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The temperature dependence of the time decay of the thermoremanent magnetization has been

measured for four dilute metallic spin glasses: Ag:Mn2 6 at %, Ag:Mn& l at %, Ag:Mn~ 6 a, %

+Sho46 „%,and Cu:Mn40 „%. After coo1ing in a constant applied field, the field was cut to zero
and the time decay of the thermoremanent magnetization was observed over a period of 0.2—500
sec. The time dependence of the thermoremanent magnetization can be described well by a

stretched exponentiaL orRM(t) =troexp[ (t/—rr )' "j, with an apparent rate, 1/r~, which varies ex-

ponentially with the inverse reduced temperature over nearly the entire temperature range of mea-

surement below T~, the glass temperature. Moreover, the temperature dependence of 1/~~ is given

by a universal function, 1/~~=A exp( —2.5T/T), with A =10 sec ', Very near to T~, the ap-

parent rate 1/~~ decreases much more rapidly as T diminishes, and the scaling with T~ breaks

down. AB of these results can be mapped onto a recent calculation of the dynamics of the infinite-

range Ising spin-glass model by De Dominicis et al. %e are able to fit the observed temperature

dependence of I/~~ over the full temperature range (T & T~) using either the experimentally deter-

mined values for the quantities in the theory, or those values extracted from the Sherrington-

Kirkpatrick model.

I. INTRODUCTION

The time decay of the thermoremanent magnetization
of spin glasses has been studied experimentally in great
detail in recent years. ' ' The time decay of the field-
cooled thermoremanent magnetization (TRM) of both di-
lute metallic' and insulating9 ' spin glasses has been
found to be accurately characterized by the stretched ex-
ponential form: oTitM ——croexp[ (t jr~)' "],—at least for
relatively small applied fields and times in the ranges
5—10 sec. Moreover, careful measurements of Chamber-
lin showed that the field-cooled spin-glass state is not an
equilibrium state. Chamberlin found that the apparent
response time r~ increased exponentia11y with the "wait-
ing time, " i.e., the time after the temperature falls below
the glass transition temperature until the external field is
cut to zero. The magnetization is found in our experi-
ments to be nearly constant, however, during this same
time period. The waiting-time dependence of rz clearly
indicates that the system is relaxing between states of
nearly the stune magnetization, possessing ever increasing
values of rz. This feature had been observed for the
zero-field-cooled spin-IIlass state for metallic spin glasses
by Lundgren et al. ,' ' and has been observed more re-
cently in measurements on insulating spin glasses. *"'

A fully satisfactory explanation for the stretched ex-
ponential form of the time decay of the TRM, and the
waiting-time dependence of the characteristic response
rate, when available, will certainly illuminate the true
character of the spin-glass state. Recent theoretical
developments appear to be making substantial progress in
this regard. Parisi showed in a seminal paper' that the
order-parameter function, q(x), associated with the repli-
cate symmetry-broken solution of the infinite-range Ising
spin glass model (Sherrington-Kirkpatrick model), is

directly connected to the overlap of any two pure states of
the spin-glass state. Then, using the Parisi ansatz, '6

Mezard et al. ' showed that the order-parameter function,
interpreted as a probability law, is not a self-averaging
quantity. Instead, it depends on the specific distribution
of the coupling constants ("the realization" ) of the specif-
ic sample, even in the thermodynamic limit.

Furthermore, Mezard et al. found that the space of
pure equilibrium states has ultrametric topology, and thus
a hierarchical structure. They showed' that the fiuctua-
tions of the free energies associated with the pure states
are independent random variables with an exponential dis-
tribution. Independently, and at the same time, Derrida
and Toulouse' derived an identical exponential free-
energy distribution for the pure states without the rephca
trick, but using the random energy model introduced by
Derrida. ' Finally, De Dominicis et aI. used a simple
model for relaxation to show that x (q), the inverse of the
Parisi order-parameter function q(x), relaxes in time ac-
cording to a stretched exponential form. These new
theoretical developments have considerably enlarged our
understanding of the infinite-range Ising model, and ap-
pear to have significant experimental relevance. Our pur-
pose in this paper is to show how our recent time-
dependent measurements of a number of metallic spin
glasses can be understood on the basis of the model of De
Dominicis et al. Though its applicability is by no
means obvious, its successful description of measured
spin-glass dynamics ' can hardly be ignored.

