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Abstract. We have studied the slow dynamics of the ferromagnetic phases of the re-entrant CdCra;Ina_2,S4
system for 0.85 < x < 1 by means of low frequency ac susceptibility and magnetization measurements.
Experimental procedures widely used in the investigation of the out-of-equilibrium dynamics of spin glasses
(such as the z = 0.85 compound) have been applied to search for aging, rejuvenation and memory effects,
and to test their dependence on the disorder introduced by dilution of the magnetic ions. Whereas the
rejuvenation effect is found in all studied samples, the memory effect is clearly enhanced for increasing
dilutions. The results support a description of aging in both ferromagnetic and re-entrant spin-glass phases
in terms of hierarchical reconformations of domain walls pinned by the disorder.

PACS. 75.40.Gb Dynamic properties (dynamic susceptibility, spin waves, spin diffusion,
dynamic scaling, etc.) — 75.50.Lk Spin glasses and other random magnets

1 Introduction

Disordered magnetic systems have been intensively stud-
ied in the last decades. Among them, the systems with
competing magnetic interactions are of particular inter-
est. When the contributions of ferromagnetic and anti-
ferromagnetic interactions are comparable, conventional
long range order is not stable and a spin glass behavior
is obtained. If the ferromagnetic interactions are prepon-
derant, the system displays a re-entrant behavior, with,
for decreasing temperatures, a transition from the para-
magnetic phase to a ferromagnetic phase, followed by a
transition to a spin glass phase.

Experimentally, in some compounds the amount of fer-
romagnetic and antiferromagnetic interactions can be con-
tinuously varied by changing the concentration of a mag-
netic ion [1-3]. One such example is the CdCra,Ing 2,54
thiospinel [2], a frustrated magnetic insulator with fer-
romagnetic nearest neighbor and antiferromagnetic next
nearest neighbor interactions. The z = 0.85 compound is
a model spin glass in which aging has been extensively
studied [4]. The interest in aging phenomena has been re-
vived by experiments on the effect of temperature changes,
which have revealed non trivial rejuvenation and memory
effects [5], also identified later on in many disordered sys-
tems [6-9]. While these features are well accounted for
in hierarchical pictures where one assumes a hierarchical
organization of the metastable states of the spin glass as
a function of temperature [10], their interpretation in the
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physical space [11] is less clear and is currently the subject
of many efforts, both on the theoretical and experimental
sides [12-16].

In this paper, we present a comparative study of spin-
glass type phenomena, and in particular of the rejuvena-
tion and memory phenomena, in the ferromagnetic phases
of the CdCra,Ins_o,S,4 system for several concentrations
x of the magnetic ions (z > 0.85). Our motivation for
studying these ferromagnetic phases is the fact that since
they are conceptually simpler than spin glasses (spins are
organized in domains), the rejuvenation and memory phe-
nomena should be more easily described in terms of geo-
metrical spin arrangements. This argument already led
us to study the ferromagnetic phase of the weakly di-
luted z = 0.95 compound [16] in which we could observe
some rejuvenation and memory effects. The latter were
discussed in terms of pinning and reconformations of fer-
romagnetic domain walls in the dilution-induced disorder.
The work that we present here, involving the study of a
more diluted sample (z = 0.90), complements the previ-
ous investigation and provides further insights on the role
of disorder in these out-of-equilibrium phenomena.

The paper is organized as follows. First, we present the
phase diagram of the CdCra;Ins_2,S4 system, the general
behavior of the magnetization and the low frequency ac
susceptibility of the studied samples with x > 0.85. Then
we analyse the results of isothermal ac susceptibility relax-
ations at various temperatures both in the ferromagnetic
phases and in the re-entrant spin glass phases. This al-
lows us, for example, to highlight the effect of disorder on
isothermal aging. We describe experiments in which we
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Fig. 1. Phase diagram of the CdCrazIna_2,S4. The points
corresponding to z < 0.85 are extracted from [2]. For z > 0.85,
T. corresponds to the inflection point of the increase of the out-
of-phase susceptibility x”(T) at low frequency when cooling
from high temperatures. Same convention for 7y;. The open
square for the = 1.00 sample corresponds to the small x”
peak observed at low temperatures (see text).

