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Abstract. Non-equilibrium aging dynamics in 3D Ising spin glass Cu0.5Co0.5Cl2-FeCl3 GBIC has been
studied by zero-field cooled (ZFC) magnetization and low frequency AC magnetic susceptibility (f =
0.05 Hz), where Tg = 3.92±0.11 K. The time dependence of the relaxation rate S(t) = (1/H)dMZFC/dln t
for the ZFC magnetization after the ZFC aging protocol, shows a peak at a characteristic time tcr near
a wait time tw (aging behavior), corresponding to a crossover from quasi equilibrium dynamics to non-
equilibrium. The time tcr strongly depends on tw, temperature (T ), magnetic field (H), and the temperature
shift (∆T ). The rejuvenation effect is observed in both χ′ and χ′′ under the T -shift and H-shift procedures.
The memory of the specific spin configurations imprinted during the ZFC aging protocol can be recalled
when the system is re-heated at a constant heating rate. The aging, rejuvenation, and memory effects
observed in the present system are discussed in terms of the scaling concepts derived from numerical
studies on 3D Edwards-Anderson spin glass model.

PACS. 75.50.Lk Spin glasses and other random magnets – 75.10.Nr Spin-glass and other random models
– 75.40.Gb Dynamic properties

1 Introduction

In recent years, non-equilibrium dynamics, in particu-
lar, aging dynamics, of spin glass (SG) systems has been
extensively studied theoretically [1–9] and experimen-
tally [10–28]. When the SG system is quenched from a
high temperature above the SG transition temperature Tg
to a low temperature T below Tg (this process is called the
zero-field cooled (ZFC) aging protocol), the initial state is
not thermodynamically stable and relaxes to more stable
state. The aging behaviors depend strongly on their ther-
mal history within the SG phase. A typical experimental
method for the study of the aging dynamics is the time de-
pendence of the ZFC magnetization (MZFC) after the ZFC
aging protocol. When a small magnetic field (H) is applied
after an isothermal aging at a temperature T below Tg for
a wait time tw, MZFC increases as an observed time (t)
increases. The rejuvenation (chaos) and memory effects
are also significant features of the aging dynamics. These
effects are typically measured from the low frequency AC
magnetic susceptibility.

Such an aging dynamics of SG phase is explained
mainly in terms of a real-space picture (the droplet
model) [1]. In this picture, the SG coherence length for
equilibrium SG order, grows up slowly in aging pro-
cesses. The scaling properties of age-dependent macro-
scopic susceptibility can be described by a growing co-
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herence length LT (t). The droplet model also predicts
the following two. (i) The equilibrium SG states at two
temperatures with the difference ∆T are uncorrelated in
length scales larger than the overlap length L∆T , i.e.,
so-called temperature (T )-chaos nature of the SG phase.
(ii) In the equilibrium and thermodynamic limits the
SG phase is broken by a static magnetic field H of in-
finitesimal strength, thereby introduced is the crossover
length LH . This length separates the mean size of SG
domains LT (t), such that they are dominated by the Zee-
mann energy for LT (t) > LH and by the SG free energy
gap for LT (t) � LH . Recently Monte Carlo (MC) simula-
tions [7,8] on the T - andH-shift aging processes have been
carried out for the three-dimensional (3D) Ising Edwards-
Anderson (EA) SG model with Gaussian nearest-neighbor
interactions with zero mean and variance J , where J is in
the unit of energy. In the T -shift process, only a precursor
of the temperature-chaos effect is observed, while the re-
sults on the H-shift process strongly support the droplet
picture that the SG phase under a finite H is unstable in
the equilibrium and thermodynamic limits.

In this paper we report our results on the aging dy-
namics (aging, rejuvenation and memory) of a 3D Ising
SG, Cu0.5Co0.5Cl2-FeCl3 graphite bi-intercalation com-
pound (GBIC). The aging behavior of the ZFC magne-
tization has been measured at various aging processes
including the T - and H-shift perturbations. The rejuve-
nation effect of the low frequency AC magnetic suscep-
tibility has been measured at aging processes including
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the T - and H-shift perturbations. The memory of the
specific spin configurations imprinted during the ZFC ag-
ing protocol can be recalled when the system is re-heated
at a constant heating rate. The existence of the char-
acteristic lengths L∆T and LH is examined by the T -
and H-shift aging protocols. The relaxation rate defined
by S(t) = (1/H)dMZFC/dln t (see Sect. 2.2 for more
definitions) exhibits a peak at a characteristic time tcr,
which is comparable to a wait time tw. We show that
the ratio tcr/tw strongly depends on the aging process.
These results are compared with those reported for typ-
ical spin glass systems such as Cu (1.5–13.5 at.% Mn)
[12–15,22,23,25,27], Ag (11 at.% Mn) [16,21,28],
CdCr1.7In0.3S4 [17,18], Fe0.5Mn0.5TiO3 [5,19,20], as well
as results from MC simulations [2,4,7,8].

