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Effects of temperature changes on the nonequilibrium spin-glass dynamics of a strongly interacting Fe3N
ferromagnetic nanoparticle systemssuperspin glassd are studied by ac susceptibility measurements. In contrast
to atomic spin glasses, strong cooling-rate effects are observed and no evidence for temperature chaos is found
for the small temperature changessDT/Tg,0.07d possible to investigate by the twin-temperature-shift method.
Still, transient relaxation is observed after such small temperature changes. The transient contribution to the ac
susceptibility can be understood as the adjustment of thermally active droplets, which is,mutatis mutandis, the
Kovacs effect observed in most glassy systems. For larger temperature changes rejuvenation-like effects are
observed. Both transient relaxation and effects related to temperature chaos can contribute to such effects. The
flip time of a magnetic moment is much longer than that of an atomic spin and hence much shorter time scales,
in units of the microscopic flip time, are probed within the experimental time window for a superspin glass than
for an atomic spin glass. The length scales developed and probed during an experiment are also shorter for the
superspin glass indicating that the influence of a temperature-chaos overlap length is weaker, in agreement with
the present observations.
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I. INTRODUCTION

Spin glasses have been an active field of research since
the 1970s, yet many questions about the nonequilibrium dy-
namics in the spin-glass phase are still unsolved. Magnetic
aging in spin glasses was first observed in 1983 by Lundgren
et al.1 Physical aging was already familiar in the field of
structural glasses2 and later many different types of materials
have been shown to exhibit aging in various physical quan-
tities, e.g., strongly interacting nanoparticles,3 granular
superconductors,4 oriental glasses,5 and gels.6 More intrigu-
ing is the sensitivity to temperature changes that has been
observed experimentally for spin glasses; after a sufficiently
large temperature change the system appears unaffected by
previous aging, i.e., it isrejuvenated.7,8

In contrast to experiments, rejuvenation effects can hardly
be detected in numerical Monte Carlo simulations on the
Edwards-AndersonsEAd Ising model.9 The different sensi-
tivity to T perturbations for numerical simulations and ex-
periments can be attributed to the different time scalessin
units of the microscopic flip timetmd investigated in the two
casesst /tmP f1,106g for numerical simulations whilet /tm

P f1012,1018g for experiments on atomic spin glassesd. Su-
perspin glassessstrongly interacting nanoparticle systemsd
are therefore interesting to investigate since the experimental
time window corresponds to shorter time scales than for
atomic spin glasses, due to the longer microscopic flip time
of a superspinsmagnetic momentd compared to that of an
atomic spin. In several works strongly interacting nanopar-
ticle systems, such as frozen ferrofluids, have indeed been
shown to exhibit spin-glass dynamics.3,10,11In those systems
the dominant interparticle interaction is the dipolar interac-
tion. Disorder and frustration appear due to the randomness
in the placement of the particles and in the directions of the
anisotropy axes.

In this article we will investigate the effects of tempera-
ture changes of the nonequilibrium dynamics of a sample
consisting of a solidified ferrofluid, in which nanoparticles of
Fe3N are randomly distributed. The results will be compared
with atomic spin glasses and other glassy systems. Spin-glass
properties of this sample has earlier been investigated in
Refs. 10 and 12–14.

II. BACKGROUND

We will briefly discuss the effects of temperature changes
on the nonequilibrium dynamics of a spin glass based on a
real-space picture.15 For simplicity, the discussion is made
for an atomic Ising spin glass with nearest neighbor interac-
tions, but it is also valid for systems with long-range inter-
actions such as the dipolar interaction. To a first approxima-
tion superspins with uniaxial anisotropy can be described as
Ising spins. The nonequilibrium dynamics, at temperatureT
below the spin-glass transition temperatureTg, is governed
by the slow growth of thermally activated droplets of linear
sizeLTstd. Due to randomness and frustration a temperature
change will affect the nonequilibrium dynamics in the fol-
lowing two respects: the population of the thermally active
droplets on short length scales is strongly temperature depen-
dent, and temperature chaos causes strong rejuvenation ef-
fects on length scales larger than the so-called overlap length
LDT. The latter is defined so that equilibrium spin configura-
tions at temperaturesT and T+DT are completely uncorre-
lated on length scales larger thanLDT. The dominating effect
depends on the investigated length scales with respect toLDT
corresponding to the temperature change.

