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Time decay of the saturated remanent magnetization in a metallic spin glass
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The time decay of the saturated remanent magnetization (M,) has been studied in the amor-
phous metallic spin glass (Feo1sNigss)7sP16BsAls. This relaxation, which by nature is different
from the zero-field equilibrium relaxation, shows at low temperatures (T/T, <0.98) a time varia-
tion accurately described by a pure power law. At temperatures in the immediate vicinity of T,
the experimental time decay can be described by a power law times a stretched exponential func-

tional form: M, =Mqt ~™expl—(¢/7,)'~"].

Spin glasses are known to exhibit slow, nonexponential
relaxation. This kind of dynamical behavior is a charac-
teristic feature of disordered, strongly interacting systems
of condensed matter. The response function of dielectrics,!
glasses, and glassy polymers? resembles that of spin
glasses. In particular, it has been experimentally shown
that spin glasses display aging phenomena,>” a behavior
that is well known from other glassy materials.? This im-
plies that the spin-glass “phase” is a thermodynamic none-
quilibrium state. In spin glasses aging is revealed by a
dependence of the response function on the wait-time ¢,
prior to the magnetic field step. Especially in the low-field
regime the relaxation in a time-domain experiment is dom-
inated by the aging process. This has been experimentally
shown in low-field thermoremanent*’ and zero-field-
cooled®* magnetization measurements. Only at times
t <1t,, the experimental data are representative of a spin-
glass relaxation at thermodynamic equilibrium.> Thus,
comparisons between experiments and theoretical predic-
tions are quite hazardous, since theories® only treat spin-
glass dynamics at thermodynamic equilibrium. However,
the functional form of the relaxation is affected by the
magnitude of the applied magnetic field. At sufficiently
high fields a thermodynamic equilibrium state is imposed
and the decay of the thermoremanent magnetization be-
comes field and wait-time independent.’ This time decay
of the saturated remanent magnetization is by nature dif-
ferent from the zero-field equilibrium relaxation. The in-
fluence of the wait-time and the magnitude of the applied
magnetic field on the relaxation require well-defined ex-
perimental procedures when searching for a universal
functional form of the spin-glass relaxation.

In this Brief Report we investigate the time decay of the
saturated thermoremanent magnetization of the amor-
phous metallic spin glass (FegsNiggs)7sP1¢BsAls. It is
found that the time decay accurately follows a pure power
law below the spin-glass freezing temperature (7). In the
immediate vicinity of T, the functional form of the decay
changes and is described by a power law times a stretched
exponential form.

Ribbons of the amorphous system (Fe,Ni;—y)7s-
P1¢BsAls, were prepared by the centrifugal spin-quenching
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technique.!® The magnetic phase diagram and general
magnetic properties of this system have been reported else-
where.!! Amorphous ribbons with a nominal concentra-
tion of x =0.15 and a typical cross section of 0.02x 1 mm?
were cut in pieces 5 mm long. The temperature was mea-
sured with a copper thermometer!? (7" > 20 K) and with a
100-Q Allen-Bradley carbon resistor (7 <20 K). A su-
perconducting quantum-interference device (SQUID)
magnetometer utilizing the S.H.E. Corporation Model-30
electronic system was used to measure the time decay of
the thermoremanent magnetization (TRM). The mea-
surements were performed in the temperature range
0.50<T/Ty <1.02, where T,=22.6 K as determined
from static scaling experiments on the same spin-glass
sample.!3 The sample was cooled from the reference tem-
perature T, s=23.8 K in a constant magnetic field
(50-300 G) to the measurement temperature. The mag-
netic field was then switched off and the time decay of the
saturated remanent magnetization (M) was measured in
the time interval 3-3x10*sec. The sample was then heat-
ed to T'rf, where the zero value of the magnetization was
established. The intrinsic relaxation of the magnetometer
after a field step was measured at T, and found to be
negligible for # > 3 sec. The switch time of the magnetic
field is shorter than 0.01 sec.

In Fig. 1 M1rMm(H) is plotted for different observation
times ¢ at the temperature 7/7T, =0.96. Also visualized in
the figure is the field dependence of the isothermal
remanent magnetization Mrm(H). Mrm(H) was mea-
sured by cooling the sample in zero applied magnetic field
to the measurement temperature. A magnetic field pulse
of 30-sec duration was applied and the time decay of the
remanent magnetization was measured after the field re-
moval. As is seen from Fig. 1, the Mprm(H) and
MrMm(H) curves merge at fields larger than 10 G and be-
come field independent at fields larger than 20 G. Since
the experimental values of MtrMm(H) and Mrm(H) are
identical at sufficiently large magnetic fields it implies
that an equilibrium state is imposed on the system by the
field. Thus the time decay of the saturated remanent mag-
netization is independent of the magnitude of the applied
field and the wait-time history of the sample. 4
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FIG. 1. Remanent magnetization of (Feg15Nioss)75P16BsAls 0.973
at 21.7 K (T/T,=0.96). The thermoremanent magnetization =
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In Fig. 2 the time decay of the saturated remanent mag- 0'222
netization is plotted in a semilogarithmic diagram for dif- ?:00 .
ferent temperatures. In Fig. 2(b) the veritical scale is en- )
larged by a factor of 80. The magnitude of the saturated 0 : e
remanent magnetization decreases rapidly with increasing 10° 10! 10 103 10* t(sec)

temperature. At T, the value of the remanence at t =3
sec is only a fraction of a percent of the corresponding
value at low temperatures. In an experiment it is exceed-
ingly difficult to pinpoint the zero level of the remanent
magnetization. Due to the extreme smallness of the
remanence at high temperatures only a minor deviation
from the true zero level has a devastating influence on the
shape of the time decay when plotted in a log-log diagram.
In order to give an adequate presentation of the experi-
mental data, the time derivative of the remanent magneti-
zation, determined from a sliding five-point differentiation
of the raw data, is plotted in a log-log diagram in Fig. 3.
At temperatures T/T, <0.98, in the time window of our
experiments, the relaxation accurately follows a power
law:

