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The crossover between quasiequilibrium and nonequilibrium spin-glass dynamics has been studied in

Monte Carlo simulations of two- and three-dimensional short-range Ising spin-glass systems. The spin

system was quenched in zero field to a low temperature T. After equilibrating for a time t, a weak mag-

netic field was applied and the time dependence of the magnetization M(t) and the spin autocorrelation
function q(t) was studied. Our results show that the relaxation rate S(t)=8M(t)/Bloglo(t) exhibits a
maximum at t =t . If the temperature is lowered or raised, immediately prior to the field application,
the apparent age (t, ) of the system, as defined by the maximum in relaxation rate, is shifted to longer or
shorter time scales, respectively. No significant differences between the aging behavior in two and three
dimensions are found. The relation y(t)=[1 q(t)—)iT holds only for short time scales (t « t ), clear
deviations are found at longer time scales (t) t ). Since this relation should according to the

fluctuation-dissipation theorem hold for a system in equilibrium, this result is interpreted as an indica-

tion of a crossover between equilibrium and nonequilibrium dynamics. Our results are qualitatively in

agreement with experiments as we11 as with theoretical models for the nonequilibrium spin-glass dynam-

1cs.

I. INTRODUCTION

Results from Monte Carlo (MC) simulations have pro-
vided valuable information for the understanding of spin
glasses. Furthermore, simulations provide access to
quantities and concepts introduced in theory that are not
experimentally accessible. The complexity of the prob-
lem, however, has made it necessary to use special pur-
pose machines' and parallel computers to reach con-
clusive results. Even with this tremendous computation-
al efFort, open questions still remain, such as the contro-
versy on the degeneracy of the ground state in the spin-
glass phase. ' Considering this, one might ask if it is
possible to gain new insight using only relatively limited
computer power. This has to be answered in the
affirmative, for the simple reason that the majority of the
simulations have been aimed at studying the static and
the equilibrium properties of spin glasses. At tempera-
tures below and close to the spin-glass temperature, this
is a notoriously difficult problem since, due to the very
slow dynamics of spin glasses, it is virtually impossible to
reach equilibrium, at best a state that resembles equilibri-
um relatively closely can be found. Even experimental
investigations of spin glasses are plagued with the same
kind of problem and a real spin-glass material is
effectively never in equilibrium below Tg on experimental
time scales. Only after a sufficiently long equilibration of
the spin system, a behavior at short time scales of the
spin-glass dynamics almost as in equilibrium can be
achieved: This is usually referred to as the spin glass be-
ing probed under a quasiequilibrium condition. This fact
can be used in simulations of the equilibrium dynamics of
spin glasses below the spin-glass temperature. Still it is
evident that the equilibration process itself is almost as

interesting as the equilibrium properties, and this part of
the problem has mostly been neglected.

Our work considers the equilibration process and more
specifically the phenomenon of aging. Aging was found
in 1983 in experitnents by Lundgren et al. and is mani-
fested in the fact that below the spin-glass temperature
the magnetic response depends on the time t spent
below this temperature or, stated slightly difFerently, how
far the equilibration process has proceeded.

In our simulations, we have tried to find answers to the
following questions.

Is it possible to observe the same kind of behavior in
simulations as is found in aging experiments? ' Is the
simple simulation method capable of capturing the essen-
tial features of aging or do we need to use more compli-
cated ones? Does the difFerence in time scales between
simulations and experiments play an important role?

What is the reason for the wait time dependence of the
response? This involves finding out what causes the very
slow dynamics (by making comparisons to the existing
theories ) and also finding out what causes the max-
imum in the relaxation rate S(t)=8M/Bin(t) at a time
t —tW

Are there dimensionality-dependent features? Does the
fact that the lower critical dimensionality for an Ising
spin glass is 2&dt &3 (Refs. 24 and 25) make the aging
behavior any different in two dimensions than in three di-
mensions?