Here we want to emphasize the difference between reju-
venation effects originating from the temperature-chaos na-
ture of spin-glass states and other effects that are not related
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to it. It will be argued that effects not related toT chaos are
transient effects since they vanish within a finite time, but
may give rise to “apparent rejuvenation” within a finite time
window. Such apparent rejuvenation, involving length scales
less thanLDT, was called “fixed energy-landscape rejuvena-
tion” in Refs. 16 and 17. Let us consider a negative tempera-
ture shift T+DT→T with DT.0. By the first aging for a
time tw after a temperature quench down toT+DT, the sys-
tem is equilibrated up to a certain length scaleLT+DTstwd.
After the temperature shiftsT shiftd the aging continues at
the new temperatureT as if the system had been aged at this
temperature for a certain effective timeteff. If this teff is equal
to teff

cum, defined by

LTsteff
cumd = LT+DTstwd, s1d

the process is calledcumulative aging; spin-glass domains of
mean sizeLT+DTstwd grown up in the first aging atT+DT
remain at the new temperatureT. For largeDT, however, it
may occur thatLTsteffd is smaller thanLT+DTstwd. This implies
the existence of another length scale which is less than
LT+DTstwd, and above which the locally equilibrated configu-
ration with respect toT+DT is irrelevant to the aging dynam-
ics atT. That length scale is the overlap lengthLDT. There-
fore a crucial check of the rejuvenation due to temperature
chaos is to observe whether Eq.s1d is violated or not.

In Sec. III we show that temperature chaos is not relevant
in the present sample for the temperature changes we can
investigate within the experimental time window. Therefore,
in the following, we will focus on transient effects not re-
lated toT chaos. To this end, we focus on the temperature
dependence of the population of thermally active droplets in
cumulative aging, assuming that the investigated length
scales are much shorter thanLDT.

In spin glasses the surface free energyFLs.0d of a drop-
let of sizeL strongly fluctuates between different droplets at
different places in the system. Thetypicalsurface free energy
scales asYsTdsL /L0du with the stiffness exponentu.0 and
YsTd being the stiffness constant, which is constant at low
temperaturesT!Tgd but vanishes asT→Tg

−. There are mar-
ginal droplets withFL smaller than the thermal energykBT
with nonzero probability, and thus the probabilitypLsTd that
a given Ising spin belongs to a thermally activated droplet of
linear sizeL at temperatureT is given as18,19

pL
SGsTd , r̃s0d

kBT

YsTdsL/L0du . s2d

The first important point is that the probability exhibits a
linear temperature dependence. Hence the amount of drop-
lets that must be deactivatedsturned offd after negativeT
shift T+DT→T or activatedsturned ond after positiveT shift
is proportional to the magnitude of the temperature differ-
enceDT. The second important point is that the probability
only decays algebraically with increasing lengthL /L0. One
should also recall that the stiffness exponent is known to be
very small, u<0.2, in a three-dimensional Ising spin
glass.20–22 We can compare to the case of a multidomain
ferromagnet for which the probability that a given Ising spin

belongs to a thermally active droplet of linear sizeL at tem-
peratureT is given as

pL
FMsTd , expS−

YsTdsL/L0dd−1

kBT
D , s3d

whered is the spatial dimension. In this case, the existence
of thermally active droplets becomes exponentially small at
macroscopic scalesL /L0@1. Any change of the population
of such rare droplets will hardly be seen in practice.

Now let us consider the negativeT shift T+DT→T above
introduced, for whichteff. teff

cum holds. The characteristics of
the spin configuration just after the temperature change is
essentially the same as that would be obtained after an aging
performed directly atT for a periodteff. However, it is im-
portant to notice that a certain number of thermally active
droplets areexcessively activewith respect to the equilibrium
state at the new temperatureT. The deactivation of a droplet
at the new temperatureT has a probability

pL
SGsT + DTd − pL

SGsTd , r̃s0d
kBDT

YsTdsL/L0du . s4d

This deactivation is a dynamical process which takes a cer-
tain macroscopic time. At timet after theT shift, droplets are
correctly thermalized with respect to the new temperatureT
only up to LTstd and excessively active droplets are still
present on larger length scales. Such large-scale droplets will
act as a frozen-in domain walls on the shorter time scales of
smaller droplets.