In a recent Letter we reported the results of our mea-
surements of the temperature dependence of the apparent
response time rz for two dilute metallic spin glasses,
Ag:Mn2 6 „.% and Ag:Mn4 l „.%. Our measurements
showed that the apparent response rate, 1/r~, of these two
spin glasses is approximately exponential in the inverse re-
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duced temperature, r, ' (r„'=Tz/'r, where Tz is the
glass transition temperature), over nearly the entire tem-
perature range of measurement (viz. , T„'& l. l ). It in-
creases much more rapidly than exponentially as the glass
transition temperature is approached from below for
1.0& T, '& l. l. It was also found that the characteristic
response rate for both alloys scaled with T, only over the
former temperature range 1.1 & T, '

& 5.65.
We report the results of an extended study of the tem-

perature dependence of the apparent response rate for
both regimes. We have measured the temperature depen-
dence of 1/r~ of two additional dilute metallic spin
glasses, namely Ag:Mn26„%+Sboq6„% and
Cu:Mn40„%. The former is known to have a larger
magnetic anisotropy than Ag:Mn26„% because of the
antimony doping, ' while the latter has a higher glass
transition temperature (Ts ——22.9 K) and a smaller mag-
netic anisotropy than Ag:Mn26 t % Our measurements
on these two additional samples also exhibit an apparent
response rate which scales with the glass temperature, and
varies approximately exponentially with the inverse re-
duced temperature over a large temperature range
(1.5&T, '&5.35). However, as before, 1/r~ increases
much more rapidly than exponentially in r„' as the glass
transition temperature is approached from below.

We shall show that the temperature dependence of 1/~~
for all four spin glasses over the entire temperature range
of measurement is in excellent agreement with the tem-
perature dependence of the quantity x (t) derived recently
by De Dominicis et al. This will be true using experi-
mental values for the quantities which appear in the
theory, or using the values for these quantities obtained
for the Sherrington-Kirkpatrick infinite-range spin glass
model.

The experimental methods are outlined in Sec. II of this
paper. We present our new experimental results in Sec.
III, including some of our previous measurements (includ-
ing the recently reported measurements of the tempera-
ture and field dependence of the apparent response rate of
Ag M112 6 I % +SbQ 46 ~t % ) for completeness. An extend-
ed analysis of our results in terms of the Sherrington-
Kirkpatrick infinite-range Ising model is presented in Sec.
IV, while we summarize our results in Sec. V.

II. EXPERIMENTAL METHODS

The measurements of the time decay of the ther-
moremanent magnetization (TRM) were performed on
four dilute metallic spin glasses: Ag:Mn2 6 „%
(Tg ——10.18 K), Ag:Mn4 i „% (Ts ——14.40 K),
Ag:Mn26„%+Sb046„% (Tg ——9.30 K), and
Cu:Mn40„% (Tz ——22.90 K). The samples were made by
arc-melting 99.99%-pure Ag or Cu with 99.9999%%uo-pure
Mn in an argon atmosphere. The alloys were next an-
nealed (again in an argon atmosphere) at about 900'C for
more than eight hours„and subsequently quenched to
room temperature in a time shorter than a minute. The
silver manganese alloys were rolled out into foils (about
150-pm thick) and again annealed and quenched. Finally,
samples were made out of about four equally sized foils
(15)&5&(0.15 mm ). A powder sample, with an average

grain size of about 1.5 mm, was also obtained by filing a
lump of the Ag:Mn2 6 „%alloy. The Cu:Mnz o „z sam-
ple which was used in our experiments has a spherical
shape with an approximate diameter of 3 mm.

