h=0.03.

system is paramagnelli‘:_?' Also see Fig. 5 of Ref. 10 foran  1ng second check has been to verify that our results are
example of a FDT plot in a paramagnetic phase in the foufygice size independent. In Fig. 4 we can see the results for

dimensional Ising spin glass. L=30 andL =60, with perturbing fieldAh=0.03. ForL
=20, the perturbing fielddkh=0.03 has proved too noisy,
C. OFDR in the low temperature region and we have useAlh=0.06. It can be seen that the behavior

The situation at a lower temperature is dramatically dif-Of L =30 is asymptotic in this kind of simulatior(se., for
ferent. We start by showing the numerical results for one ofhe time scales that we have simulatetie L =20 points are
the lowest temperature simulatéb=0.714. All the simula-  still a bit noisy butL =30 andL =60 coincide. Using this
tions reported in this subsection have been dorie=a0.2 as  information we will focus on thé. =30 lattice in the rest of
the external magnetic field. In Fig. 3 we shasmT/Ah  the paper. We can state that we have simulated 512 samples
againstC(t,t,,) for different waiting timeg,, and perturbing for t,,=81920, 416 samples fdx,=163840 and 3232 for

magnetic fieldAh=0.03 for theL =30 lattice. t,=327680 and 1638400 in the=30 lattice. In addition
T T T T T T | T T T T ]
03 BT L IIIIIIIIIIIIIIIIIIIIIIIIIIITIIIII
it i *’}i ® TyizaT gu
L *f H*}iff*lﬁ* i
02 - FIG. 3.  Off-equilibrium fluctuation-
5 | ] dissipation relations fol =0.714,L=30 andh
E | 81920 ] =0.2. We have marked the equilibrium straight
gL U e | line 1-C. We plot AmT/h againstC(t,t,,) for
L o (= 1638400 i three different waiting times. We have also plot-
t:wextrapolmion ted the error band for the asymptotic value of
01— ___ 1-Cte,) N AmT/h.
Mo 45, =0.695 droplet scenario L N b
- u _
0 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1
0.5 0.6 0.7 0.8 0.9 1
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T T T T I T T T I T T T T I T T T T I T T T T ]
03 Harzgpns o =
i ETEINE £}# H‘g’;‘ x: _
L x!!b‘% .
02k - FIG. 4.  Off-equilibrium fluctuation-
5 L 4 dissipation relations fof=0.714 and three dif-
& | | ferent lattice sized =60, 30 and 20. The per-
5 i i turbing field is 0.03 fol. =30 and 60 lattices and
| i 0.06 for theL =20 lattice. We show the data for
one of the larger waiting time simulatet],
0.1+ 7] =327680.
L Y .
0 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0.5 0.6 0.7 0.8 0.9 1

e,

6200 samples in thé. =20 lattice and 412 in the largest the OFDR curves, but using a smaller number of samples. In

lattice that we have simulated. € 60). Fig. 5 we can see the evolution wi(t). The horizontal lines
The third goal is to study the dependence on the waitingare the error band related to the asymptotic valud of(t)
times of the OFDR curves. We have simulateg =0.1286(15). For this value we do not need to do any kind

=81920, 163840, 327680, and 1638400, and from Fig. 3 ibf extrapolation since we have reached the thermodynamic
is possible to see that the curves rise as the waiting time igalue of Am(t) T/Ah in this long simulatiof O(10%) Monte
larger. Moreover, the curves for the larger waiting times areCarlo step$
just compatible within our error bars. In this sense we are If the droplet model holds, the finghsymptoti¢ curve
confident that the curve correspondingtjg=1638400 rep- should be composed by the —IC straight line C
resent very well the overall behavior of the systémery  e[qgga,1]) as explained above. This implies that we can es-
large volumes and times or equivalently infinite volume andtimate the “droplet” prediction for the order parameter as
waiting times. This behavior is very important because ourggy=0.6944). We have marked this value with a vertical
final curve(i.e., t,=1638400) has a clear curvature which line in Fig. 3.
should be absent if the droplet model holdse Eq/(20) for We make the following points at the end of this section.
the droplet prediction and E¢R1) for the RSB predictions (i) We have obtained a t,-independent (and

In Fig. 3 we plot two additional straight lines. The first L-independentfinal curve, at least within our statistical pre-
line, horizontal, corresponds to the asymptotic value ofcision. We believe that this curve represents with high accu-
Am(t)T/Ah. To obtain this value, we have performed aracy the behavior for large volumes and times of an Ising
simulation reaching times much longer than the ones used igpin-glass aff =0.714 andh=0.2. In this scenario we can