In this paper we present results that answer some of
these questions. We are, however, far from being able to
present a complete description of the aging behavior in
spin glasses. The results are in good qualitative agree-
ment with the experimental findings. One result of our
simulations may seem a bit controversial, namely that the
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relation y(t)=[1—q(t)]/T, which is a consequence of
the fiuctuation-dissipation theorem (FDT}, does not al-
ways hold. However, since the FDT assumes equilibrium
conditions, the fact that this equation does not hold sim-
ply indicates nonequilibrium conditions. Thus the viola-
tion of the equation is not a violation of the FDT, but can
rather be used to illustrate the crossover from equilibri-
um to nonequilibrium dynamics. %'e have been careful
making sure that this result is not caused by finite-size or
by nonlinear effects.

The outline of this paper is as follows: In Sec. II,
different kinds of experimental procedures and results are
reviewed to give the background for the simulations. In
Sec. III, the theoretical background needed to interpret
our results is given. In Sec. IV, the details of how the
simulations were performed are presented. In Secs. V
and VI, the results of the simulations are presented.

II. AGING EXPERIMENTS

The aging phenomenon was reported in 1983 by
Lundgren et al. , and has since then been the subject of
many experimental studies on a variety of spin-glass sys-
tems. ' In the great majority of these experiments, the
aging phenomenon was studied by time-dependent zero-
field-cooled (ZFC) (Ref. 6) or thermoremanent (TRM)
(Ref. 7) magnetization measurements. TRM and ZFC ex-
periments yield similar results and we will therefore in
the following restrict ourselves to describe the ZFC mag-
netization. The spin glass is cooled in zero field to a tern-
perature below the spin-glass transition temperature, T .
After a waiting time t„, a small field is applied and one
observes the relaxation of the magnetization. It is found
that the time dependence of the magnetization depends
on the waiting time t, which implies that the spin sys-
tem is in a nonequilibrium state during the waiting time
even though experimentally one detects no changes of the
magnetization. The most striking feature of the time-
dependent magnetization is an inflection point in the
M(t) vs logio(t) curve and a corresponding maximum in
the relaxation rate BM/Bln(t) at an observation time
t t e

The r dependence of M(t) has also been shown to ex-
ist at temperatures above T . ' The experimental results
show that the t dependence persists until the waiting
time is larger than the largest relaxation time of the spin
system, t & ~,„. This implies that since

r,„=ro(l —T/T )
' (zv-10 and ro-10 ' sec), M(t)

is found to be t dependent at temperatures below
T/T —1.02. In two-dimensional (2D) spin glasses no or-
dered spin-glass phase exists above zero temperature.
The relaxation of the magnetization is, however, due to
large-scale spin-glass fluctuations, found to extend to very
long time scales at low temperatures. In view of the ob-
servation of aging in 3D spin glasses at T & T, it is not
surprising that the aging phenomenon has also been ex-
perimentally observed in 2D spin glasses.

In temperature shift experiments, ' ' the spin glass is
cooled in zero field to a temperature T+hT below T~.
After a waiting time t at this temperature, immediately
prior to the field application, the temperature is lowered

or raised to T. The resulting relaxation curves M(t} vs

log io(t) will show infiection points [or, equivalently, the
BM/8 1n(t) vs log, o(t) curves will show maxima] at obser-
vation times different from t . In an undercooling exper-
iment (b, T negative) the apparent age t„as defined by the
maximum in the BM/8ln(t) vs log& o(t) curve, is shifted
to shorter times while in an overheating experiment (AT
positive} the apparent age is shifted to longer times. Re-
sults from undercooling experiments show that the loga-
rithmic shift of the apparent age log, o(t It, ) varies
linearly with AT. '