Here let us recall the arguments by Fisher and Huse on the
relaxation of the ac susceptibility. The ac susceptibility of a
certain angular frequencyv probeseffective stiffnessof a
droplet of sizeLv=LTs1/vd. In the presence of a large-scale
frozen-in domain wall of sizeL, a small droplet of sizeLv

will happen to stay in the vicinity of the domain wall with a
certain probability. The free-energy cost needed to activate a
small droplet that touches the domain wall will be smaller
than those in the bulk. Thus the ac susceptibility will have a
certain excessive contributiondxsLv ,Ld which vanishes only
in the limit L /Lv→`.

Now combining the above ingredients we can calculate
the ac susceptibilityxvst ;Td at time t after the negativeT
shift as

xvst;Td = xv
refst + teff;Td

+E
LTstd

LTsttransd dL

L
r̃s0d

kBDT

YsTdsL/L0dudxsLv,Ld. s5d

Here xv
refsvdst ;Td is the reference curve which can be ob-

tained by a direct quench toT and ttrans< teff is the time
required to turn off excessively active droplets. The second
term in the right-hand side is the transient part of the suscep-
tibility due to frozen-in excessively active droplets at length
scales larger thanLTstd, which vanishes after the timettrans. If
one only measures the ac susceptibility after theT shift on
time scales shorter thanteff, the isothermal and the transient
contributions to the susceptibility cannot be separated and
the susceptibilityappearsrejuvenated according to the“fixed
energy-landscape rejuvenation” picture.
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In the case of positive temperature cyclingT→T+DT
→T swhich is discussed in Sec. IIId the transient susceptibil-
ity after theT cycling will also be described by Eq.s5d.

III. INVESTIGATION OF THE SENSITIVITY
TO TEMPERATURE CHANGES

In order to make a quantitative analysis of the effect ofT
changes on the aging, it is desirable to make experiments
with fast temperature changes. Instantaneous temperature
changes can unfortunately never be performed experimen-
tally. The maximum cooling or heating rate of the
MPMS-XL magnetometer used for our experiments was
10 K/min while the time needed in order to stabilize the
temperature was,100 s. In the following, a “temperature
quench” will refer to a cooling using this maximum cooling
rate. The maximum cooling or heating rate is used in all
experiments unless otherwise specified.

The Fe3N nanoparticle system exhibits spin-glass dynam-
ics belowTg,60 K.13 In all experimentsT=120 K is chosen
as the reference temperature at which the sample exhibits no
slow dynamics.

A. Cumulative aging

In a T shift experiment, the sample is quenched from a
high temperature to a low temperatureTi at which the sample
is aged for a timetw before the temperature is changed toTm
and the magnetizationfzero-field cooledsZFCd or acg is re-
corded at the new temperature. In order to quantify the effect
of the aging atTi at the new temperatureTm an effective
waiting time teff can be determined from the measurements.
Since the ac susceptibility relaxes monotonically under iso-
thermal aging, the level of the ac susceptibility reflects di-
rectly the age of the system. The effective ageteff of the
system atTm can be determined by shifting the ac curve so
that it falls onto the isothermal aging curve at large time
scalesssee Fig. 1d.23

It is possible to check whether the aging is cumulative or
not without knowledge of the domain growth law by making
twin T shifts,26 determiningteff from both positive and nega-
tive T shifts between two temperatures. The aging at a pair of
temperaturessT1,T2d is cumulative ifLT1

st1d=LT2
st2d, where

t1= tw if T1=Ti steff if T1=Tmd andt2= teffstwd, while the aging
is noncumulativesrejuvenatedd if LTm

steffd,LTi
stwd. If the

aging is cumulative, in a plot oft1 vs t2 the two sets of data
scorresponding to positive and negativeT shiftsd fall on the
same curvet2= fst1,T1;T2d, wherefst ,T;T2d=LT2

−1fLTstdg. We
see in Fig. 2 that data for positiveT shifts and negativeT
shifts fall onto the same curve within the errors of the esti-
mation ofteff for DTø4 K. Larger temperature shifts cannot
be investigated within the experimental time window due to
the large separation in time with temperature.