T I T | T | T | T I T I T
i . Lomal Tk st ot bit Rt T b s Wil d stor | T et etk il e HILon a1
r‘lﬂwﬂ"?‘ il i S i W’Wm‘ﬂ“"‘lﬂ?‘ﬂ TRIEETTE 4
0.01}- —
FIG. 5. Am(t) againstt for t,,=327680 and
L i L=30 in a simulation longer in time than the
5 ones used in the figures of the FDT, but with
much less samples 1152. The fit to equilibrium
0.005 - . plateau is also showftwe again show the error
band for the mean valjie
() 1 | 1 I 1 | 1 | 1 I 1 | 1
0 le+07 2e+07 3e+07 4e+07 5e+07 6e+07 Te+07

t
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T T |‘ N T T T T | T T T T T T T T

04 -

T i

< t i

E L - FIG. 6. We show the OFDR for three tem-

< L ] peratures, fot,,=327680 and. = 30.

021 —

B * T=1.00 S, T

| --- 1-Citt,) ‘\‘ |

.
0 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 I\\
0.4 0.6 0.8 1
)

estimate thafjg,=0.76(2) (the points in which the points D. OFDR in the high magnetic field region

leave the straight linewhich differs from the droplet value In this section we study the properties of the OFDR at a

0'6(%(4\'/)\} ¢ id ad d th iting i fixed low temperature when the magnetic field grows. The

5 € cannot avoid a dependence on the waiting IMe, | of this section is to find when the behavior of the OFDR
eyond our numerical precision, and so we can not exclud elations change from a nontrivial on@s found for T

completely a droplet phase withea=1-Am(=)T/Ah — _ 71 anch=0.2) to a trivial ongdropled as the magnetic

~0.6944). o . )
(i) As we cited above, the final curve is built from below, 1€ld_becomes larger. Notice that this temperature (

At low temperature, in the droplet scenario, we should ex-~0-714) is far away from the critical temperaure of the
pect the same behavior as at high temperature and so tfaodel with no magnetic fieldT(=1.138), and so avoiding
final curve should build from below. The point is whether the Crossover effects between the phase transition at zero field.
curves for large waiting times stop or not before they reacHn Figs. 7 and 8 we show the results obtainedrat0.714
the droplet prediction. Our numerical data suggest that thendh=0.4 and 0.6, respectively.
curves stop before the droplet final curve, and that the We start by discussing the=0.4 plot (Fig. 7). If we
asymptotic curve shows the characteristic curvature of &ompute, as abovejg, as the minimum value of the corre-
phase with RSB. lation (starting fromC=1), for which the points do not lie
We end this section by showing a figure corresponding tdusing one standard deviation as criecm a straight line,
the crossover region. In the following discussion we will we obtain that this value of the field is still not statistically
restrict ourselves to a qualitative level. In Fig. 6 we havecompatible with the droplet value. If we relax the one stan-
shown the OFDR for the three values of temperatufe ( dard deviation criteria to two or three standard deviations,
=1.25, 1.11, and 1)0andt,=327680. It is clear that the the behavior can be described as droplet behavior. Obviously
largest temperature shows a clear signature of a paramatpr larger magnetic field we can show analytically that the
netic phaséi.e., a small curvature and almost a straight)ine behavior is a droplet behavigthe magnetic contribution in
One can compare these curves with a clear paramagnetige Hamiltonian becomes dominant and we can drop the spin
one, (see Fig. 2, which also shows a small curvature at theglass term
end of the curve We remark that the critical temperature of ~ For a larger magnetic fielth=0.6, the situation is clearer
the model with no magnetic field is about 1.14, and so we aréFig. 8). Practically all the points are on a straight line
(qualitatively) exploring the region near the vertical of this (slightly below but always at a distance less than a one-two
point. On the basis of the mean field approximation westandard deviationsWe have a horizontal pafthe system
should expect that the line of transitions emerges from théas reached its asymptotic magnetizatjaince our largest
point at zero magnetic field with vertical slope. Hence, thiswaiting time is still smaller than the equilibration time for
plot and a transition temperature near 1.1 is compatible witfihis magnetic fieldin the droplet, this time is finite
this scenario. The prediction using E@6) was 0.95. Obvi- The conclusion of this section is that for 0.4 the situ-
ously, in order to see a clear paramagnetic curve with nation is still not clear but thath=0.6 is a droplet situation.
violations, we refer to Fig. 1. We remark that this methodWe have observed a clear change in the behavior of the
based on a violation of the fluctuation-dissipation relation isOFDR in the regiorh=0.4—0.6. Assuming a phase transi-
not so powerful as to be determinable with precision transition (between RSB and droplet behavidhis implies that
tion points; is a good method to decide if one poift i) h(T=0.714)-0.6.
(well inside the phase in order to avoid the crossover région This figure compares very well with that obtained at zero
behaves in a way or not. temperature in a related modebhich uses Gaussian cou-
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T T T T I T T T T r\\ T T T T I T T T T T T T T
0.2 - -
| ] FIG. 7. Off-equilibrium fluctuation-
s | ) dissipation relations fof =0.714,L =30, andh
[= 81920 =0.4. We have marked the equilibrium straight
Er :W: 297650 T line 1-C. We plot AmT/h againstC(t,t,,) for
- tw; 1638400 7 three different waiting times. We have also plot-
0.1 t”_“ ex*Ua ati : — ted the error band for the asymptotic value of
- =00 polation :
o qg,=0.73 droplet scenario £ g AmT/h.
— 1-C(ut -
L (18] : Y i
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 I\
0.5 0.6 0.7 0.8 0.9 1

