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Equilibrium magnetic fluctuations of the short-range Ising spin glass Fe, sMn, sTiO; have been
investigated in a superconducting quantum interference device (SQUID) magnetometer. At temper-
atures above the spin-glass temperature the noise power spectra exhibit a 1/f dependence at high
frequencies and a convergence to plateaus in the low-frequency limit. At temperatures below the
spin-glass temperature only a 1/f dependence of the noise power spectra is observed. The equilibri-
um magnetic fluctuations and the out-of-phase component of the ac susceptibility show behavior in
accordance with the predictions of the fluctuation-dissipation theorem. The functional form of the
relaxation, R (¢) <t ™%~/ ”B, successfully used to describe results from Monte Carlo simulations on
a three-dimensional Ising spin-glass model, is found to account very well for the observed behavior

of the equilibrium magnetic noise.

I. INTRODUCTION

Spin-glass relaxation in the vicinity of the spin-glass
temperature 7, extends over a large time interval. Ex-
perimentally, time-dependent magnetization and ac sus-
ceptibility measurements are frequently used to map the
relaxation in spin glasses. Together, they offer the possi-
bility of covering more than nine decades in time' of the
spin-glass relaxation. Another important tool used to in-
vestigate the low-frequency behavior of the spin-glass dy-
namics is the measurements of the equilibrium magnetic
noise. A complication with the ac susceptibility and
time-dependent magnetization measurements is the non-
linear field dependence of the relaxation close to T,. In
contrast, measurements of the equilibrium magnetic noise
are performed in zero field; i.e., the nonlinearities with
fields are effectively avoided. Experiments of this kind
have been reported by, e.g., Reim et al.,? Refregier
et-al.,* and Alba et al.* A general observation in these
measurements was the 1/f character of the noise power
spectra, both below and above the spin-glass temperature.
In contrast, in a recent work by Svedlindh et al.,’ a
markedly different behavior of the noise power at temper-
atures above T, was reported. In the low-frequency limit
it was then shown that the noise power spectra converged
towards constant values.

In this paper we report equilibrium magnetic noise
measurements on the short-range Ising spin glass
Fey sMn, sTiO;. This system has been shown to be a
good model system for a three-dimensional (3D) Ising
spin glass. "¢ At temperatures above the spin-glass tem-
perature the characteristics of the noise power spectra ex-
hibit a high-frequency regime where the spectra display a
1/f-like dependence and a low-frequency regime where
the noise power levels off to constant noise values (pla-
teaus) with decreasing frequency. The level of the pla-
teaus increases rapidly as the temperature approaches T,
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from above. At lower temperatures the noise power spec-
tra only display a 1/f-like dependence. Extensive mea-
surements of the out-of-phase component of the ac sus-
ceptibility are shown to be in good agreement with the
observed behavior of the equilibrium magnetic noise and
unambiguously confirms the validity of the fluctuation-
dissipation theorem in Ising spin-glass systems. Also, the
observed behavior is consistent with the functional form
used in Monte Carlo simulations’ of a 3D Ising spin glass
to describe the time dependence of the spin-correlation
function.

II. EXPERIMENTAL

The measurements were performed on a single crystal
of FeysMn, sTiO; in the shape of a parallelepiped,
2X2X5 mm?®, using a superconductor quantum interfer-
ence device (SQUID) magnetometer. The crystal was
centered in a first-order gradiometer pickup coil, con-
nected to the signal coil of the SQUID. Layers of 4 met-
al were used to screen the sample from the earth magnet-
ic field. To further reduce the residual magnetic field, a
compensating field was generated using a superconduct-
ing magnet operating in persistant mode, resulting in a
residual magnetic field of less than 1073 G. The tempera-
ture was measured using a copper resistance thermome-
ter giving a long-time stability of better than 0.1 mK. At
constant temperature the SQUID signal was sampled at a
given rate. By varying the sampling frequency, 0.2
Hz<f, <200 Hz, a frequency interval of (5X1073)
Hz < f <10% Hz of the noise power spectra was covered.
For each sampling frequency an antialiasing filter, with a
cutoff frequency set equal to the Nyqvist frequency
(fs/2), was used. The data were transformed by a stan-
dard fast Fourier transform (FFT) algorithm to get the
noise power spectra.
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III. RESULTS