The measurements of the time decay of the ther-
moremanent magnetization were performed as be-
fore. ' The magnetization was measured with a Super-
conducting Helium Electronics (SHE) multifunction
probe and SHE 330 superconducting quantum interfer-
ence device electronics. The experimental procedure was
as follows. The sample was placed in one of the coils of a
first-derivative pick-up-coil system. It was field cooled
(H -=6 Oe} from a temperature above T~ to the measure-
ment temperature T below rs. After a certain waiting
time, t~, the external magnetic field was cut to zero, and
the time decay of the TRM was measured over a period of
no more than 500 sec. The waiting time is defined as the
time difference between the instant that, while cooling, rs
is reached, and the instant that the applied field is cut to
zero. After the decay of the TRM is measured, the sam-
ple is warmed up (in zero field) to a temperature above Tz
and the baseline is established. Next, the procedure is re-
peated with the sample placed in the other coil of the
pick-up-coil system. Finally, subtraction of the upper-
and lower-coil magnetization signals yields the time decay
of the TRM, free from any systematic background signal.

The values of oo, the initial value of the TRM, n (the
stretched exponential exponent), and t~ (the apparent
response time} were obtained from fits of the stretched ex-
ponential form, +ARM(t)=croexp[ (tlat~)' —"], to the ex-
perimental data.

III. EXPERIMENTAL RESULTS

The waiting-time dependence of the apparent response
rate 1/~z for both the powder and foil sample of
Ag:Mn26„% at T=4.35 K, is plotted in Fig. 1 as
logio(1/~~) versus t . The data points in Fig. 1 are the
average values of many measurements for fixed t; the er-
ror bars were estimated from the scatter in the experimen-
tal results. Both the exponent, n, and the initial TRM, O.o,
were found to be independent of waiting time, to within
experimental accuracy (n =0.66). The waiting time
dependence of 1/r~ for t & 10 min can clearly be
characterized by the exponential relation: 1/v~
=cooexp( t~/to). The expo—nential waiting-time depen-
dence of the apparent response rate has previously been
reported fo«g:Mn2 6 g, %+Sbp 46 gt % (Ref. 3)»d
Eu054$r046S. Inspection of Fig. 1 shows that, for t =5
min, the value of 1/rz for both samples deviates consider-
ably from the exponential form. This is likely to be
caused by a temperature instability, because it takes our
system several minutes to come into thermal equilibrium.
Moreover, the shorter the waiting time, the more impor-
tant is the aging process during the observation
time. ' "' The best fits of the exponential form to the
experimental data for 10 min & t & 40 min yield:
coo ——5.6X10 sec ' for the sample consisting of foils,
and coo ——j..2)&10 sec ' for the pounder sample. For
both samples, to ——860 sec. Careful measurements at low
reduced temperatures (down to T„=0.2) show that n does
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FIG. 1. The waiting-time dependence of the apparent relaxa-
tion rate of Ag:Mn2, 6«% at T=4.35 K 4,

'T, =0.43). The
squares represent the data points for the powder sample, the cir-
cles represent the data for the sample consisting of foils. The
solid lines are the best fits of the exponential form,
1 /+p Q)oexp( —t„/to ), to the experimental results. For the
powder sample coo——1.2g10 sec ', while the fit for the foil
sample yields coo——5.2X10 sec '. For both samples to ——860
sec.
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Ag Mn2 6 gt % and Ag:Mn4 ) gg % Tp is approximately
0.85. As the temperature is lowered below T,=0.5 the
value of n exhibits a distinct increase for all four spin
glasses.

The temperature dependence of the apparent response
rate for the four spin glasses, measured at t =10 min, is
plotted for logio(1/r~) versus the inverse reduced tem-
perature, T„=Ts/T, in Fig. 3. The error bars in Fig. 3,
estimated from the scatter in the value of 1/~z at a fixed
temperature, become larger as the temperature decreases
because the relaxation rate decreases while the observation
time (500 sec) was kept constant. The drawn line in Fig. 3
represents the best fit to the exponential form:
1/rz ——2 exp( aT„—'), with A =10 sec ' and a=2.5.
Figure 3 shows that, as the glass transition temperature is
approached from below, 1/rz begins to deviate from the
exponential form at a value of T„"which depends on the
specific spin glass. Inspection of Fig. 3 shows that the

not depend upon the waiting time to within experimental
accuracy over the entire temperature range of measure-
ment.