have investigated the effect of temperature changes on ag-
ing. The comparison of the results for different concentra-
tions x shows that the ability of a disordered ferromagnet
to memorize aging at a given temperature is strongly de-
pendent on the disorder strength. Whereas for weak dis-
order (z = 0.95), the memory of an isothermal aging is
easily erased by a short low temperature excursion (below
the temperature at which the system was aged) [16], for
stronger disorder (z = 0.90), this memory is preserved and
can only be erased by an excursion down to the re-entrant
spin glass phase. Finally, we discuss the whole set of results
in terms of pinning and reconformations of the ferromag-
netic domain walls in their disordered environment and
raise the question of the relevance of this wall dynamics
for explaining the rejuvenation and memory phenomena
in spin glasses.

2 Characterization of the system

The investigated samples are chromium thiospinels of for-
mula CdCrazIng_o,S4 for z = 1.00, x = 0.95, z = 0.90 and
x = 0.85 prepared by M. Nogues at the CNRS Meudon-
Bellevue laboratory. They have been well characterized
in the past by various techniques [2] including neutron
diffraction [17] and display behaviors ranging from pure
ferromagnet, to re-entrant ferromagnet and spin glass for
decreasing x. The samples are polycrystalline powders and
the measurements reported here were performed with a
commercial Cryogenic*® S600 SQUID magnetometer.

2.1 Structure and phase diagram

The phase diagram of the CdCro.Ins 5,54 is shown in
Figure 1. The pure compound CdCr3S, is a normal spinel,
i.e. all the Cr®* ions occupy octahedral (B) sites of the
lattice whereas the tetrahedral (A) sites are occupied by
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Fig. 2. ZFC (open symbols) and FC (filled symbols) mag-

netizations divided by the amplitude of the probing field wvs.
temperature of the CdCra;Ins_2,S4 system, for various con-
centrations 0.85 <z < 1.

Cd?* ions only. The Cr®t ions are in a 3d® electronic
state, leading to a magnetic moment of spin only type
with § = % The main magnetic interactions between a
Cr3T ion and its six nearest neighbors are positive [17]
(J1/kp = 13.25 £ 0.12 K) and induce ferromagnetism be-
low T = 84.8 K. The existence of super exchange anti-
ferromagnetic interactions [18] between the twelve third
nearest neighbors (J3/kp = —0.915 £ 0.015 K) induces
frustration in the magnetic lattice that can be quantified
by the weighted interaction ratio R = % = —0.138,
to be compared to the critical ratio for the stability of
ferromagnetism Rc = —0.25 in the spinel structure [19].
The dilution of the Cr3* ions by non magnetic In®>* ions
enhances this frustration as the antiferromagnetic cou-
plings wvia the In®t orbitals J; are amplified by a fac-
tor Ry, = Ji,/J3 ~ 9.0 [20,21]. This large enhancement
explains quantitatively the absence of a percolating ferro-
magnetic cluster for dilutions (1 — z) greater than about
15% [2]. The dilute samples (0.15 < = < 0.85) therefore
undergo a unique phase transition towards a spin glass
phase at low temperatures.

For higher concentrations in chromium ions (0.85 <
x < 1), the sequence of phase transitions upon cooling
down is as followed: a para-ferromagnetic phase transition
first occurs at a critical temperature T, followed by the
onset of spin glass type irreversibilities, at a lower critical
temperature Ty;. This phenomenon is usually referred to
as reentrance.

2.2 Field cooled and zero field cooled magnetizations

Figure 2 displays the Field Cooled (FC) and Zero Field
Cooled (ZFC) magnetizations (normalized to the value of
the applied field) vs. temperature for the studied sam-
ples. The ZFC measurements have been performed after
cooling the samples in zero field (at ~ 80 mK/s) to 3 K,
applying the field at 3 K, and recording the data upon
slowly re-heating (at ~3 mK/s). The FC data have been
taken in the same manner (but cooling with the field on).
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The amplitude of the small probing field was typically of
~10 Oe in order to remain in the linear response regime.
We have applied demagnetizing field factor corrections to
the data to take into account the different geometries of
the samples [22]. The results are presented for a spherical
shape factor.