A. ac susceptibility

" In order to investigate the validity of the fluctuation
dissipation theorem, ac susceptibility data are taken from
a previous study.! These measurements were made in the
frequency interval 1073 Hz<w <27 <5X10* Hz. The
sample was stepwise cooled in a small sinusoidal field
(=0.1 G). At constant temperature, the in-phase y'(w)
and the out-of-phase x''(®w) components of the complex
susceptibility Y(w)=x'(®)+ix"(®) were simultaneously
detected.

Figure 1 shows log,o[x"(®)] versus log,(w) at dif-
ferent temperatures in the vicinity of the spin-glass tem-
perature, T, =20.9 K (this value of T, has been previous-
ly determined through dynamic scaling analyses'). In
Fig. 1(a), the Y"'(w) curves exhibit different characteris-
tics at low and at high frequencies. At low frequencies,
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FIG. 1. logo[x"(®@)] from ac susceptibility measurements vs
log (@) for Fey sMng sTiO;. The dashed lines mark the fre-
quency interval covered by the magnetic noise measurements.
(a) The different curves refer to temperatures above T,
(T,=20.9 K). (b) The different curves refer to temperatures
close to and below T,. The slope of the curves a' are
T/T,=0.940, o'=0.045; T/T,=0.986, o'=0.04; T/T,
=1.000, a'=0.04; T /T, =1.017, a'=0.025.
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where Y''(w) approaches zero, a near Y''(w)<w depen-
dence is apparent. The width in frequency where such a
frequency dependence can be resolved is, however, rather
narrow (limited by the experimental resolution). The on-
set of this regime gradually shifts towards lower frequen-
cies when the temperature approaches 7, from above.
At high frequencies, Y () is only weakly frequency
dependent. Fitting the high-frequency part of these
curves to a power law, o%, gives an “effective” exponent
a’'=~0.02-0.03. Close to and below T,, the measured
X'"'(w) curves only display the weak algebraic dependence
on frequency [Fig. 1(b)] and an approach towards zero is
never attained at the experimental frequencies. Fitting
these curves to a power law gives an increase of a’ from
0.03 to 0.05 when the temperature is decreased through
T,. Below T,, in the measured temperature range
(0.9<T/T, <1.0), o’ is approximately constant. At the
lowest frequencies of the Y''(w) curves shown in Fig. 1(b),
a clear deviation from the algebraic behavior is noticed.
This deviation is due to the aging phenomenon, i.e., the
nonequilibrium character of the spin-glass phase which
gives rise to a time dependence of the ac susceptibility.?
At a given temperature Y''(w) decreases with time and
the equilibrium value is only obtained after a very long
wait time®® at this temperature. At the lowest frequen-
cies used in our ac susceptibility measurements, this re-
quirement is never fulfilled and thus the measured Y’ (o)
is larger than the equilibrium value. We estimate that
X" (@) is about 20% larger than the equilibrium value at
the lowest frequencies and temperatures shown in Fig.
1(b).

B. Magnetic noise

The fluctuation dissipation theorem!? yields the follow-
ing relation between the magnetic noise power, S (w), and
X’l( w ):

St)=akrX2 p=2ay (1)
where k is the Boltzmann constant. If the fluctuation dis-
sipation theorem holds, the behavior of y''(w) implies
certain characteristics of the noise power spectra. At
temperatures well above T, a low-frequency regime with
frequency independent noise levels [S(w)=const] and a
high-frequency regime where the noise power follows a
1/f-like dependence [S(w)xw '**] are expected.
Closer to and below T,, only the 1/f character of the
noise power spectra is expected. Complementary mea-
surements of Y"'(w) and S () on the insulating spin-glass
CdIr, ;Cr, S, by Alba et al.* have shown that the fluc-
tuation dissipation theorem is well obeyed at tempera-
tures below T.