The dependence of the exponent, n, on the reduced tem-
perature T„=T/Ts for the four spin glasses is exhibited
in Fig. 2 for r~ =10 min. Again, the error bars in Fig. 2
were constructed from the scatter in the experimental re-
sults at a fixed temperature. Figure 2 shows that the
value of n for the four alloys is, to within experimental
accuracy, constant ( n ~0.65) for 0.5 & T, & 0.8. Above a
certain temperature, T„', which depends on the specific
spin glass, n was observed to increase as Tg was ap-
proached from below. For Ag:Mnz & „%+Sb046 «% Tp"

is about 0.85, for Cu:M~ 0„%T,'=0.91, while for both
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FIG. 2. Temperature dependence of the stretched exponential
exponent, n, of the four spin glasses, plotted as a function of the
reduced temperature for t =10min.

10

FIG. 3. Temperature dependence of the characteristic relaxa-
tion rate, 1/Tp plotted as log&o(1/Tp) vs T, ' for t =10 min.
For T, '&1.5, the values of the apparent relaxation rates of
the four spin glasses scale to within experimental accuracy and
vary exponentially with the inverse reduced temperature. The
solid line represents the fit of the exponential form,
1/vz ——A exp( —aT, '), to the experimental data for T„'&1.5.
The fit yields A =10 sec ' and a=2.5. As Tg is approached
from below, the apparent relaxation rate of all four spin glasses
increases much more rapidly than exponentially and the scaling
with T, ' breaks down.
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temperature at whicli 1/r& staits to increase much more
rapidly than exponentially is approximately T„
for the antimony-doped Ag:Mnz 6 „%sample, about 0.80
for the copper manganese spin glass, and about 0.87 for
both the Ag:Mn2 6,«and the Ag:Mn4 i „%spin glass.

Figure 4 shows the field dependence of the stretched ex-
ponential exponent, n, of Ag:Mnz«, %+Sbo46„% at
four temperatures just below Tg (T,=0.91, 0.95, 0.97, and
0.98}. From Fig. 4 it is clear that n increases with in-
creasing field (remember that by field, we mean the mag-
netic field in which the sample is cooled initially; the final
field value is zero in all of the data reported in Fig. 4), the
increase being larger the closer T is to Tg from below. At
temperatures below about 0.9Ta, n is independent of H
(H =4.5—30 Oe} to within experimental error, down to
reduced temperatures of the order of 0.2 Ts. For yet lower
temperatures, our preliminary results exhibit a small de
crease of n with increasing field. The entire question of
the field dependence of n is complex, and will be treated
in a separate paper. Finally, Fig. 5 exhibits the field
dependence of the apparent response rate, 1/r~, of
Ag:Mnz 6 gt %+Sbo46 gt If/ at four temperatures (again at
T,=0.91, 0.95, 0.97, and 0.98}. Figure 5 shows that, just
below Tg, the apparent response rate depends strongly on
the cooling field, while the field dependence of 1/rz gra-
dually decreases as the temperature is lowered.

IV. ANALYSIS

The exponential dependence of the apparent relaxation
rate on the inverse reduced temperature appears consistent
with thermally activated intervalley transitions between
spin-glass energy levels with relaxation times given by an
Arrhenius law. In such a model, the specific shape of the
time decay of the TRM will depend on the distribution of
relaxation times, i.e., on the specific distribution of energy
levels and potential barriers separating them. In fact, al-
ready in 1980, Prejean and Souletie showed that the time
and temperature dependence of the saturated TRM
(STRM) of Cu:Mni 2 s „%can be characterized by a sin-

gle unique function of ( T/To)l n(t /8 o). They found that
the time decay of the STRM of the Cu:Mn spin glasses
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FIG. 4. The field dependence of the stretched exponential ex-
ponent, n, of Ag:Mnt 6 g, %+Sb046 gt % at four temperatures just
below T~.
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FIG. 5. The field dependence of the apparent relaxation rate,
1 /Tp p of Ag:Mn2 6 „%+Sb0, 46 „% at four temperatures just
below T.

followed a power law: osTRM(i)=Op(if/Hp)', where
&o=10 " sec, and To-=5Tg, independent of the man-
ganese concentration. They explained this scaling
behavior of trsTitM in terms of a distribution of relaxation
times arising from a distribution of asymmetrical double-
well potentials between which the system can make
thermally activated transitions. Our experimental results
confirm the scaling of the effective relaxation rate for
T, '&1.5.