While at high temperatures, all samples are paramag-
netic, two types of behavior appear at lower temperatures.

In the pure (x = 1.00) and the weakly diluted
(x = 0.95) samples, a transition from the disordered para-
magnetic state to a long range ferromagnetic ordered state
is signalled by a sharp increase of both the ZFC and
FC magnetizations above the Curie temperature T,. This
transition is confirmed by neutron diffraction measure-
ments which evidence spontaneous magnetization, mag-
netic Bragg peaks and characteristic spin waves [17].
Below T,., magnetic irreversibilities are observed in the
separation of the FC and ZFC curves: the magnetiza-
tion becomes history dependent. The slow increase of the
FC magnetization as the temperature is decreased is ac-
counted for by a small extra polarization of the sample
when cooled in a field and can be related to the temper-
ature dependence of the spontaneous magnetization. On
the other hand, the plateau of the ZFC magnetization,
at a level equal to the inverse of the demagnetizing field
factor, indicates that the spins are well organized in fer-
romagnetic domains.

The behavior of the strongly diluted (z = 0.90) sam-
ple is markedly different. The increase of the FC and ZFC
magnetizations upon cooling from the paramagnetic phase
is less pronounced than in the less diluted samples. Neu-
tron diffraction measurements reveal only short range fer-
romagnetism with no magnetic Bragg peaks nor a true
divergence of the spin-spin correlations [17]. We can still
define for convenience a “transition” temperature T, at
the inflection point of the magnetization increase but it
is important to note that this is not a true transition to
a long range ordered state. With this definition, we see
that, just below T,, no clear separation of the FC and
ZFC curves is found within experimental accuracy. Nev-
ertheless, we observe a rounded magnetization plateau at
a level corresponding to the expected demagnetizing field
factor which suggests that the magnetic moments in the
sample are still organized in ferromagnetic domains.

At lower temperatures, while nothing special happens
in the pure sample, the FC magnetization of the x = 0.95
and x = 0.90 samples decreases and tends to saturate. In
parallel, we observe a sharp drop of the ZFC magnetiza-
tion. This change of behavior corresponds to the transi-
tion from the ferromagnetic state to the strongly frozen
re-entrant spin glass state and is to be compared with the
reference spin glass behavior of the more diluted x = 0.85
sample also shown in Figure 2.

2.3 Low frequency ac susceptibility
To complete the previous analysis, we have measured the

low frequency ac susceptibility y = x’ — ix” of the sam-
ples as a function of temperature. Here again, the data has
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Fig. 3. Temperature dependence of the out-of-phase suscep-
tibility " of the CdCra,Ina_2,S4 system at 0.4 Hz, for various
concentrations 0.85 < x < 1.

been taken while re-heating at ~ 1-2 mK/s, after cooling
to 3 K at ~ 80 mK/s, using a probing field of weak am-
plitude (typically 1.7 Oe peak value) in order to remain
in the linear response regime. We have used the paramag-
netic phase response (assuming x” = 0) to correct a slight
frequency dependent phase shift in the detection setup. In
the following, we focus on the out-of-phase component x”’
which is directly related to the dissipation processes.

Figure 3 shows x” at 0.4 Hz vs. temperature for all the
studied samples. The onset of ferromagnetism is signalled
by a sharp increase in x” when cooling from high temper-
atures. This increase in the dissipation indicates that the
characteristic relaxation times of the system have reached
a value comparable to the macroscopic measurement time
(equal here to the inverse of the ac field frequency). This
is the standard scenario expected at a second order phase
transition where the average relaxation time diverges. We
can define a transition temperature T, at the inflection
point of the x”-increase. We find that T slightly decreases
for decreasing frequencies, in agreement with the expecta-
tion from dynamic scaling arguments. Below T, x” keeps
a non zero value, roughly temperature independent in the
whole ferromagnetic region meaning that there are still
dissipation processes at the time scale of the experiments
in the ferromagnetic phase of the studied samples, even
in the pure one. The stronger the dilution, the higher this
plateau value of x”. The primary effect of an increase in
the disorder strength is therefore an increase of the level
of low frequency dissipation.