Since we now know that the aging is cumulative in the
investigated temperature range, we can use thest1,t2d data to
analyze which functional form of the domain growth law
LTstd is consistent with the data. It can be seen in Fig. 2 that
the experimental data are well described by

t2 = t0st1/t0dsT1/T2d, s6d

with t0<4310−10 s. This time-temperature relation is con-
sistent with any thermally activated processt /tm
=expsBL /kBTd, whereBL is the free-energy barrier originat-
ing from the dipolar interaction between the superspins. By
setting the free-energy barrierBL=kBTg lnsL /L0d /b an alge-
braic growth lawLTstd,L0st /tmdbT/Tg is obtained, as has
commonly been observed in numerical simulations.22,24,25

However, BL=kBTgsL /L0dc yields a logarithmic growth
law15 of the form LTstd,L0fsT/Tgdlnst /tmdg1/c. Here tm is
the microscopic flip time of an individual magnetic moment
ssuperspind and is approximately given by an Arrhenius law

FIG. 1. sColor onlined ac susceptibility vs time. The sample is
aged atTi =42 K for a timetw before the temperature is changed to
Tm=40 K. The solid line shows the isothermal reference curve at
40 K. The effective ageteff after theT shift can be determined by
shifting the ac susceptibility atTm by an amount of timeteff− tw in
order to make it fall on top of the reference curve at times larger
thanttrans< teff. The inset shows the ac susceptibility vs temperature.
v /2p=510 mHz andh=1 Oe.

FIG. 2. sColor onlined t1 steff or twd at T1=40 K−DT vs t2 steff or
twd at T2=40 K. If the aging is cumulative, the two sets of data from
positiveT shifts sT1→T2d and from negativeT shifts sT2→T1d will
fall on the same curve corresponding to the domain growth law. The
dashed lines indicate a separation of times with temperature accord-
ing to Eq.s6d with t0=4310−10 s.
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tm = t0 expsKV/kBTd, s7d

whereKV is the uniaxial anisotropy barrier energy for a par-
ticle of volumeV. It is assumed that the anisotropy constant
K only weakly depends on temperature, so thatKsT1d
<KsT2d and hence the value of the energy barriersKVd can-
cels out. It should be noted thatt0 in Eq. s6d corresponds to
the prefactor in the Arrhenius law which is almost constant
with temperature. We also note that Eq.s6d implies that the
temperature dependence ofYsTd in Eq. s2d is of minor im-
portance at the investigated temperaturessnot too close to
Tgd.

For this superspin glass, the separation of time scales with
temperaturefEq. s6dg is almost the same as for an atomic
st0=tm,10−12 sd Ising spin glass at temperature well below
Tg.

27 This, however, does not mean that the time and length
scales are of the same order since, for the superspin glass, the
microscopic unit time is given bytm fEq. s7dg which is much
longer than the prefactort0. It is not possible to directly
probe length scales in nonequilibrium magnetization mea-
surements, but a strong indication that the timesand lengthd
scales are shorter than in atomic spin glasses is given from
critical slowing down analysis of the critical dynamics above
the spin-glass transition. The longest relaxation time due to
correlated dynamics is given bytc/tm,j z,sT/Tg−1d−zn

where j is the critical correlation length andz and n are
critical exponents. For superspin glassestm is generally
found to be much longer than the atomic spin flip time, while
the value ofzn is found to be similar to those of Ising spin
glasses.11 In the present systemtm,10−5–10−4 s was found
for temperaturesT/Tg,1.3–1.7.13

Since the aging is cumulative in the case ofT-shift ex-
periments one would also expect it to be cumulative in the
case ofT-cycling experiments. That is indeed the case, as
shown in Fig. 3, in which negative and positive temperature
cyclings Tmstw1d→Tm+DTstw2d→Tm with values of uDTu
ø4 K are shown. The raw data are shown in the inset and
we can see that the ac susceptibility relaxes in all three stages
of theT-cycling process. In the main frame the ac data atTm
is plotted; the time scale ofx9 in the last stagesback toTm

after theT cyclingd is changed by an amount ofteff in order
to make x9 fall on top of the reference isothermal aging
curve at long time scales. The values ofteff are consistent
with activated dynamics according to Eq.s6d swith t0=4
310−10 s, as determined from Fig. 2d.