cae,)

pling). A critical magnetic field at zero temperature of 08, t,, (t,=10% for a large lattice Y=400) also follow this

or 0.4 if we use Ref. 15, has been obtained. ansatz(see Fig. 1-a of Ref. 33Notice that this waiting time
is not an asymptotic onesee Fig. 1-b of Ref. 33
E. Scaling properties of OFDR in the low temperature region In Fig. 9 we show thd,, and L-independent fluctuation

In this section we will study the scaling properties of thedlSSlpatlon curves obtained at five different temperatures. In

ty-andL-independent fluctuation dissipation curves obtainefart'cmar' in Fig. 10 we show the quc_tuatlon-d|SS|pat|on plot
for different temperatures. The main goal of this section is t or the Iovyest temperature we hgve §|mulaféek,0.625, and
study the degree of accuracy of the approximate PaT ansafg’ Wo different and large waiting timest,{=162840 and

in a three dimensional Ising spin glass in a magnetic field327680. It is clear that these two waiting times are
That ansatz has been found to be very adequate to descrif€ymptotic(within error barg and so we are again confident
the low temperature fluctuation-dissipation curves both inn that our curves plotted in Fig. 9 are asymptotic.

three and four dimensions in the presence of a magnetic We have deleted the temperature factor in the ordinate
field. Moreover this scaling ansatz has been checked in ex@xis, and so each FDT straight line has a slofe We can
periments, and found to describe very well the experimentagsee that when the data leave the pseudoequilibrium region
data. The ansatz has also been studied in a two dimension@le., the straight ling they go to the same curéndepen-
spin glass(no phase transitionand it has been found that dently of their temperaturgsThis is a strong signature that
the curves computed for different temperatures at the samie PaT ansatz works. In Fig. 11 we have tried this kind of

T T | LN T I T | T T T T T T T T
_________ e ]
0.2 —
i | FIG. 8. Off-equilibrium  fluctuation-
5 r § dissipation relations fof =0.714,L=30, andh
E t - 17680 . =0.6. We have marked the equilibrium straight
g | ‘ tw;1;38400 ] line 1-C. We plot AmT/h againstC(t,t,,) for
Y tmoo extrapolation | two different waiting times. We have_also plotted
: 0, =0.77 droplet scenario . the error band for the asymptotic value of
L 1-C(L,) age . AmT/h.
‘}\
L .. i
.
1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1
0 0.7 0.8 0.9 1
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FIG. 9. Off-equilibrium  fluctuation-

o T=0. L i ) )
| N T=8§Zg | dissipation relations for five different tempera-
3 o T=0714 tures. We have marked the equilibrium straight
g . $=8ggg lines. Notice that we ploAm/h insteadAmT/h

as in previous plots, hence the slopes of the equi-
librium lines are 1T. We show only the data
computed with the largest waiting time,,
=327680.

..... (1-C(t.1, )/0.833
e (1-C(L1,)/0.769
- (1-C(L1 )/0.714
_____ (1-C(L.t )/0.666
- (1-C(LL /0625