Figure 2(a) shows the SQUID signal versus time. The
different curves are recorded at three different tempera-
tures. The figure illustrates the dramatic increase of the
equilibrium magnetic fluctuations as T, is approached
from above. This behavior is consistent with the ob-
served increase of Y'(w) in the frequency interval
covered by the noise measurements (see Fig. 1). It is im-
portant to carefully check the noise data also in time
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domain since any small jump or drift occurring during
sampling of the SQUID signal results in extraneous low-
frequency contributions to the noise power spectra. Fig-
ure 2(b) shows Fourier transformed data at the corre-
sponding temperatures. Each curve is an average of at

T/Tg =1.000

T/Tg =1.061

T/T, = 1.150

L | 1 1 1 J
()} 200 400 600 800 time (s)
(b)
24 +
T/T,
A 1.000
= B 1.061
T A C 1.150
>
E a6t
@
=
o
2
.28 +
| | | 1

logyo [0 (s D]

FIG. 2. (a) Magnetic-flux noise as a function of time for
Fey sMn, sTiO;. The different curves refer to different tempera-
tures close to T,. A relative flux change in the SQUID sensor of
2X107 3¢, (¢o=2.07X 107" Vs) is indicated. The sampling
frequency is f; =2 Hz and an antialiasing filter of 1 Hz is used.
(b) Magnetic noise power S(w) as detected in the signal coil of
the SQUID vs w in a log-log diagram. The different curves refer
to the same temperatures as in (a).
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least ten different noise power spectra at the same
temperature. At the highest temperature shown
(T /T,=1.15), the magnetic noise spectrum is indistin-
guishable from the background noise spectrum of the
SQUID magnetometer, as measured in an empty coil ex-
periment. This is an important and fundamental result
that should be obtained in noise measurements on spin
glasses since there are no low-frequency relaxation phe-
nomena at temperatures well above T, that can give any
resolvable contribution to the noise power spectra. At
T/T,=1.061 the spectrum converges to a constant value
in the low-frequency limit which is consistent with the
observed behavior of x''(w) at the same temperature [see
Fig. 1(a)]. At T, the noise power spectrum is 1/f like
which accords with the weak algebraic frequency depen-
dence of y''(w) at this temperature [see Fig. 1(b)].

Figure 3(a) shows noise power spectra S (w) (open sym-
bols) at some temperatures above T,. The empty coil
noise power spectrum has been subtracted from these
spectra. The figure illustrates the occurrence of plateaus
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FIG. 3. log;o[S(w)] from magnetic noise measurements

(open symbols) and log[Tx"(w)/w] from ac susceptibility
measurements (solid symbols) vs log;o(w) for FeysMng sTiO;.
The spectra have been obtained by averaging raw data over log-
arithmic frequency increments. (a) The different curves corre-
spond to different temperatures above T,. The right-hand scale
indicates the average relaxation time 7,,, defined through Eq.
(2). (b) The different curves correspond to temperatures close to
and below T,. The upper curve, T /T, =1.017, corresponds to
the right-hand side scale and the lower curve, T' /T, =0.986, to
the left-hand side scale. The slope of the noise power spectrum,
—1+a’, is at both temperatures =~0.96.
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in the low-frequency limit and shows how the level of the
plateaus sharply increases when the spin-glass tempera-
ture is approached from above. Also shown in Fig. 3(a)
are Tx"'(w)/w data from the ac susceptibility measure-
ments (solid symbols). The proportionality constant, be-
tween the ac susceptibility and noise data, was deter-
mined by scaling the data at T /T, =1.029. The excellent
agreement between the two sets of data, at all tempera-
tures shown in Fig. 3(a), confirms the validity of
the fluctuation-dissipation theorem [Eq. (1)] for
Fey sMng sTiO;. Since S(w)/x" (@)= 1/w, with decreas-
ing frequency magnetic noise measurements become in-
creasingly better than ac susceptibility measurements as a
probe of the spin-glass dynamics. In addition, nonlinear
field effects, which unavoidably affect the low-frequency
xX''(w) data close to Tg,11 can be effectively avoided in
magnetic noise measurements. Using a SQUID sensor
with a lower white noise level and by using a higher-order
gradiometer, the quality of the present measurements can
be improved considerably. Then, equilibrium magnetic
noise measurements have the potential of becoming a
nearly ideal tool to investigate the spin-glass dynamics in
the zero-frequency and zero-field limits. The level of the
plateaus in Fig. 3(a) can be related to the average relaxa-
tion time of the spin system, through®’