In temperature cycling experiments, ' ' the sample is
cooled in zero field to a temperature T below Tg After a
waiting time t I, the temperature is changed to T +AT.
The sample is then kept at this temperature for a waiting
time t z and, immediately prior to the field application,
the sample temperature is changed back to T. Both posi-
tive' ' and negative' temperature cycles are possible.
Depending on the magnitudes of b, T, t „and t 2, the re-
sulting relaxation curves will show different characteris-
tics. In positive temperature cycling experiments, t 2 is
generally kept small t 2 &(t, . For AT small, AT typi-
cally smaller than a few percent of Tg, the aging process
will be unaffected by the temperature cycling, i.e., the
BM/Bin(t) vs log, o(t) curves will show maxima at t -t,
For b, T sufficiently large, the maximum in the BM /i} ln(t)
curve will be suppressed to much shorter times t-t 2,
i.e., the aging process will be "reborn. " For temperature
cycles of intermediate magnitude, two maxima in the re-
laxation rate will appear, one at t -t, and the other one
at t —t 2.

It should be noted that aging effects have also been ob-
served in ac susceptibility y(co), ' ' ' ' and magnetic
noise S(co) (Ref. 19) ineasurements. For sufficiently low
frequencies, following a quench to a temperature below
T, both y(co) and S(co) are found to decrease with time.

III. AGING THEORY

Different theoretical models have been proposed to de-
scribe the aging phenomenon in spin glasses. The
models can be divided into (i) hierarchical phase-space
models where the dynamics below the transition tempera-
ture is coarse grained into a Markov process on a tree
structure ' ' and (ii) real space "droplet" models based
on a scaling ansatz for the low-energy, large length scale
excitations in the spin-glass phase. ' The hierarchical
phase-space picture has been able to reproduce some of
the experimental findings, e.g., a maximum in the relaxa-
tion rate at an observation time t-t, and a logarith-
mic shift of the apparent age, studied in undercooling
shift experiments, that varies linearly with AT. ' Al-

though this model captures some features of the spin-

glass relaxation, it is not in its present form capable of ex-

plaining results found in, e.g., temperature cycling experi-
ments. Therefore, we have chosen to analyze our MC re-
sults in the context of the "droplet" model, even though
we do not present any temperature cycling simulations in

this paper.
In the droplet model, at fixed temperature below the

spin-glass transition temperature, only two pure states ex-
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ist related by a global spin reversal. The dominant exci-
tations are large-scale coherent spin-glass fiuctuations,
droplets, which occur on a length scale L. The dynamics
of these droplets is governed by thermal activation over
barriers of characteristic magnitude 6( T)L, where 6( T)
sets the free-energy scale of the barriers and %' is the bar-
rier exponent. 5( T) is expected to go to zero as
-(1—T/T ), where v is the correlation length ex-

ponent, and b(T) is also expected to be weakly tempera-
ture dependent for T && Tg. After a temperature quench
to a temperature below Tg, the spin system mill be out of
equilibrium and the spin configuration can be divided
into spin-glass domains. The spin system will lower its
energy by the growth of larger and larger domains, a pro-
cess which is logarithmically slow in time,
R(t) —[T ln(t/ro)/b(T)]'~ (vo is a microscopic spin-flip
time). Recent MC simulation results support such a
growth law. If the system is equilibrated for a waiting
time t and then probed in a ZFC magnetization mea-
surement, the response to the field application can be di-
vided into different time regimes. At times t &&t, the
magnetization grows through the polarization of active
droplets of size L(t)-[Tln(t/~0)/b, (T)]'~ . Since the
droplet size in this case is much smaller than the charac-
teristic domain size R (t +t), the droplet excitations will,
apart from a small fraction close to domain walls, be
those of the pure states. In this time regime, quasiequi-
librium dynamics will be probed. For times t &&t„, the
magnetization cannot grow through the polarization of
droplets of size smaller than R(t +t), instead the mag-
netization will increase with the growth of R (t +t) and
the dynamics can be described as nonequilibrium dynam-
ics. At times t-t, L(t)-R(t+t„), there is a crossover
from equilibrium to nonequilibrium dynamics. In experi-
ments, this crossover is visible as a maximum in
BM/Bln(t). While the droplet theory can account for
the fact that there is a crossover, there is no explanation
given for the maximum in BM /B ln(t).