At lower temperatures, sharp peaks with a critical
frequency dependence [23,24] are observed in the out-of-
phase susceptibility x” of the diluted samples (z = 0.95
and x = 0.90) and signal the transition from the ferro-
magnetic state to the re-entrant spin glass state. The cor-
responding transition temperatures estimated from the
inflection points at low frequency (0.4 Hz) are about
the same as the ones at which strong irreversibilities are
observed in FC-ZFC measurements. Curiously, a small
peak in x” is also observed at low temperatures in the
pure z = 1.00 sample where no existence of a re-entrant
spin glass phase has ever been reported. However, while
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Table 1. Amplitude of x” relaxation at 0.4 Hz after slow cool-
ing (~1 mK/s), in absolute and relative values, for the x = 0.95
and the x = 0.90 CdCra.In2_2,S4 samples after a waiting time
tw = 15000 s.

T [K] Ax" x 10° [emu/ecm®]  Ax”/x” x 100
z = 0.95%

67 (0.95T%) 5.4 17
40 (0.57T%) 1.0 3.1
8 (0.80T,) 26.2 11.6
5 (0.507T,) 8.6 5.3
z =0.90"

12 (0.8477) 34 38
30 (0.607T%) 1.1 1.6
17 (0.95T;) 16.0 6.7
10 (0.56T,) 29.0 12.9

*T. =70 K and T, = 10 K.
T, =50 K and T, = 18 K.

the frequency dependence of the peaks observed in the
diluted samples is characteristic of critical slowing down
(in the frequency range explored [0.04 Hz-8 Hz]), we have
found that the position of the peak in the pure sample has
an Arrhenius type frequency dependence, evocative of a
dynamical freezing of the spins. Even if the origin of this
peak is at this moment not completely clear, it does not
seem to correspond to a phase transition as in the diluted
samples.

3 Slow dynamics and aging at constant
temperature

We have investigated the isothermal slow dynamics and
aging of the CdCra;Ins_2,S4 samples in the following way.
The samples were cooled from their paramagnetic phase
down to various successive aging temperatures 7;,, in both
the ferromagnetic and the re-entrant spin glass phases
(with a cooling rate of typically 1 mK/s). At each fixed
aging temperature, the time evolution of the ac suscepti-
bility was recorded for three different frequencies: 0.04 Hz,
0.4 Hz and 4 Hz.

In all cases, we observe a slow time decay (aging) of
the ac susceptibility x(w,t) towards an asymptotic fre-
quency dependent value xo(w) (stationary susceptibility).
The relaxation is more important in relative value on the
out-of-phase component than on the in-phase component
and in the following we focus on x”.

The influence of temperature on aging is illustrated in
Table 1, in which we report, for the x = 0.95 and x = 0.90
samples, the amplitude of the y” relaxations (in absolute
and relative values) at fixed frequency, observed at various
temperatures and for a given waiting time ¢,, = 15000 s.
The trend is the same for both samples. The relaxations
are always weaker in the ferromagnetic phase than in the
re-entrant spin glass phase. Moreover, in the ferromag-
netic phase, the relaxation is mainly important near 7,
and tends to disappear in the experimental background
noise at lower temperatures.
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Fig. 4. Scaling plot of the x”’ relaxation curves of the x = 0.90
sample after a quench (~80 mK/s) to T,, = 42 K as a function
of wt and for frequencies of the ac field ranging from 0.04 Hz to
4 Hz. The asymptotic stationary part x( has been subtracted.
All the curves lie on an unique master curve which can be
nicely fitted by a power law with a small exponent —0.2.