B. Transient relaxation

In Fig. 3 it can be seen that at short time scales a part of
the shiftedx9 curve does not fit to the isothermal aging
curve. We call this parttransient relaxationsince we know
that the aging is cumulative. The same transient relaxation is
observed after bothT-cycling and shift experiments. We note
that a large transient relaxation makes it difficult to accu-
rately determineteff. According to Sec. II the transient part of
the relaxationDx9~DT. In additionDx9 should vanish after
the time ttrans which is equal to the effective timeteff. We
have extracted the transient part of the ac susceptibilityDx9,
for the positiveT-cycling experiments shown in Fig. 3sbd,
and plottedDx9 /DT vs t / teff in Fig. 4. All measurements

FIG. 3. sColor onlined ac susceptibility vs time aftersad negative andsbd positiveT cyclings. The raw data are shown in the inset. In the
main frame the relaxation data atTm after theT cycling are shown shifted by a quantityteff in time. v /2p=510 mHz.

FIG. 4. sColor onlined Scaling of the transient part of the ac
susceptibility after the positiveT cycling shown in Fig. 3sbd. teff is
the effective time atTm=40 K, corresponding to the aging atTm

+DT. Dx9 vanishes att / teff,1 confirming that the time scale for
transient relaxationttrans< teff.
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with different DT fall on the same master curve which
reaches zero att / teff,1. Hence the predictions about the
transient relaxation from Sec. II are confirmed; the amplitude
of Dx9 is proportional toDT and the time scale of the tran-
sient relaxationttrans. teff. The measurement with the small-
est DT is the most noisy in the scaling plot since it has the
smallest transient part. We also verified that this scaling of
the transient relaxation is valid iftw1 is varied for a fixedDT,
and that the same transient relaxation is observed after
T-shift experiments. After the negativeT cyclings shown in
Fig. 3 sas well as after positiveT shifts not shownd the am-
plitudes of the transient relaxationDx9 are too small to be
meaningful to make the same scaling analysis. In Fig. 4 of
Ref. 10 transient effects are studied in negativeT-shift ex-
periments withDT=2 K and varyingtw. x9 is plotted on a
logarithmic time scale and experiments with very long aging
times are performed. It can clearly be seen thatDx9 of the
transient relaxation and alsottransbecome larger with increas-
ing tw. Also those data are consistent with the scaling pro-
posed in Sec. II.

C. Cooling-rate effects

In the cumulative aging scenario, strong cooling-rate ef-
fects are expected; the entire thermal history is important
swithin the spin-glass phased. It can be seen in Fig. 5 that the
ac relaxation indeed depends on the cooling rate. The system
exhibits less relaxation andx9 reaches lower values after a
slow cooling, which is consistent with the cumulative aging
scenario—the relaxation starts from a larger effective domain
size after the slower cooling than after the faster cooling
process. From these experiments it appears as if the equilib-
rium value ofx9st→`d changes with the cooling rate. How-
ever, if the aging is cumulative the slower relaxation and
lower value of the ac susceptibility could also be explained
with an effective time being well outside the experimental
time window. The ac relaxation measured after slow cooling
s1 K/mind down to 50 K and fast coolings10 K/mind to

Tm=40 K is shown in the inset. This curve is different from
both the measurements with slow and fast cooling. It hence
appears that the thermal history in the entire spin-glass phase
is of importance. These results are very different from those
reported on atomic spin glasses, in which the aging at tem-
peratures close toTm dominates the nonequilibrium magnetic
response.28,29For orientational glasses, on the other hand, the
aging around the freezing temperature will contribute most
strongly to the susceptibility atTm.30 The strong cooling-rate
effects, in the case of orientational glasses, have been taken
as evidence for “strong ergodicity breaking.”30,31