Tow=11/x'(0)] lirno[)("(a))/co]OC lin}JS(co) , (2)

where the second relation is obtained by assuming
X'(0)x1/T. The right-hand side scale in Fig. 3(a) indi-
cates 7,,. The sharp increase of these levels is a manifes-
tation of the rapid slowing down of the spin-glass dynam-
ics when T, is approached. Furthermore, at a given tem-
perature the noise spectra start to deviate from a 1/f-like
dependence at o =1/7,,.

Figure 3(b) shows log;o[S(w)] and log,o[Tx"(w)/w]
versus log;o(@) at two temperatures close to 7,. Both of
these spectra display a 1/f-like dependence. Fitting the
S(®) curves to a @~ !7« law the extracted effective ex-
ponent is at both temperatures o’ =~0.04, which is in good
agreement with the exponents extracted using Y''(w) data
at the same temperatures. One should expect an effect of
aging on the noise experiments at T <T,, appearing as
nonstationary excess noise in the low-frequency part of
the noise power spectra. However, the magnitude of the
excess noise [estimated to about 0.05 decades on a loga-
rithmic scale at w/27=10"2 Hz, cf. Fig. 1(b)] is too
small to be resolved in these measurements.

v IV. DISCUSSION

The relaxation function R (#) of a magnetic system de-
scribes the relaxation of the magnetization towards equi-
librium, i.e., R ()=M ., —M(t), where M ., =M (t — ).
The response function, f(¢), is defined as the time deriva-
tivé of the relaxation function —dR (¢)/dt and the com-
plex susceptibility y(w) is given by the Fourier transform
of the response function. !> The imaginary part, y"(»), of
the complex susceptibility is then given by the sine trans-
form of f(t), through
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gy L (=AM
X(@)=—r [ T Esinwndr . (3)

It has been found that the relaxation function of
Fey sMng sTiO; (Ref. 1) and the dynamic spin-correlation
function, g (z), of a 3D Ising spin-glass model,’ both can
be described by the following empirical formula:

— B
R(n=4 R0 @)

where A4, a, 7, and 8 are temperature-dependent parame-
ters. The power-law term in Eq. (4) describes the relaxa-
tion at short times, while the stretched-exponential term
governs the approach towards zero at long times. At a
particular temperature, a crossover between the short-
and long-time behaviors of the relaxation occurs at ¢t =7
and thus 7 can be interpreted as a relaxation time of the
spin glass. The extracted values of 7, previously deter-
mined from time-dependent magnetization and ac suscep-
tibility measurements, ! sharply increase as the spin-glass
temperature is approached from above and exhibit a very
similar temperature dependence as the average relaxation
time [Eq. (2)]. At temperatures below T, and at dynamic
equilibrium, both Monte Carlo (MC) simulations’ and ex-
periments on Fe, sMng sTiO; (Refs. 1, 6, and 13) indicate
that a simple power law describes the spin-glass relaxa-
tion function, i.e., R (¢) <t~ % It should be noted that if
X'(®) is fitted to a power law in a limited frequency
range the effective “‘exponent” a’ is not equal to a ap-
pearing in the expression for R (¢). It is only at tempera-
tures below T,, where R (¢) is described by a simple
power law, that the two exponents are equal. At temper-
atures above Tg, the exponent a is found to be about
three times larger than ' extracted from y'’(w) data.
Assuming that Eq. (4) gives a correct description of R (#)
and by using Eq. (3) to calculate Y"'(w), this discrepancy
is due to the influence of the stretched exponential term
in Eq. (4) which in the frequency region logy(w)
>logo(1/7) flattens the appearance of xy''(w), and there-
by yields a value of the effective exponent a’ that is lower
than a.