() 1 I 1 I 1
0.6 0.8 1

ce,)

ansatz, and the scaling is very good; thus we are confident We can compare the values obtained forand B with

that the PaT scaling describes with great accuracy the behagrevious results published in the literature. In the I8ing

ior of the fluctuation dissipation curves in a large temperaspin glass with no magnetic fieki=0.7 andB=0.413* For

ture window. _ the 4d Ising spin glass again with no magnetic field,
Notice that the PaT scaling works for owr— and =0.52 andB=0.4122 We can see that in absence of mag-

ty,—independent curves. We have found a good scaling foF1etic field theB value is close to the mean field val(@5)

values of¢p e (1.2,1.4). In Fig. 11 we use central value for h th tic field value in th di . :
¢=1.3. Two clear and distinctive regimes can be seen in thaf/€reas the magnetc field vaiue n three dimensions Is

figure. The first one corresponds to the quasiequilibrium re€€arly far from the MF value. o

gime: in that part of the figure the behavior is linear and so it  Following Ref. 33 this kind of scaling is not enough to
matches the quasiequilibrium regimemT/h=1—C. The detect a RSB phadehey found in the two dimensional Ising
second one corresponds to the aging regime: that part of theodel—with no phase transition at finite temperature—a
plot can be parametrized with a power law with 8&xpo-  PaT scaling for their OFDR Nevertheless, in Ref. 33 the
nent introduced above in the paper. We have obtaiBed PaT scaling only works for points with the same waiting
=0.27(3) which providesp=1.376), which is a compat- time, instead, in our plot we have points computed with dif-
ible value with theg value used in the scaling pléthis is a  ferent waiting times. In effect, we remark again, our scaling
check of consistency of the scaling lawor completeness is t,, independentat least in our numerical precisipwhich

we report the value oA [we remark that the aging region is a behavior completely different from the two dimensional
follows a law AxB, wherex is the scaling variabl@ ~¢(1 spin glass(paramagnetic phageFor a paramagnetic phase

—C)]: A=0.521). and very long waiting time{i.e. all the points lie in the 1
T T | T T '..‘. T T I T T T T
*Hﬁﬂ{i {q ; o 1,=327680 1
[323% 5 S T T .t =168840
i }i t i #1 E g}% AAAAAAA 1-C(tt) 7

i
02+ W

FIG. 10. Off-equilibrium fluctuation-
dissipation relations forT=0.625 (the coldest
temperature we have simulajefor L=30, h
=0.2, andAh=0.03. We show the data for the
T largest waiting time simulated,=327680 and
for t,,=162840. The date seem to be asymptotic
4 in the statistical error.

Am T/Ah

0.6 0.8 1

214425-9



A. CRUZ et al. PHYSICAL REVIEW B 67, 214425 (2003

FIG. 11. Scaling plot of the off-equilibrium
fluctuation-dissipation relations for four different
temperatures in the low temperature region.

(/T Am T/Ah

/D) (1-Ce, )

—C straight line; see, for example, our Fig. 1, where we havdeemperature as well as moving in magnetic field, between a
equilibrated the systenthe PaT scaling plot should consist spin glass behavior and a paramagnetic one. We have a pic-
in points over the linear pafguasiequilibrium regime and  ture of the phase diagram composed by three pdumsg
no one in the power law paifaging regimg¢ We finally  the notation T,h)]: (1.138,0), (-1.1,0.2), and (0.714,
remark that this scaling in addition with the analysis of the~0.6) (by the symbol~ we denote that the figure that fol-
OFDR (see aboveprovides us with a picture that could be lows is only indicativé. In addition we know that for the
explained assuming a low temperature phase with RSB. Gaussian model there is a critical point at (0,0.6), but this
critical magnetic field should be modified to take into ac-
count that we are using binary couplings. Finally we have
V. DISCUSSION AND CONCLUSIONS checked that the overlap probability distribution of our
We have studied how the fluctuation-dissipation relationsmodel, P(q), [obtained via the static-dynamics link(C)
work off-equilibrium in the three dimensional Ising spin —x(q)], which is not trivial (at least within our numerical
glass with a magnetic field. We have shown numerical datprecision, see Sec.)|Isatisfies the PaT Ansatz.
that has been obtained by simulating very large lattides (
=20, 30, and 6Dand for extremely large times for the three
dimensional Ising spin glass. In order to achieve these lattice
sizes and time we have used a dedicated madiShi). We acknowledge partial financial support from CICyT
With this tool we have identified a paramagnetic phase ifAEN97-1680, FPA2000-0956, FPA2001-1813 and PB98-
the high temperature regidas expected and a phase where 0842 and DGA(P46/97. We also want to acknowledge the
we have found strong violations of fluctuation-dissipation.contribution of Prof. Domingo Gonkez to the development
We can describe very wellwithin our statistical precision of Spanish physics, and in particular his help to our group,
these violations assuming a RSB scenario, yet we can nathich has been essential to build our dedicated computers.
exclude completely a droplet scenario. We finally thank Giorgio Parisi for interesting comments. S.
Moreover we have shown the crossover, both moving inJ. is a DGA fellow.
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