D. Large temperature changes

Since the twin-T-shifts experiment is limited in smallDT
due to the large separation in time with temperature, we look
for possible rejuvenation effects by other temperature-change
protocols involving largerDT. In Fig. 6 large negative-
T-shift experiments are shown for various values ofDT in
order to test at which temperature during the cooling process
that the aging is the most efficient. It can be seen that if the
intermittent stop of the cooling is made close to the target
temperaturex9 reaches lower values with increasingDT.
This is interpreted by the cumulative aging scenario, simi-
larly to the cooling-rate effect discussed above. However, for
yet larger values ofDT s*8 Kd, the relaxation increases and
x9 again becomes larger. This nonmonotonic behavior of
x9std indicates that the aging effect might not be completely
cumulative in the entire spin-glass phase. On the other hand,
assuming that the aging is cumulative, for the measurement
with DT=20 K, ttrans is of the order of 1011 s. It is hence
impossible to say if the curve that “appears to be rejuve-
nated” reveals in fact the rejuvenation due to temperature
chaos or the “fixed energy-landscape rejuvenation” discussed
in Sec. II. In the latter picture, the large droplets created at
the higher temperature are completely frozen in at the lower
temperature on the experimental time window. They would
be deactivatedonly at much longer time scalessttrans< teffd.

FIG. 5. sColor onlined ac susceptibility vs time measured after
cooling to 40 K with different cooling rates. The inset shows the ac
relaxation after cooling with 10 K/minsupper curved and 1 K/min
slower curved. The middle curve is measured after cooling to 50 K
with a cooling rate of 1 K/min and from 50 to 40 K with
10 K/min. v /2p=510 mHz.

FIG. 6. sColor onlined x9 for times 100 to 104 s sup to downd at
Tm=30 K. During the cooling process a temporary stop is made at
Tm+DT for 1000 s. The measurement withDT=0 corresponds to a
direct quench toTm. The lines betweenx9st=100 sd and x9st
=104 sd for different DT’s are only a guide for the eye.
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The effect of large temperature changes can also be inves-
tigated by so-called memory experiments;28 the ac suscepti-
bility is measured on cooling with a temporary stop at a
temperatureTs. After aging the sample for a timets, the
cooling is resumed. The ac susceptibility is subsequently
measured also on reheating. Such measurements withts
=9000 s andTs=50, 40, and 30 K are shown in Fig. 7. After
the aging atTs the ac susceptibility slowly merges with the
reference curve. In a similar way,x9 comes closer to the
isothermal reference curve in theT-shift experiments shown
in Fig. 6. The widesasymmetricd memory dips can be ex-
plained by freezing of large domainssgrown during the ag-
ing at Tsd on cooling and unfreezing of these domains on
reheating, without involving the concept ofT chaos.

IV. DISCUSSION

The glassy dynamics of this superspin glass, with random
uniaxial anisotropy and dipolar interaction, is very similar to
that observed in numerical simulations on the three-
dimensional Ising EA model;9,19 the aging is cumulative up

to relatively large values ofDT/Tg. Even for the largest pos-
sible temperature differences in the twin-T-shift analysis re-
juvenation due toT chaos cannot be observed. In aT-shift
process with cumulative aging, the domains grown at the
first temperatureT+DT are still relevant after theT shift. At
the new temperatureT, the system appears to have been aged
for an effective timeteff, satisfyingLTsteffd=LT+DTstwd. How-
ever, a characteristic transient relaxation is observed after the
T shift and disappears after a finite timettrans< teff. The aging
dynamics in the transient rangest, ttransd can be understood
as the turning on and off of thermally active droplets. It can
also be interpreted,mutatis mutandis, as the Kovacs effect
sin a two-time variabled that has earlier been observed in
structural glasses33,34 and numerical simulations on spin
glasses.17,19 On increasingDT in a negativeT shift, the tem-
peratureteff becomes very long due to the separation of time
scales with temperature. Ifteff falls outside the observation
time window, the transient relaxation can be interpreted as
“rejuvenation in a fixed-energy landscape.”16,17This effect is
intrinsically different fromrejuvenation due to temperature
chaosin the respect that after a finite timesttransd the cumu-
lative nature of the aging is revealed. However, within a
limited time window it is difficult to distinguish the transient
effect from the rejuvenationschaosd effect.