Results from temperature cycling experiments can in
the droplet model be explained using the overlap correla-
tion function

:-(i j, T, T+b T)=(SS ) {SS )

which will decay with increasing distance r;J = ~i
—j ~

with the characteristic length scale Lt, r(T). This corre-
lation function tells us that the positions of large-scale ac-
tive droplets will differ from any one temperature to
another and thus that the equilibrium states at the tem-
peratures T and T+hT will differ at length scales larger
than L~r(T). The interpretation of temperature cycling
experiments is given in Ref. 23.

In temperature shift experiments, as long as the over-
lap length L~z- is larger than the domain size R, the
crossover between equilibrium and nonequilibriurn dy-
namics [indicated by a maximum in the relaxation rate
By/8 ln( t) at a time t = t, ] will occur when
L(t„T)-R(t,T+AT), which can be written

T, ln(t /ro) T2ln(t, /~o)

&(T)) h(T, )

In the case of T~=T+hT and T2=T, this expression
can be rewritten as

ta T+bT 5(T)
T h(T+hT)

&f b, ( T) is weakly temperature dependent, the logarithmic
shift of the apparent age will simply be given by

hT
ln = ln

t T

IV. MODEL AND METHOD OF SIMULATION

We have used the standard model of a spin glass,
with the Harniltonian

(4)

where the exchange interactions J;J between the spins

were chosen randomly from a Gaussian distribution with
zero mean and width J. Only nearest-neighbor interac-
tions were considered. Helical boundary conditions were
used and the spins were updated according to the stan-
dard kinetic Ising Monte Carlo algorithm. The starting
configuration was chosen randomly. This corresponds to
a quench from infinite temperature to a low temperature
T. Since we are interested in the nonequilibrium proper-
ties, the spin system was equilibrated only for a relatively
short time, the equilibration time t„. After this equilibra-

tion time a small magnetic field 0was applied. The mag-
netization M(t)=N 'QS, (t) and the autocorrelation
function q(t)=N 'QS;(t)S;(0) were then studied for
different equilibration times t . For each partially equih-

brated configuration, phase-space trajectories were ob-
tained for both positive and negative field H. This re-
moves effects that are not caused by the application of
the field, but are rather caused by the particular choice of
bond configuration and initial configuration. The magne-
tization and the autocorrelation function were calculated
continuously. The results at each Monte Carlo step were
used to get average values at logarithmically spaced
times. The simulation procedure was repeated for N„
statistically independent trajectories, originating from
different starting configurations. Depending on system
size N", N„was varied to keep N„N" approximately
constant. In some cases, averages were also taken over
different bond configurations. Bond averaging did not
alter the characteristics of the quantities studied, merely
improved the accuracy in the simulations.

The simulations were performed for two-dimensional
lattices of size up to 200 and three-dimensional lattices
were of size up to 60 . All results presented in this paper
are for sizes 200 and 60, respectively, and N„=10, un-

less stated otherwise. All temperatures and fields are
given in terms of J (the width of the Gaussian distribu-
tion of interactions). The simulations were performed on
Digital DECstation work stations.
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V. RESULTS OF NORMAL AGING SIMULATIONS
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In the simplest kind of aging simulation the equilibra-
tion temperature and the measurement temperatures are
equal. In Fig. I the susceptibility y( t ) =M ( t ) /
H(H =0.03J) and the relaxation rate
S(t)=By(t)/Blog, o(t) are shown for different equilibra-
tion times t for a three-dimensional system at the tem-
peratures T=0.10J and T=0.30J. There is a charac-
teristic inflection point in y(t) and a corresponding max-
imum in S(t) at t =t, in accordance with experimental
findings. Most of our results have been obtained at the
temperature T=0.10J, but the same characteristic be-

y=(1 q)/T, — (5)

havior of g(t) was observed for all temperatures investi-

gated 0.02 ~ T/J & 0.6. The only significant
temperature-dependent feature of y(t) is an increase with
temperature of the relaxation rate at short time scales.