However, it should be noted that our experiments are
performed in very small magnetic fields, as compared to
Ref. 6. In particular, we have found that the prefactor oo
in the stretched exponential expression for the time decay
of orRM increases roughly linearly with increasing mag-
netic field at temperatures below T/Ta-0. 9. In this
temperature regime, the different magnetic fields we em-
ploy cause very little change in the apparent response rate,
1/~~ At temperatu. res closer to Ts, the variation of oo
with magnetic field is steeper, approaching a quadratic
form very near to Ta (T/Ts-0. 97). Thus, the remanent
IBagnetization is not saturated in our experiments any-
where in the H-T plane of measurement. It is possible,
therefore, that our experiments measure different quanti-
ties than are reported in Ref. 6, in so far as they report the
time dependence of the saturated remanent magnetization
(SRM}. For example, as the glass transition temperature
is approached from below, our results show that the scal-
ing property of the apparent relaxation rate only holds for
the Ag Mn2 6 gt o/' and Ag MIlg I t % spin-glass samples.
Scaling is not exhibited for the Cu:Mn and Sb-doped
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Ag:Mn samples. The amount of magnetic anisotropy is
known to depend strongly on the type of nonmagnetic
host lattice (e.g., Ag, Cu, Au), and on doping with nonmag-
netic impurities with a relatively large spin-orbit scatter-
ing cross section (e.g., Sb). This suggests that the spin-
glass dynamics and the scaling property just below Tg
may be closely connected with the amount of magnetic
anisotropy. In any case, the lack of saturation of oo in
our measurements makes a direct comparison with Ref. 6
somewhat problematic. If we do adopt their model, both
the exponential temperature dependence and the scaling of
the apparent relaxation rate can be explained over part of
our measurement range (T„'& l.5). It is not clear to us,
however„how such a model could account for the nonex-
ponential temperature dependence, and the rapid increase
of 1/r~, just below Ts.

Recently, De Dominicis et al.2 26 reported the first re-
sults of their calculations of the dynamics of the infinite-
range Ising spin-glass model using a "simple model. "
Their results appear to be consistent with our experimen-
tal results over the full temperature range. De Dominicis
et al. calculated the approach to equilibrium of the in-
verse of the Parisi order-parameter function, x (q), after a
change in temperature or a change in a plied magnetic
field. Using the results of Mezard et al. ' and of Derrida
et al 's (the n. onextensive fluctuations of the free-energy
valley minima of the spin-glass state are independent ran-

dom variables with an exponential distribution), they
found that the sum of the perturbed spin-glass occupan-
cies, related to the length of the right plateau of the q(x}
plot, ' ' ' ' 0 relaxes towards equilibrium according to a
stretched exponential form. They found for the long-time
relaxation of x (t) after a change Sh of the applied field:z

—[x (t)]p„„,+[x (t)]ss

ters were M, ro, and f, . As the experimental results for
Ag:Mnz6„% and Ag:Mn4 & „% scale over the entire
temperature range of measurement, the theoretical expres-
sion for log, o(1/r~) was fitted to the total of our experi-
mental results for these two spin glasses. The fits to the
data for the antimony doped and the copper spin glasses
were made separately. For each set of data two fits were
made: one using the experimental values of n, as shown
in Fig. 2, and one using the theoretical values of y. In the
latter case the temperature dependence of y was calculated
in two steps. First, the temperature dependence of the
Edwards-Anderson order parameter, qEA, was calculated
from the self-consistency

equation
for qEA derived by

Sherrington and Kirkpatrick:

qE&(T)=2 J dz(2n) '~ exp( ——,z2)

Xtanh [qEg(T)zTs/T] . (3)

Equation (3) was solved numerically for several reduced
temperatures in the range 0 & T, & 1, and a sixth-order po-
lynomial was fitted to the calculated values of qEA(T, ).
In fitting the polynomial, the limiting behavior of
qEA{T, ), as predicted by the Sherrington-Kirkpatrick
model, 2s'29 was used:

qE&(T„)=1 (2/n) ' T„—for T„~O,

qEA(T, )=1 T„ for T—,~1.
The calculated temperature dependence of qEA is shown
in Fig. 6. Secondly, the polynomial expression for the
temperature dependence of qEA was inserted into the dif-
ferential equation which relates q, y, and T„, derived by
Vannimenus et al. on the basis of a scaling assumption
for q(x, T):