Let us now compare the effects of temperature changes
observed by the experiments studied on the present sample
with those of atomic spin glassesscf. Table Id. In the atomic
Heisenberg spin glass Ags11 at. % Mnd the aging judged
from twin-T-shift experiments is cumulative only for quite
small DT. Interestingly, the range ofDT where the cumula-
tive aging is ascertained in the atomic Ising spin glass
Fe0.5Mn0.5TiO3 is larger than that of Ags11 at. % Mnd by an
order of magnitude, but it is still smaller than that of the
presently studied superspin glass by another order of magni-
tude. Correspondingly,DT’s for which noncumulative
memory srejuvenationd is clearly recognized behave simi-
larly, though for the superspin glass no evidence for noncu-
mulative aging were foundswithin our experimental time
windowd. In a memory experiment with an intermittent stop
on cooling, the width of the dip inDx9 gives only a quanti-

FIG. 7. sColor onlined Dx9 vs temperature measured on cooling
sfilled symbols connected by dashed linesd and reheatingsopen
symbols connected by solid linesd. A temporary stop is made on
cooling atTs=50, 40, or 30 K forts=9000 s.v /2p=510 mHz.

TABLE I. Comparison of the effects of temperature changes in the superspin glass and atomic spin glassessSG’sd. Cooling-rate effects
are always observed in the region of cumulative aging. The absence of cooling-rate effects observed for the atomic Heisenberg spin glasses
therefore refers to the cooling rate not too close to the target temperature. In ac memory experiments, the duration of the halt as well as the
cooling and heating rate employed affect the results. The width of the memory dip is therefore only a qualitative measure of the rejuvenation
effect.

Superspin glass
Fe3N

Atomic Ising SG
Fe0.5Mn0.5TiO3

sRefs. 8 and 27d

Atomic Heisenberg SG

Ags11 at. % Mnd
sRefs. 8 and 26d

CdCr1.7In0.3S4

sRefs. 27 and 32d

Tg ,60 K 21.3 K 32.8 K 16.7 K

Twin T shift aroundTm 36–40 K 17.5–19 K 29.5–30 K Not investigated

Cumulative aging uDTu&4.0 K uDTu&0.5 K uDTu&0.05 K

Noncumulative agingsrejuvenationd Not observed uDTu*1.5 K uDTu*0.2 K

Cooling-rate dependence Yes Not investigated No No

Width of dip in Dx9 ,15 K ,3 K ,2 K ,2 K
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tative measure of the rejuvenation effect, but it can be no-
ticed that it is relatively larger for the superspin glass than
for the atomic spin glasses. Large memory dips have also
been observed in earlier investigations on different superspin
glass systems.35,36 We can thus read from Table I that
Heisenberg spin glasses are very sensitive to temperature
changes as already pointed out,8,26,27 and that the effects of
temperature changes in the superspin glass are qualitatively
rather similar to, although weaker than, those of the atomic
Ising spin glass Fe0.5Mn0.5TiO3.

In the droplet picture, rejuvenation effects will appear on
length scales larger than the overlap lengthLDT. While the
noncumulative aging and the strong rejuvenation effects ob-
served in atomic spin glasses can be attributed to the influ-
ence of temperature chaos on the investigated length scales,
the cumulative aging, the cooling-rate dependence, and even
the dip in Dx9 in the memory experiment of the present
system can be explained by the much shorter length scales
probed being smaller thanLDT. The reason for the different
length scales probed in atomic and superspin glasses within
the same experimental time window is attributed to the dif-
ference in microscopic time scalesstm,10−12 s for atomic
spins whiletm.10−5 s for the here investigated superspinsd.
In addition the nanoparticle sample is Ising-like due to
uniaxial anisotropy and rejuvenation effects related to tem-
perature chaos have been shown to be weaker in Ising sys-
tems than in Heisenberg systems.8,37

V. CONCLUSION

We have studied the effect of temperature changes on the
nonequilibrium dynamics of a superspin glasssa strongly
interacting nanoparticle systemd. The sample exhibits
cooling-rate effects and the aging after aT shift can be de-
scribed as the sum of a cumulative part and a transient part.
The transient relaxation can within a real-space modelsthe
droplet modeld be understood as the change of thermally
active droplets associated with theT shift. This transient re-
laxation resembles the Kovacs effect observed in various
glassy systems. Strong rejuvenation effects, such as those
observed in atomic spin glasses, have not been observed in
this superspin glass. According to the droplet model, this
indicates that all length scales investigated in the experimen-
tal time scale are shorter than the so-called overlap length.
This is attributed to the fact that the microscopic flip time of
the magnetic momentsssuperspinsd is much longer than that
of an atomic spin and the length scales investigated within
the experimental time window are thus much shorter.
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