In most of our simulations we have used the field

H =0.03J. The basis for this choice is, on the one hand,
to be in the linear response regime and, on the other
hand, to keep a reasonable signal-to-noise ratio in the
quantities studied. In Fig. 2 y(t; H) is shown for different
fields H for a 3D system at the temperature T=0.10J
and for the equilibration time t =1000 MC steps per
spin (mcs). y( t;H) is independent of H within the accu-
racy of the simulations for H ~0.05J and the differences
are not too large even for fields up to H =0.10J. Fur-
thermore, for fields H + 0.03J we find that
q(t;H)=q(t;H=O). Based on these results, H=0.03J
is well within the linear response regime.

Finite-size effects should always be considered in simu-

lations. Such effects are known to drastically inhuence
the equilibrium behavior in the spin-glass phase as well

as the behavior of q(t) at long time scales. ' However,
since we are interested in the finite-time nonequilibrium
behavior of the spin-glass dynamics and are limited by
the available computer power to study the dynamics at
relatively modest time scales, we are likely to be less
influenced by finite-size effects. Indeed, for the lattice
sizes studied, in 2D from 20 to 200 and in 3D from 8 to
60, there are no indications of finite-size effects.

While in experiments the usual way to study the sys-
tem is by observing the susceptibility y( t ) =M ( t ) /H in
the zero-field limit, in theory and in most simulations the
autocorrelation function q(t) is normally studied. The
reason why the autocorrelation function is used in simu-

lations is that no field H is needed. By applying a field

the system is disturbed. When determining M(t) the
nonlinear effects have to be negligible, while still retain-

ing a reasonable signal-to-noise ratio. The basis for using

g(t) and q(t) interchangeably is that g and q are related
in equilibrium by the fiuctuation-dissipation theorem
(FDT)

where q=limH olim~ „[(S,)r],„. This relation can
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FIG. 1. (a) Susceptibility y(t) =M(t)/H (&=0.03J) for
different wait times t at the temperature T =0.1Jfor a 3D sys-
tem of size 60 . (b) The corresponding relaxation rate
S (t) =By(t) /log&o(t). (c) The susceptibility y(t) =M ( t) /8
(H =0.03J) for different wait times t at the temperature
T =0.3J for a 3D system of size 60 .
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be generalized to the time-dependent quantities g(t) and
q(t):

y(t)=[1—q(t)]/T .

A necessary requirement, for this relation to hold, is that
the time-dependent quantities are representative of an
equilibrium situation. Since spin glasses, at low tempera-
tures, are effectively always out of equilibrium, we cannot
assume this relation to be satisfied in general. There is
experimental evidence that FDT still holds, based on
magnetic noise and ac susceptibility measurements. ' ' '
However, such measurements are always performed in or
close to quasiequilibriutn conditions, with the equilibra-
tion time longer or even much longer than the measure-
ment time (-c0 ' where co is the angular frequency).
Furthermore, the experimental resolution in magnetic
noise measurements is relatively poor (unless one aver-
ages over many noise spectra), which makes a compar-

ison between time-dependent ac susceptibility and mag-
netic noise data diScult. Therefore, these measurements
can hardly be used as evidence for Eq. (6) being satisfied
in a nonequilibrium situation.

Since in most simulations reported hitherto the equili-
brating procedure has been dealt with carefully, the use
of Eq. (6) is clearly justified. In the kind of simulations
we have performed the situation is different. In Fig. 3
y(t) and [1 q(t)—]/T are plotted for a 3D system at the
temperature T =0.10J. The different curves correspond
to different equilibration times t . This figure clearly
shows that Eq. (6) is only satisfied for short time scales
t/t &&1, large deviations are seen at longer time scales
t/t ) 1. Since equilibrium is assumed in the FDT, the
results are not indicative of a violation of the FDT.
Rather, a violation of Eq. (6) is an indication of nonequili-
brium conditions. Therefore, the results shown in Fig. 3
can be interpreted as a crossover from quasiequi-
Iibrium to nonequilibrium dynamics.