M;=Mqu™". (1

It has been suggested that a stretched exponential func-
tional form, expl—(¢/7,)'™"], accurately describes the
time decay of the thermoremanent magnetization.!> Fits
of our experimental data to a pure stretched exponential
form give n=1.00%£0.01 for all temperatures 7/T,
< 0.98. Such a value of the exponent »n implies that the
time decay is algebraic, thus supporting the power-law de-
cay of the remanent magnetization. Using a rather high
magnetic field an algebraic decay of the thermoremanent
magnetization has also been reported at temperatures well
below the spin-glass freezing temperature for the short-
range Ising spin glass FegsMng sTiO3.'¢

The measured relaxation starts to deviate from a pure
power law at temperatures in the vicinity of the spin-glass
freezing temperature (7/T > 0.98) but can accurately be

FIG. 2. Time decay of the saturated remanent magnetization
of (Feo.1sNiogs)7sP16BsAl; in a semilogarithmic diagram (a)
0.50<T/T, <081, (b) 0.973<T/T,<1.00. The vertical
scale is enlarged by a factor of 80.

described by the following empirical functional form:
My =Mt "mexpl—(t/7,)' 7" . )

The parameters m, n, and 7, were determined by nonlinear
regression analyses of the data to Eq. (2). The solid lines
in Fig. 3 are plotted using the deduced parameters. To ac-

101 4
4
-
T 1ol 1
= |
3 T/Tg=
1073 o8 1
0.70
0.81
-5
10 0.97
| 0.99 0.98
1077 " vy
10° 10 107 10° 10* t(sec)

FIG. 3. log(—dM,/dt) vs log(z) at different temperatures.
Solid lines are the best fits of the experimental data to Eq. (2).
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count for the uncertainty in the zero level of the measured
remanence, the fitting function also included an additative
constant. In Fig. 4 the temperature dependence of the pa-
rameters m, n, and 7, are plotted as a function of the re-
duced temperature. As can be seen from the figure, 7, in-
creases very rapidly with decreasing temperature, and is
beyond the experimental time window at temperatures
T/T, <0.98. Accordingly, only a power law is found. In
a very limited temperature interval close to the spin-glass
freezing temperature, 0.98 < 7/T, <1.00, both terms in
Eq. (2) could be resolved in the analyses. At slightly
higher temperatures the stretched exponential becomes
predominant and the value of the parameter m loses signi-
ficance. On further increase of the temperature
(T/T, > 1.02) all relaxation occurs at shorter times than
our time window.!’

Recently, Ogielski!® has performed Monte Carlo (MC)
simulations in order to investigate the dynamics of the
equilibrium fluctuations of a short-range three-dimen-
sional (3D) Ising spin glass at zero magnetic field. He ob-
tains for the spin-spin correlation function g (¢) a time de-
cay of the same functional form as in Eq. (2). At tem-
peratures below the spin-glass freezing temperature the
simulations only yield a power-law decay. Although the
agreement with our results is striking a direct comparison
is incorrect due to the fundamentally different nature of
the time decay of the saturated remanent magnetization
and the zero-field equilibrium relaxation. The experimen-
tal quantities that directly mirror g (¢) at zero field are the
frequency dependence of the zero-field ac susceptibility
and the low-field equilibrium relaxation of the zero-field-
cooled and the thermoremanent magnetization. The
behavior of the zero-field equilibrium relaxation of the
same amorphous metallic spin glass will be reported in a
forthcoming publication.!” A more adequate comparison
between the present experimental survey and MC simula-
tions is obtained from simulations performed by
Kinzel.2%?! He investigated the time decay of the
remanent magnetization and its field dependence of a
short-range 2D Ising spin glass?® and an infinite-range Is-
ing spin glass.?! In these simulations it is found that the
time decay of the saturated remanent magnetization fol-
lows a power law, a result in agreement with the present
experimental study.

Conclusively, the functional form of the time decay of
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FIG. 4. The parameters m (*), n (+), and 7, (O) of Eq. (2)
plotted vs reduced temperature. (a) Close to T,. (b) The pa-
rameter m plotted in a larger temperature interval.

the saturated remanent magnetization is accurately
described by a power law times a stretched exponential
form [Eq. (2)]. Due to a limited experimental time win-
dow and the rapid temperature variation of 7, the
stretched exponential term is only resolved in a very nar-
row temperature interval in the immediate vicinity of the
spin-glass freezing temperature. For a given temperature,
the value of 7, is a measure of the time at which the relax-
ation process ends. Thus, in some way the rapid increase
of 7, reflects the divergence of the maximum relaxation
time of the system at zero field.!” At low temperatures the
measured relaxation is purely algebraic.
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