Concerning the frequency dependence of the relax-
ation, we observe that the lower the frequency w, the
greater the relaxation amplitude observed in the exper-
imental time window. This result is in agreement with a
previous investigation of the 2 = 0.95 sample [16], where
a qualitative wt scaling (characteristic of spin glasses [4])
of the non stationary part of the susceptibility was found
both in the re-entrant spin glass and in the ferromagnetic
phases. Here, we have studied this scaling behavior of the
isothermal ac susceptibility relaxation in a more quan-
titative way. We have recorded the relaxation of the ac
susceptibility of the x = 0.90 sample following a quench
(~80 mK/s) to a temperature Ty, = 42 K in the ferromag-
netic phase for 8 frequencies w of the ac field in the range
[0.04 Hz—4 Hz]. Figure 4 shows the resulting relaxation
curves for the out-of-phase component x” as a function of
the reduced variable wt. As we can see in the figure, the
scaling works pretty well over nearly five decades. All the
relaxation curves, after subtraction of a constant which
corresponds to the stationary part x{(w), lie on a unique
master curve which is a function of wt and can be nicely
fitted by a power law with an exponent of order —0.2
(same value as commonly observed in spin glasses [4]).

4 Rejuvenation and memory effects

In conventional spin glasses, such as the x = 0.85 com-
pound, it is known that decreasing the temperature from
T to T — AT in the spin glass phase, after having isother-
mally aged the sample at T, strongly restarts the dissi-
pation processes. This is the rejuvenation effect [5], the
system seems to forget its previous equilibration stage
at T. For a sufficiently large AT, the system rejuvenates
completely and the relaxation of the ac susceptibility at
T — AT is identical to that obtained after a direct quench
from the paramagnetic phase. The other striking feature
happens when the system is re-heated to the initial tem-
perature T after a given low temperature history. No
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Fig. 5. Aging, rejuvenation and memory effects on x” ws.

temperature in a single stop experiment at T,,, = 42 K (see
details about the procedure in the text). Aging is evidenced by
the downward relaxation of x” while the rejuvenation effect
corresponds to the increase of x”’ back to the reference when
cooling is resumed down to Tp. Upon re-heating, a clear mem-
ory dip centered around T, is seen for Ty = 38 K. In contrast,
for To = 20 K, no memory is found.

restart of aging is found and the relaxation is the ex-
act continuation of the one that occurred before going to
low temperatures. This is the memory effect [5], aging at
T — AT had no influence on aging at T". These effects have
been interpreted as an evidence for a hierarchical organi-
zation (tree-like for example) as a function of temperature
of the metastable states of the spin glass [10].

In order to reach a better understanding of these non
trivial rejuvenation and memory effects in terms of ge-
ometrical spin arrangements, we have previously investi-
gated the pure and weakly disordered ferromagnetic phase
of the x = 1.00 and z = 0.95 compounds [16]. We found
clear rejuvenation effects coexisting with a very weak
memory of aging, which was easily erased by an excur-
sion at lower temperature. Here, we report similar inves-
tigations of the rejuvenation and memory phenomena in
the short range ferromagnetic phase of the £ = 0.90 sam-
ple. Our results shed light on the role of disorder in the
rejuvenation and memory phenomenology.

In a first experiment, we have studied the rejuvenation
and memory phenomena in the temperature dependence
of the ac susceptibility. Figure 5 shows the out of phase
susceptibility x” of the x = 0.90 sample at 0.4 Hz wvs.
temperature. All along the experiment a sweeping rate
|[dT'/dt| of ~3 mK/s was used. The sample was cooled
down to a measurement temperature T, = 42 K where
it was isothermally aged during 8 h (full symbols). After
this aging stage, the cooling was resumed down to a final
temperature Ty (two cases, Top = 38 K and Tp = 20 K,
were studied) and finally, the sample was slowly re-heated
from Ty to the paramagnetic phase (open symbols). For
comparison, a reference curve, recorded with the same pro-
tocol but without the aging stage, is also plotted on this
graph (dotted and solid lines for cooling and re-heating).