Notice that 1 —
q (t) behaves in some ways as is expect-

ed in the droplet theories: a slow relaxation at short
times corresponding to the quasiequilibrium dynamics
and a faster relaxation at longer times corresponding to
nonequilibrium dynamics. On the other hand, M(t)
behaves in another way, and in fact there is no explana-
tion for this in any of the spin-glass theories. Even
though there is a crossover at t=t in both M(t) and

q(t) and the crossover behavior is easily seen in both
quantities, it is much easier to determine at which time
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this crossover occurs in the magnetization. Especially at
higher temperatures it becomes hard to see at what time
the crossover in q (t) takes place.

The behavior in 2D is similar. In Fig. 4 the time
dependence of the susceptibility y(t) and the relaxation
rate By(t)/B log, o(t) are shown for a 2D system at the
temperature T=0.10J. The different curves correspond
to different wait times t . As was the case in 3D, there is
a characteristic inflection point in y(t) and a correspond-
ing maximum in S(t) at t =r Th. ere is some disagree-
ment in the experimental results on this point. Inflection
points were found at times t =t for 2D CuMn SG film. s
in Ref. 11, while temperature-dependent inflection points
at times tAt were found for a 2D short-range Ising SG
in Ref. 10. However, the experimental results in Ref. 10
could very well be influenced by the predominance of fer-
romagnetic couplings. An analysis of y(t) and
[I—q(t)]/T for the 2D system yields similar results to
those obtained for the 3D system (see Fig. 3). Comparing
the behaviors seen in Figs. 1 and 4, the only significant
difference is that the relaxation rate is higher in two di-
mensions than in three dimensions. Thus, it appears that
the aging behavior in spin glasses, at temperatures much
lower than the transition temperature for a 3D system
T, ( =0.9J for the Gaussian model ), is mainly an efFect

of the slow dynamics. Of course, at temperatures closer
to T, more obvious differences in aging behavior be-
tween 2D and 3D spin-glass systems are expected.

Droplets exist only below T, . Still the results for 2D
are in agreement with predictions from the droplet mod-
el. The free energy of a droplet of linear size L scales as
FL -L, with the stiffness exponent 8. In 2D, 8&0, im-

plying that large-scale excitations exist with arbitrarily
low energy, destroying the long-range spin-glass order at
any nonzero temperature. However, for length scales up
to g-(k&T/J) ', the ordering is not completely dis-

rupted by thermal excitations and small (L & g) droplets
may exist. Furthermore, recent theoretical progress
has revealed a new critical exponent g, which appears in

the scaling laws for LzT close to Tg. The implication of
this exponent is that LsT becomes smaller than g in the
critical region and that "quasidroplets" of size smaller
than g will exist close to Tg.
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FIG. 5. (a) Relaxation rate S(t)=By(t)/Blog&0(t) for different

equilibration temperatures T, in an undercooling simulation on

a 3D system of size 60'. T =0.10J, H =0.03J, t =3000 mcs.

(b) The corresponding apparent age t, as a function of equilibra-

tion temperature T&.

VI. TEMPERATURE SHIFT SIMULATIONS:
UNDERCOOLING AND OVERHEATING (b)

In temperature shift simulations the apparent age of
the spin system, as defined by the maximum in the
By/B In(t) curve, is shifted to shorter or longer times de-
pending on whether the equilibration temperature is
lower or higher than the temperature where y(t) is deter-
mined. The reason for this shift in apparent age is
obvious —the dynamics is governed by thermally activat-
ed processes. According to the droplet theory, at temper-
atures close to T„ the dominating temperature depen-
dence in shift simulations will be that of b(T), while the
low-temperature behavior will simply be governed by the
size of the temperature shift.

