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Time decay of the thermoremanent magnetization in spin-glasses as a function of the time
spent in the field-cooled state
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We have measured the time decay of the thermoremanent magnetization (o.rRM) in Ag:Mn as a

function of the wait time (t„) that the sample spent in the field-cooled state before the field was

removed. When the results are analyzed in terms of a stretched exponential,

crr&M(t) = troexp[ —C(cut) i "/(1 —n)], we find that the effect of t„can be empirically characterized as an

exponential decrease of the relaxation frequency with increasing wait time: Oi=oioexp( —t~/to), where

Mo= 3.3& 10 sec I and to= 650 sec. This fact has two implications. First, even though the field-cooled

magnetization is constant in time, the field-cooled state is not in equilibrium for finite t„. And second, ift„~ then the field-cooled spin-glass will have a permanent magnetic moment.

In a recent Letter' (henceforth referred to as Ref. 1) it
has been reported that the time decay of the thermo-
remanent magnetization in spin-glasses can be accurately
characterized by a stretched exponential:

trrRM(t) = o.oexp[ —C(tot)' "/(1 —n)]

The measurements of Ref. 1 were made without regard for
the waiting time that the sample had been in the field-
cooled state before the field was removed to initiate the de-
cay of o-T~M. Recently, Lundgren, Svedlindh, Nordblad,
and Beckman have shown that the relaxation rate of the
remanent magnetization depends on this waiting time. We
have remeasured oraM(t) and find that the effect of the
waiting time can be quantitatively characterized by an ex-
ponential decrease in the relaxation frequency (to) with in-

creasing waiting time. To within experimental accuracy the
prefactor (o.p), time-stretch exponent (n), and exponential
factor (C) do not depend on the waiting time.

The sample measured is the 2.6% Ag:Mn+ 0.46% Sb sam-
ple described in Ref. l. Its glass temperature ( rs= 9.30 K)
was determined from the maximum in the magnetization in
a static field of 3 Oe. o.ARM(t) was measured using a
SQUID magnetometer as follows. (1) A magnetic field
(H = 6 Oe) was applied to the sample when in the paramag-
netic regime. (2) The sample was field cooled through rs
to a temperature in the spin-glass region. (3) After waiting
a certain length of time, H was removed and 0-TRM was
measured as a function of time. (4) After 500 sec, the sam-
ple was warmed through T~ to establish the base line. The
wait time (t„) is defined as the interval between the instant
the sample is field cooled through T~ and the instant that H
is turned off. We believe t is the only significant cooling
parameter because, to within the accuracy of these measure-
ments, a.rRM(t) does not depend on the temperature at
which H is applied (provided H is applied above rs) nor the
rate at which the sample is cooled (we used —0.05 and—0.5 K/sec). trrRM(t) was measured at ten different tem-
peratures for t = 5, 10, 15, and 20 min.

The effect of the wait time on the decay of the remanent
magnetization is shown in Fig. 1. The initial remanent mag-
netization (tro) does not depend on t„, but the rate of decay
of o.rRM(t) does; in agreement with Lundgren et al. we find
that the remanent magnetization relaxes more slowly for
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FIG. 1. Time decay of ~TRM in 2.6% Ag:Mn+0. 46% Sb as a
function of the wait time at T=0.809T~ for t„=5, 10, 15, and 20
min. cro is not a function of t„but o-TRM relaxes more slowly for
longer t„(the bottoin set of data is for t„=5 min and the top set is

for t„=20 min). The curved lines are the best stretched exponen-
tial fits to each set of data.

longer t„. Figure 2 is a plot of log[ —d[ln(o. raM)]/dtj vs
log(t) for the data of Fig. 1. The solid lines are the best fits
to the data in the time regime where Eq. (1) holds (t ~ 5
sec). To within experimental resolution, the slope of these
lines ( —n) does not depend on t„, whereas the t = 1 sec in-
tercept (Cto' ") monotonically decreases with increasing
wait time. The relative dependences of co and C on t can
be extracted by plotting log(Cto' ") as a function of 1 —n

(Fig. 3). Again to within experimental resolution, the
1 —n = 0 intercept of the linear fits to the data (C) is not a
function of the wait time: C=0.35+0.02. The slope of
these lines (logto), however, decreases more or less linearly
with increasing t„. This linear dependence suggests that cu

must decrease exponentially with increasing t„, and indeed,
using C = 0.35 we show in Fig. 4 that co = 3.3 && 10 4

&& exp( —t„/650) sec is an accurate empirical characteriza-
tion of the effect of t„on a.rRM(t).