Aging is clearly visible in the downward relaxation
with time of x” at T,,. When cooling is resumed after

Lo, CdCr,In, S, . T,=38K |
T - gy, " To = 30K
= x = 0.90 DI
g
5 o\ J,m42x 3 T =42K |
mo ,,,,,,,,,,,,,,,,,,,,,,,,
—
x 08 T, |
< N—

g 0.4 Hz
074

0 10000 20000 30000 40000 50000
t[s]

Fig. 6. Aging, rejuvenation and memory effect on x” vs. time
in temperature cycling experiments. After the quench from
high temperature down to T, = 42 K, x” is relaxing down-
wards with time. Cooling down after 17000 s to T, induces a
rejuvenation effect evidenced here by the restart of relaxation
processes for To = 38 K and Tp = 30 K, not for Tp = 20 K.
When re-heating to T, the relaxation of x” is the continu-
ation (memory) of the one that occured before the cycle for
To = 38 K and Ty = 30 K. In contrast, for Top = 20 K a strong
restart of aging processes, analogous to a quench from high
temperature is seen meaning that no memory is found is this
case.

the aging stage at T),, a rejuvenation effect is evidenced
by the increase of x” back to the reference cooling curve.
Considering now the re-heating process, we see that in the
experiment with a short excursion down to Ty = 38 K, a
memory of the aging at T, is found as x”’ departs from the
heating reference curve on approaching 7, and displays
a characteristic dip around 7T}, before merging back with
the reference curve. In contrast, in the experiment with a
longer excursion down to Ty = 20 K, the re-heating curve
remains superimposed onto the re-heating reference curve
and no memory dip is found. Let us mention that in an-
other experiment made with the same protocol but with
Ty = 30 K, we observed a memory effect identical to the
one observed with Ty = 38 K.

In a second experiment, we have studied the rejuvena-
tion and memory phenomena as a function of time. Fig-
ure 6 shows the out of phase susceptibility x” at 0.4 Hz
vs. observation time measured with a negative temper-
ature cycling protocol: the sample was quenched from
high temperatures down to the measurement temperature
T, = 42 K, aged there during t; = 17000 s, cooled then
to Ty, aged at this temperature another t5 = 17000 s
then heated back to T, and finally aged there again for
t3 = 17000 s. Three values were used, Ty = 38 K, 30 K
and 20 K.

Just after the quench, y” relaxes downwards with time
(it is the same kind of relaxation as in the exp. of Fig. 5).
Cooling from T, to Ty induces a restart of aging for
To = 38 K and Ty = 30 K: it is the rejuvenation effect
observed here as a function of time. Heating back to T,
reveals the memory of the previous aging stage at T,,,: ex-
cept for a short transient regime, the relaxation at T, is
the exact continuation of the one that occurred before the
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cycle. However, in the experiment going down to Ty =
20 K (that is, in the border region between the ferromag-
netic and spin-glass phases), the relaxation at Ty = 20 K
does not show any upturn signing up a rejuvenation ef-
fect. We do not have a reference curve of a relaxation at
20 K after a direct quench for comparison; further studies
in this temperature region would be of interest. A strong
restart of aging is observed when coming back to T, from
To = 20 K after the negative cycle (in agreement with the
absence of memory in the experiments of Fig. 5). We have
checked that this restart of aging is not a long transient
which would yield to a memory at a longer observation
time as the data points cannot be superposed onto a ref-
erence isothermal relaxation curve.

In summary, the experiments reported above show that
the rejuvenation effect is a characteristic feature of dis-
ordered ferromagnetic phases, as was already observed
in [16,25]. It is not influenced by the amount of disor-
der. In contrast, the ability of a ferromagnet to store and
retrieve a memory of a previous aging strongly depends
on the disorder strength. Whereas the memory is weak
and rapidly erased by a low temperature excursion for the
weakly disordered x = 0.95 sample, it is much more robust
in this more disordered x = 0.90 sample. For the latter, the
memory of aging is not much affected by a low tempera-
ture excursion below T, as long as the lowest temperature
reached during the experiment remains sufficiently above
the re-entrant spin glass transition temperature.

While performing the previous experiments on the
x = 0.90 sample, we observed a surprising behavior of the
ac susceptibility which may be related to the mechanism
responsible for the erasure of the memory. When record-
ing the cooling/re-heating reference curves of Figure 5 for
To = 20 K, we found that in the region [20 K,35 K],
the cooling curve was always below the re-heating curve.
This means that the state which progressively develops in
the short range ferromagnetic phase while cooling from
the paramagnetic phase is less dissipative than the one
obtained when re-heating from the low temperature re-
entrant spin glass phase. This rather unusual phenomenon
is displayed in Figure 7. We have investigated the aging
properties of these two states which we call for conve-
nience the cooled state and the re-heated state. Figure 7
shows x” ws. temperature at 0.4 Hz measured along the
following procedure: slow cooling from high temperatures
to 3 K with an aging stop at 30 K during 4 h (full circles),
slow cooling to 3 K and re-heating with an aging stop at
30 K for 6 h (open circles) during the re-heating.