= (1—x')exp[ —Uo I (1—x)(2t leo)'], (1)
1 —q q (6)

where [x(t)]~„„ is the value of x(t) of the system
prepared in a pure thermodynamic state. In Eq. (1),
x =1—y(qE~), i.e., the value of x for the Edwards-
Anderson order-parameter value (x' is the field-shifted
value}, vo ——M exp[ f,x/kT], whe—re f, is an upper cut-
off of the free-energy fluctuations (M, the number of
states, and f, are sent to infinity such that uo remains fi-
nite), and I {1 —x) is the factorial function. Although Eq.
(1) was derived within the framework of the infinite-range
Ising model, and the relation between x (t} and trTaM of a
real spin glass is not obvious, it will be shown below that
our experimental results for the time dependence of crTRM
over the entire temperature range of measurement are well
described by the right-hand side of Eq. (1). Assuming
that o TRM(t }~ —[x (t)]„,+ [x{t) ]ss, comparison of the
stretched exponential form of crTgM with Eq. (1}yields for
the apparent relaxation rate, 1/rz, of the TRM:

1/rz 2M'~" ——"'I {y)'~" exp( f, /kT)/ro, (2)—

with the identification y = 1 —x =n in the simplest
model. In order to test the validity of the conjecture
that 1/rz is given by Eq. (2), (weighted) multiple linear re-
gression fits of the theoretical expression for logio(1/rz )

were made to our experimental data. The fitting parame-

1,0

0.6

0.4

0.2

0
0 0.2 04

FIG. 6. The temperature dependence of the Edmards-
Anderson order parameter, qEA, calculated for the Sherrington-
Kirkpatrick model.

(though they find y=-,' at T =0, not y=l as we find}.
The theoretical temperature dependence of y on T„ is ex-
hibited in Fig. 7. Comparison of Figs. 2 and 7 shows
indeed that the stretched exponential exponent, n, and the
theoretically calculated values of y have the same qualita-
tive temperature dependence.
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FIG. 7. The temperature variation of the stretched exponen-
tial exponent, y, with the reduced temperature, calculated for
the Sherrington-Kirkpatrick model (see text). The overall varia-
tion of y is qualitatively the same as the variation of the experi-
mental values of n, plotted in Fig. 2.

-8-

Because the error in the experimental data increases as
the temperature decreases, the experimental data in the
temperature region where I/7z varies exponentially with

T, were weighted in all fits with the reduced tempera-
ture T.he data in the nonexponential region, just below

Ts, were all given a weight of 0.5 in order to reduce the
effect of an error in the reduced temperature.

In Fig. 8, the fit of the theoretical expression for
logip( 1/'r& ), using the experimental Ualues of n, for
AgMng 6 ,~i % and Ag Mn4 i ~g % is shown. The quality of
the fit is reasonably good over the whole temperature
range, and yields vp

——10 sec, M =5.5, and f, =3.2ks Ts.
Clearly, the sinall deviation from the exponential tem-
perature dependence at low temperatures (T„'y4) is
caused by the variation of n with T, . The fit for the cal
culated values of y for the same two spin glasses is shown
in Fig. 9, and gives wo ——3.8)&10 sec, M=1.02, and

f, =2.5ksTs. Again, the quality of the fit is quite good
over the whole temperature range and, moreover, the
value of f, is equal to the value of a, which was obtained
from a fit of the exponential expression for I /rs