We note that this t„dependence explains why we now
find different values for C and co than those reported in
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FIG. 2, log-log plot of —d[ln(o. TRM)]/dt as a function of time
for the data of Fig. 1. The uppermost set of data is for t„=5 min
and the bottom set is for t =20 min. The straight lines are the
best fit to each set of data for times greater than 5 sec. To within
experimental resolution the slope of the lines ( —n) is not a func-
tion of t„but the t =1 intercept (Cput ") is.
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FIG. 3. log(Cput ") as a function of 1 —n for t„=5(O), 10(+ ),
15(x), and 20(e) min. The lines are the best fits to the data. To
within experimental accuracy the 1 —n =0 intercepts of the lines are
not functions of t„(C=0.35+0.02) but the slope [log(co)] de-
creases more or less linearly with increasing t~.

Ref. 1; since it takes longer to cool the sample to lower tem-
peratures, the low-temperature (1—n = T) data points of
Ref. 1 had systematically longer waiting times, which in-
duced an artificial skew.

The observed dependence of the relaxation of crT~M on t„
has two profound implications. First, even though the mag-
netization is constant in the field-cooled state, some prop-
erty (which must be independent of the magnetization) is
changing exponentially with time. And second, if the sam-
ple is allowed to remain in the field-cooled state long
enough before the field is removed, then «TTRM will not re-
lax: as t„~ the field-cooled spin-glass has a permanent
magnetization of «Tp in zero field.

Although a complete theory for the decay of the re-
manent magnetization in spin-glasses is not yet available, we
will present a possible mechanism for the observed depen-
dence of o.rttM(t) on t„. Using the model of Bantilan and

FKJ. 4. The relaxation frequency decreases exponentially with in-
creasing wait time. The best fit to the data gives QJ = cUp

xexp( —t~/te) where coo=3.3x10 ~ sec ' and to=650 sec.

Palmer, 4 the energy of a spin-glass can be pictured as a la-
byrinthine surface in spin configuration space, containing
many maxima and local minima and several quasidegenerate
ground-state minima. In this model the configuration of a
particular domain in the spin-glass is represented by a point
on the labyrinthine surface which diffuses randomly over
the surface until it is trapped into one of the ground-state
minima. At long times, the approach to equilibrium of a
diffusing system with randomly placed traps is given5 by a
stretched exponential similar to that of Eq. (1), where the
relaxation rate (t0) is proportional to the diffusion rate of
the system. Thus, the effect of t„on ~ may be thought of
as 'an exponential slowing down of the motion in configura-
tion space, possibly due to a deepening of the local minima.
In this picture, a field-cooled configuration will not depend
on t since it is stationary in a ground-state minimum, but
the approach toward equilibrium of a remanent configura-
tion will be impeded by the. deepening local minima.

In summary, we have measured the decay of the ther-
moremanent magnetization in a spin-glass after waiting a
controlled interval of time in the field-cooled state. When
analyzed in terms of Eq. (1) we find that the effect of this
wait time can be empirically expressed as an exponential de-
crease of co with increasing t . The dependence of «u on t
has two implications: first, even though the field-cooled
magnetization is constant in time, the field-cooled state is
not in equilibrium for finite t„; and second, as t„~ the
field-cooled spin-glass has a permanent magnetization, even
in zero field. The effect of t„can be qualitatively interpret-
ed as ah exponential slowing down of the relaxation rate in
spin configuration space, but the theoretical picture is not
yet complete.
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