In Fig. 5(a) the relaxation rate S(t) is plotted for an un-
dercooling simulation on a 3D system of size 60, where

t

10

= 3000

~'

0
-' ~

- ~

p 0
~ ~

size 200
size 64

I

O. 1 Tl&

FIG. 6. Relaxation rate S(t)=Bg{t)/BlogI0(t) for different

equilibration temperatures T, in an undercooling simulation on

a 2D system of size 200 . T=0.10J, H =0.03J, t =3000 mcs.

(b) The corresponding apparent age t, as a function of equilibra-
tion temperature Tl.
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after equilibration for a time t =3000 mcs at
T&( =T 6T ) the sp—in system was probed at the temper-
ature T=0.10J. The difFerent curves correspond to
different equilibration temperatures T, . In Fig. 5(b) the
apparent age t, is shown for two different sizes of the
spin system (40 and 60 ) as a function of T~. The dotted
line is the expected behavior

logio(t, ) logio(t„)

T] T (7)

where the microscopic time ip has been set equal to 1

mcs. The agreement between the expected behavior and
the simulation results is satisfactory. The spread in the
plotted data gives some indication of the error involved
when estimating the apparent age t, .

In Fig. 6 the corresponding results for an undercooling
simulation on a 2D system of size 200 is shown. The
dotted line in Fig. 6(b) marks the expected behavior ac-
cording to Eq. (7). As was argued in the previous sec-
tion, the results must in 2D be interpreted in terms of

I

0.15 T,/J

FIG. 7. Susceptibility y(t) for different equilibration temper-
atures T& in an overheating simulation on a 3D system of size
60. T=0.10J, H=0.03J, t =100 mcs. (b) The corresponding
apparent age t, as a function of equilibration temperature T&.

quasidroplets. Therefore it is not obvious that Eq. (7)
should hold. Still the agreement is satisfactory and the
fact that the spread in the estimated apparent age t, is

slightly larger than for the 3D case can be attributed to
the difFerence in size 1V of the systems.

Comparing these results with the experimental results,
the linear dependence of the shift in apparent age,
b, log~p(t) =log]p(t ) 1 og&p(t }, on the temperature shift

5T is clearly seen. However, in experiments
b, log+(t)-hT only for small hT. In our simulations we

do not observe any limitations of this linear behavior. It
is not clear what causes this difference. The large
difference in the order of magnitude of time scales in-

volved could be one reason. Clearly this requires further
investigations.

In Fig. 7 the results of an overheating simulation is
shown for a 3D system of size 60, where after equilibra-
tion for a time t =100 mcs at T&(=T+hT} the spin

system was probed at the temperature T=0.10J. We
have chosen to use a smaller t as compared to the un-

dercooling case to keep t, within the observation time,
since in the overheating case t, ) t In Fig. . 7(a}, the sus-

ceptibility y(t) vs log, o(t} is shown for different T, . In
Fig. 7(b), the apparent age t, is shown as a function of
T~ ~ The dotted line corresponds to the expected behavior
according to Eq. (7}. We see no indications of a different
behavior in overheating simulations as compared to un-
dercooling simulations. This is in accordance with the
droplet theory and experimental results by Granberg
et al. , but in contrast to experimental results by Leder-
man et al. '

VII. CONCLUSIONS

Monte Carlo simulations have been used to study the
aging behavior of spin glasses. The results are qualita-
tively in good agreement with experimental results. The
crossover from equilibrium to nonequilibriurn dynamics
is nicely illustrated by the fact that the Quctuation-
dissipation theorem does not hold in the nonequilibrium
regime. In the temperature shift simulations, the loga-
rithmic shift of the apparent age varies linearly with hT
in accordance with both experimental results and the
"droplet" theory. There are no obvious differences be-
tween the results of the undercooling and the overheating
simulations.
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