Figure 10 shows the fit to the experimental data for
Ag:Mnz 6 „%+Sbp46„%, for the experimental Ualues of
n The fit y. ields rp ——2.2 )& 10 sec, M =3.9, and

f, =3.3ksTs. The fit for the theoretical ualues of y is
plotted in Fig. 11; vo ——4.6)& 10 sec, M = 1.01, and

f, =3 3ktt Ts. .
Finally, Figs. 12 and 13 exhibit the fits of the theoreti-

cal expression for logip(1/~~) to the experimental results
for Cu:Mn& 0 „&,for the experimental and the calculated
values of n and y, respectively. The fit for the experimen-
tal values of n (Fig. 10) yields ~p ——4.2)& 10 sec, M =10,
and f, =4.7k' Ts, while the fit for the calculated y values
yields: rp=4 5X10 sec, .M =1.16, and f, =3.0k&Ts.
The strong curvature of the fit shown in Fig. 12 is due to
the rather strong variation of the stretched exponential ex-
ponent with the reduced temperature (Fig. 2). However,
the fit for the calculated values of y is surprisingly good

-10

T,

FIG. 8. Fit of the theoretical expression for the apparent re-

laxation rate to the experimental data for Ag:Mn26„% (solid
circles) and Ag:Mn4 ~ „% (squares). The weighted multiple
linear regression fit was done using the experimental values of n

and yields: rp 10' sec, —M—=5.5, and f, =3 2ksTs T.he inse.rt
shows the fit just below Tg in detail.

-2-

Ag:Mn2&„.&
o Ag Mn4 t,t.i,

i 0
5

-1
T,

FIG. 9. The weighted multiple linear regression fit of Eq. (2),
using the calculated temperature dependence of y (Fig. 5), to the

experimental for Ag:Mn&6„% (solid circles) and Ag:Mn4
(squares). The fit yields: ~o ——3.8&10' sec, M =1.02, and

f, =2.5ks T~. The insert shows the fit just below Ts in detail.
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FIG. 10. The temperature dependence of 1/~~ of
Ag:Mnq4„%+Sh044 (% The solid line represents the fit of
Eq. (2) for the experimental values of n, to the experimental
data and corresponds to ~0——2.2 X 10' sec, M =3.9, and
f,=3.3ks Ts.

FIG. 12. Fit of the theoretical expression for 1/r~ [Eq. (2)] to
the experimental data for Cu:Mn4o t % The fit was done for
the experimental values of n, and gives ~0——4.2)&10 sec,
M =10, and f, =4.7ksTg.

&q «~.sol. I.+ Sbo.~s.l ~ CU Mfl4 ()

I
l/l

y CL4

FIG. 11. The fit of Eq. (2) to the experimental data for
Ag:Mnqq„%+Sh044„, % for the theoretical values of y. The
hest fit gives ro ——4.6)& 102 sec, M = 1.01, and f, =3 3ksTs.FIG. 13. Fit af Eq. (2) to the experimental data for

CU Mn4 o t % using the theoretical temperature dependence of y.
The fit yields: ro 4.5 && 10' sec, M = 1.16——, and f, =3.0ks T~.
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over the whole temperature range.
It is clear that the theoretical expression for the effec-

tive relaxation rate of x (t), which has been derived recent-

ly by De Dominicis et ai., is in excellent agreement with
our experimental results. Both the fits for the experimen-
tal values of n and the calculated values of y yield, for all

three data sets, values for ro and f, close to the values of
2/A and a, which were obtained from the fit of the ex-
ponential expression, 1/~z ——A exp( aT—„ ), exhibited in
Fig. 3 [notice the factor of 2 in the exponent of Eq. (1)].
The exponential temperature of the theoretical relaxation
rate in Eq. (1) is a direct consequence of the fact that the
density of states, vo, is constant for any finite free energy
and varies exponentially with the inverse temperature. ' '

Our experimental results suggest, therefore, that the ap-
parent relaxation rate of oTRM reflects the temperature
dependence of the density of states in the spin-glass state.