Using the functional form of Eq. (4), it is possible to
calculate Y"(w) from Eq. (3) by means of numerical in-
tegration. If Eq. (4) gives a correct description of R (z),
then the calculated Y'(w) curves should display a
X''(w) < w dependence in the low-frequency limit. It can
be shown that this requires that the relaxation function
fulfills the following condition:

v dR(1) , _
fotdt dt=Q, 5

where Q has a finite value. Applying the functional form
of R (¢) shown in Eq. (4) and by using values of the pa-
rameters « and S found in measurements on
Fey sMn sTiO; (Ref. 1) and in MC simulations on a 3D
Ising spin-glass model’ (0<a<0.5 and 0<B< 1), it can
be shown that the condition in Eq. (5) is obeyed.

After transformation to a logarithmic time scale in Eq.
(3), numerical integrations were performed; the values of
the parameters in Eq. (4) are taken from Ref. 1. The in-
tegration was performed over a wide logarithmic time in-
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FIG. 4. log,[S(w)] from magnetic noise measurements

(open symbols) and log,o[Tx"(w)/w] from ac susceptibility
measurements (solid symbols) vs log,o(w) for Fe, sMng sTiO;.
The right-hand side scale shows 7,,, defined through Eq. (2).
The solid lines indicate logo[ Tx''(@w)/w] obtained by numerical
integration of Eq. (3), using the functional form of R (¢) shown
in Eq. (4). The arrows indicate 7 values for the three highest
temperatures. The values of the different parameters used in the
equation of R (¢) are T/T,=1.029, 4 =3.92, a=0.073, 7=17.9,
B=0.25; T/T,=1.061, 4 =2.93, a=0.079, 7=0.015, =0.31;
T/T,=1.071, A=241, «=0.083, 71=0.0050, [B=0.34;
T/T,=1.081, 4 =2.09, «=0.094, 7=0.0019, 3=0.36.

terval, the lower limit corresponding to the single spin-
flip time 7, and the upper limit to a time that is ten de-
cades larger than 7. The results of Tx"(®)/w are shown
as solid lines in Fig. 4, together with data from ac suscep-
tibility and magnetic noise measurements. The right-
hand side scale indicates 7,, as defined in Eq. (2). To
scale the calculated values of Ty''(w)/w to the noise
spectra it was sufficient to use the same proportionality
constant as was determined previously for the ac suscep-
tibility measurements. The numerically integrated curves
agree remarkably well with the experimental results and
give further support to the use of the functional form in
Eq. (4) to describe the relaxation function in Ising spin-
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glass systems. The breakaway point of the calculated
Tx"(w)/o curves from a 1/f dependence occurs roughly
at 1/7 (indicated in the figure by arrows). The plateaus
are obtained at a frequency 2—3 decades lower than this.

V. SUMMARY

Our measurements clearly verify the fluctuation-
dissipation theorem of short-range Ising spin glasses. It
is stressed that to investigate the spin-glass dynamics in
the zero-field and zero-frequency limits the equilibrium
magnetic noise is superior to other experimental
methods. Further, we have outlined in behavior of ¥''(w)
versus o in a wide frequency interval. Experimentally, in
the high-frequency region, a weak algebraic dependence
is found and in the zero-frequency limit, a Y (®)*w
dependence is observed. In the magnetic noise spectra,
these features are the origin of the 1/f behavior in the
high-frequency region and the convergence to plateaus in
the low-frequency limit, respectively. The same qualita-
tive features of the equilibrium magnetic noise spectra
have been observed in an amorphous metallic spin glass.>
Specifically, plateaus were observed in the same range of
reduced temperatures as for FeysMngsTiO;, T/T,
>1.04. Considering that dynamic scaling analyses on
different spin-glass systems have yielded similar results
when it concerns the temperature variation of the relaxa-
tion times in the vicinity of the spin-glass temperature,
we anticipate that plateaus should be observed, in noise
measurements on any spin-glass system covering a similar
frequency interval of the noise power spectra as in this in-
vestigation, already at temperatures moderately higher
than the spin-glass temperature.
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