In the figure, the hysteresis between cooling and re-
heating is clearly evidenced. If we consider now the re-
laxations, we find a larger relaxation amplitude in the
re-heated state than in the cooled state. This extra dissi-
pation gained in the vicinity of the re-entrant spin glass
transition indicate some incompatibility between the short
range ferromagnetic correlations that develop while cool-
ing the sample from the paramagnetic phase and those
that develop in the vicinity of the re-entrant spin glass
phase. The region where we observe a large hysteresis
between cooling and re-heating may be a region where
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Fig. 7. Relaxation of x during a waiting time t,, at Tp, =
30 K for the z = 0.90 sample. Filled circles: the relaxation is
made during the cooling, t,, = 4 h. Open circles: the relaxation
is made during the re-heating after continuous cooling down to
To = 20 K, tw = 6 h. The dotted and solid lines correspond
to cooling and re-heating reference curves (the temperature
sweeping rates are of order 1—4 mK/s). The (downwards) re-
laxation amplitude is larger in the re-heated state than in the
cooled state. The cooling and re-heating reference curves dis-
play the same trend as the re-heating curve is clearly above
the cooling one in the region [20 K-35 K].

the two types of correlations coexist in proportions that
depend on the thermal history. In the cooled state, this
region corresponds mainly to a ferromagnetic pattern
whereas in the re-heated state, it corresponds mainly to
a spin glass pattern. We believe that the development of
these spin glass correlations at low temperature is respon-
sible for the erasure of the memory of any previous aging
in the short range ferromagnetic state.

5 Discussion

The series of experiments presented in this paper illus-
trates how the static and dynamic properties of a ferro-
magnet, the CdCreSy are influenced by the introduction
of site disorder. In a non-disordered ferromagnet, the sus-
ceptibility is mainly related to the domain pattern in the
sample via the demagnetizing field, and the out-of-phase
ac susceptibility gives more specific informations on the
stiffness and the density of the domain walls. In this case,
dynamic properties simply reflect the growth of the do-
mains with time, which mainly proceeds by wall displace-
ments. This phenomenon which is only related to the sur-
face tension of the walls is a fast process.

The introduction of pinning disorder, such as site di-
lution or structural defects, changes drastically this pic-
ture [26]. The frustration which arises from the competi-
tion between the elastic energy associated with the wall
deformation (which tends to favor a smooth interface) and
the pinning energy associated with the disorder (which fa-
vors a rough interface) results in a drastic slowing down
of dynamical processes. A domain wall has now many
configurations between which it can make thermally ac-
tivated hops. The wall displacements hindered by the
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frustration then proceed by reconformations of some parts
of the wall which roughly correspond to jumps from one
pinning site to another. In the presence of a driving mag-
netic field which forces the domain growth (a field ramp
for exemple), this phenomenon is commonly known as the
Barkhausen noise. In contrast, without any driving field,
the overall domain growth can be extremely slow and one
can observe the slow reconformations of the domain walls
in a static pinning disorder without any notable growth
of the domains.