Inspection of Eq. (2) shows that the increasing value of
y, as T„~l, gives rise to the rapid, nonexponential in-
crease of 1/r~ just below Ts. As T„~l, the factor
M'~" y' in the right-hand side of Eq. (2) diverges for
M & 1. It is therefore not surprising that our flts, particu-
larly those for the calculated y values, yield values for M
close to unity. The nonexponential temperature depen-
dence of the apparent relaxation rate clearly originates in
the strong temperature dependence of the length of the
right plateau in the q(x) plot just below Ts. This sug-

x T, = 0,91

T, —0.95

~ T, = 097

gests that the strong field dependence of the apparent
response rate just below Tg (Fig. 5) originates in the field
dependence of n (Fig. 4). We have therefore plotted in
Fig. 14 logto(1/rz) versus 1/(1 —n) for several tempera-
tures (T,=0.91, 0.95, 0.97, and 0.98) and fields (4.5—30
Oe). Figure 14 shows that log, o(1/r~) varies indeed
linearly with 1/(1 —n). Moreover, the experimental data
for T„=0.91, 0.95, and 0.97 fall, to within experimental
accuracy, on a single line. The drawn line is the best fit of
the form, logio(1/rz)= —c+[1/(1—n)]logioM, to the
data for the lowest three reduced temperatures. The bro-
ken line represents the fit to the data for T„=0.98, with
c = —5.5 and M =4.4, for the other temperatures
c = —5.5 and M =3.8. The latter value is in excellent
agreement with the value obtained from the fit of Eq. (2)
to the experimental data for the temperature dependence
of 1/~~ at fixed field (Fig. 10). The increment of the
slope of the data with temperature suggests that M in-
creases as Tg is approached from below. The field and
temperature dependence of 1/r~ clearly argues for the va-
lidity of Eq. (2). However, the unphysically small value
of M is troubling. It may be associated with the differ-
ences between the theoretical infinite-range model
(equivalent to a fully concentrated sample) and the small
finite concentration of the samples actually measured in
our experiments. Apart from this numerical distinction,
the good qualitative agreement of Eq. (2) with our experi-
mental results raises the hope that the infinite-range Ising
model can account for the dynamics of metallic spin
glasses, and that recent ' ' and future theoretical
developments will improve substantially our understand-
ing of these systems.

V. SUMMARY AND CONCLUSIONS

0—

CL4

O

FIG. 14. The dependence of log(1/r~) on 1/(1 —n) at several
reduced temperatures and magnetic fields (4.5—30 Oe). The
solid line represents the best fit of the form
log~o( 1 lr~ ) =c + [1/(1 n)]log~0M, to —the experimental data for
T,=0.91, 0.95, and 0.97, with c = —5.5 and M =3.8. The bro-
ken line represents the fit to the experimental data for T,=0.98,
yielding c = —5.6 and M =4.4.

Our main experimental and conclusions are the follow-
ing.

(1) The time decay of the field-cooled thermoremanent
magnetization of the spin glasses (Ag:Mnp 6

Ag:Mng. 1 at. %& Ag ™2.6 at. %+Sb0.46 at. %~ and
Cu:Mn4 o „%)is accurately characterized by the stretched
exponential form in the time range of measurement,
5—500 sec.

(2) The apparent relaxation rate of the time decay of the
thermoremanent magnetization of the four spin glasses
depends approximately exponentially on the waiting time,
for waiting times in the range 10—40 min.

(3) The apparent relaxation rate depends exponentially
on the inverse reduced temperature and scales with the
glass transition temperature for inverse reduced tempera-
tures larger than about 1.5.

(4) As the glass transition temperature is approached
from below, the apparent relaxation rate increases much
more rapidly than exponentially with inverse reduced tem-
perature, and the scaling with T breaks down. The tem-
perature at which the scaling breaks down is related to the
difference in magnetic anisotropy of the spin glasses.

(5) Recenlty derived expressions for the relaxation of
the perturbed sum over the square of the spin-glass-state
occupancies is found to map onto our measurements of
the time dependence of cTTitM(t): the stretched exponential
form for the recovery of the perturbed spin-glass-state oc-
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cupancies is consistent with the stretched exponential time

decay of the thermoremanent magnetization; the apparent
relaxation rate occurring in the theoretical expression for
the recovery of the spin-glass-state occupancies is in excel-
lent agreement with our experiment value for the apparent
relaxation rate.

However, the fits of the theoretical expression for the
effective relaxation rate to our experimental data yield ap-

parently unphysical values for the number of states that
are available to the system. Nevertheless, the qualitative
agreement of the theoretical results with our experimental
data seem to indicate that the infinite-range Ising model

contains features which can explain the dynamics of me-

tallic spin glasses.
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