Actually, the dynamics of pinned elastic interfaces has
many similarities with that of spin-glasses. Theoretical ar-
guments [26] suggest that their energy landscape is hier-
archical with small length scale [ reconformations corre-
sponding to hoping of small energy barriers E(I) ~ T1°. In
spin glasses, the rejuvenation effect upon cooling and the
memory when re-heating are usually ascribed to a hier-
archical organization of the metastable states [10]. When
the temperature is lowered, the system remains in a deep
well (memory effect), while new subwells appear, inducing
new aging processes (rejuvenation effect). A similar hier-
archical scheme is expected for the dynamics of a pinned
domain wall. As time elapses at fixed temperature, the
wall equilibrates on longer and longer length scales (ag-
ing), while shorter length scale processes are fluctuating
in equilibrium. When the temperature is lowered, the con-
formation of the wall on large length scale freezes (allow-
ing for the memory upon re-heating) and the equilibra-
tion now restarts on shorter length scales, which are no
longer in equilibrium because their Boltzmann weight has
changed (rejuvenation). In parallel with these hierarchical
reconformation processes of the walls, the average domain
size may grow with time. In that case, the disorder seen
by the domain wall is changing with time and obviously,
this net motion tends to erase the memory of the recon-
formations.

The above scenario accounts well for the observed be-
havior in the pure x = 1.00 and weakly diluted x = 0.95
samples [16], and also that of some disordered dielectric
crystals [27]. In both = = 1.00 and = = 0.95 samples, ag-
ing and rejuvenation are clearly found in parallel with a
weak memory of aging which is erased by domain growth
during a long excursion to lower temperatures. The case
of the more disordered z = 0.90 sample, described here in
details, is interesting since it shows that the memory ef-
fect is stabilized by the disorder and supports the scenario
described above. The stronger the pinning of the domain
walls, the slower their overall displacement, the better the
memory of the domain wall reconformations. This memory
can nevertheless be erased by a low temperature excursion
close to the reentrant spin glass transition, which indicates
that the spin glass order establishing at low temperature
is incompatible with the short range ferromagnetic order
developing above the re-entrant spin glass transition tem-
perature.

It is tempting to extend this scenario of hierarchical
wall reconformations in a pinning disorder to the case of
spin glasses, because it provides us with a simple explana-
tion for the rejuvenation and memory phenomena in the

real space of spins without invoking temperature chaos ar-
guments [11,14] (see [13,28]). In a spin glass, the nature of
these walls is not as clear as in a ferromagnet, and remains
an open question. They may be related to the non trivial
sponge-like excitations recently discussed from the results
of 3d spin-glass simulations [29]. It would be interesting to
test the effect of temperature changes on such excitations.

Finally, let us mention that our results are consistent
with other investigations on the re-entrant ferromagnet
(Fep.20Nig.80)75P16Als and also on the disordered man-
ganite Yo 7Cag3sMnOj [25]. The former sample resembles
our x = 0.90 compound regarding the temperature depen-
dence of the susceptibility (rounded plateau in the ferro-
magnetic region); the absence of memory effect is proba-
bly due to the proximity of the re-entrant spin glass phase
transition.

6 Conclusion

In this article, we have studied the slow dynamics of the
ferromagnetic phases of the CdCrgzIng_o,S4 system for
xz = 1.00, = 0.95 and = = 0.90 by means of ac suscep-
tibility and magnetization measurements. We found that
increasing the disorder strength induces a slowing down
of the ac response of the ferromagnetic phases resulting
in an increase of the low frequency dissipation. Using re-
laxation procedures developed for the study of the out of
equilibrium dynamics of spin glasses, we have found an ag-
ing behavior of the low frequency ac susceptibility both in
the ferromagnetic phases and in the re-entrant spin glass
phases, with the same qualitative features as in conven-
tional spin glasses.

We have searched for rejuvenation and memory phe-
nomena in the ferromagnetic phases of the studied sam-
ples. Whereas the weakly disordered = = 0.95 compound
displays only a weak memory of aging (rapidly erased by
an excursion at lower temperatures), the more disordered
x = 0.90 compound shows a more robust memory of ag-
ing which can only be erased by the growth of spin glass
correlations in the vicinity of the re-entrant spin glass
transition. Our results support a scenario in which, aging,
rejuvenation and memory are described in terms of hierar-
chical reconformations of elastic walls in a random pinning
disorder. In this picture, the memory is contained in the
large length scale conformation of the walls and is erased
by the growth of the domains. Our results show that an
increase in the disorder strength tends to reduce the do-
main growth and allows to observe clear rejuvenation and
memory effects. The extension of this wall reconformation
scenario to the case of spin glasses raises interesting ques-
tions such as the nature of the domains and the walls.
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