The equilibrium dynamics of Cu0.5Co0.5Cl2-FeCl3
GBIC has been reported in a previous paper [26]. The
aging dynamics has been also studied: the ωt-scaling of χ′
and χ′′ is also confirmed, where ω is the angular fre-
quency of the AC magnetic field. This compound under-
goes a SG transition at Tg (= 3.92± 0.11 K). The system
shows a dynamic behavior that has some similarities and
some significant differences compared to a 3D Ising SG. It
shows critical slowing down with a value of the dynamic
critical exponent that is rather similar to an Ising SG:
z = 6.6 ± 1.2, θ = 0.13 ± 0.02, and ψ = 0.24 ± 0.02,
where z, ψ, and θ are the dynamic critical exponent, the
stiffness exponent (energy exponent) which determines the
free energy of a droplet excitation, and the barrier ex-
ponent which describes how the barrier heights change
with length scale. The critical relaxation time τ is well
described by τ = τ∗(1 − T/Tg)−x with the dynamic criti-
cal exponent x = 10.3±0.7 and τ∗ = (5.29±0.07)×10−6 s.
The in-field dynamics indicates, as for an Ising SG, that
the SG transition is destroyed by a magnetic field. The
equilibrium dynamics shows a frequency dependence that
is different from an Ising SG, the absorption decreases
with increasing frequency, whereas ordinary 3D Ising SG
shows a increasing absorption with increasing frequency.
An aging behavior is observed that is rejuvenated by a
large enough (magnetic field) perturbation.

2 Background

2.1 Scaling properties

We present a simple review on the aging behavior of SG
phase after the ZFC aging protocol, based on the droplet
model [1,2,10]. This ZFC aging protocol process to the
SG phase is completed at ta = 0, where ta is defined as
an age (the total time after the ZFC aging protocol pro-
cess). Then the system is aged at T under H = 0 until
ta = tw, where tw is a wait time. Correspondingly, the size
of domain defined by RT (ta) grows with the age of ta and
reaches RT (tw) just before the field is turned on at t = 0
or ta = tw. The aging behavior in MZFC is observed as a
function of the observation time t. After t = 0, a probing
length LT (t) corresponding to the maximum size of ex-
citation grows with t, in a similar way as RT (ta). When

LT (t) � RT (tw), quasi-equilibrium dynamics is probed,
but when LT (t) � RT (tw), non-equilibrium dynamics is
probed. It is theoretically predicted that the mean SG
domain-size LT (T ) is described by a power law given by [2]

LT (t)/L0 ≈ (t/t0)1/z(T ), (1)

or by [1]

LT (t)/L0 ≈ [(T/∆g) ln(t/t0)]1/ψ , (2)

where L0 and t0 are microscopic length and time scale, the
exponent 1/z(T ) (= bT/Tg with b = 0.16) [2] linearly de-
pends on T except for the region near Tg, and∆g and ψ are
the characteristic scale of energy barrier of droplet excita-
tions and the associated exponent, respectively. It is pre-
dicted by Komori et al. [2] that ∆χ′′ obeys the ωt-scaling
form given by ∆χ′′ ≈ (ωt)−b

′′
where b′′ = (d − θ)/z(T ),

d (= 3) is the dimension, and θ = 0.20±0.03. Experimen-
tally, as shown in our previous paper [26], ∆χ′′(ω, t) at
3.75 K obeys the ωt-scaling law, ∆χ′′(ω, t) ≈ (ωt)−b

′′
with

b′′ = 0.255± 0.005, where ∆χ′′(ω, t) = χ′′(ω, t)−〈χ′′
0(ω)〉,

where 〈χ′′
0(ω)〉 is the stationary frequency-dependent ab-

sorption.

2.2 S(t) and χ′′(tw; t + tw)

Here we present a simple review on the relation be-
tween S(t) and χ′′. The absorption χ′′ is evaluated
from the spin auto-correlation function C(ta − t; ta) =
〈Si(ta − t)Si(ta)〉 using the fluctuation-dissipation theo-
rem (FDT) as [2,7]

χ′′(∆tω ; t+∆tω) ≈ (−π/2T )∂C(∆tω; t+∆tω)/∂ ln t, (3)

where ta = t+∆tω, ∆tω = 2π/ω (typically ∆tω ≤ 102 s)
and t is much larger than ∆tω. In the auto-correlation
function, the over-line denotes the average over sites
and over different realizations of bond disorder, and the
bracket the average over thermal noises. For slow pro-
cesses, the dispersion χ′(∆tω ; t+∆tω) is approximated by

χ′(∆tω ; t+∆tω) ≈ [1 − C(∆tω ; t+∆tω)]/T. (4)

In the quasi-equilibrium regime where the FDT holds,
the ZFC susceptibility χZFC(tw; t+tw) is described
by [2,4]

χZFC(tw; t+ tw) ≈ [1 − C(tw; t+ tw)]/T, (5)

where ta = t + tw and tw is a wait time: typically, tw ≈
103−105 s. Then the relaxation rate S(t) is described by

S(t) = dχZFC(tw; t+ tw)d ln t
= (−1/T )∂C(tw; t+ tw)/∂ ln t, (6)

which corresponds to (2/π)χ′′(tw; t+ tw) [10].
It is predicted that C(tw; t + tw) can be decom-

posed into a stationary part Cst(t) and an aging part
Cag(tw; t+ tw) [6]. The latter is approximately described
by a scaling function of LT (t) and RT (tw). The corre-
sponding aging part of S(t) exhibits a peak at a charac-
teristic time tcr (≈ tw) [6,29], where LT (t) ≈ RT (tw),
showing a crossover between quasi-equilibrium region and
non-equilibrium region.
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3 Experimental procedure
The DC magnetization and AC susceptibility of
Cu0.5Co0.5Cl2-FeCl3 GBIC were measured using a SQUID
magnetometer (Quantum Design, MPMS XL-5) with an
ultra low field capability option. The remnant magnetic
field was reduced to zero field (exactly less than 3 mOe)
at 298 K for both DC magnetization and AC suscepti-
bility measurements. The AC magnetic field used in the
present experiment has a peak magnitude of h = 0.1 Oe
and frequency f = ω/2π = 0.05 Hz. Each experimental
procedure for measurements is presented in the text and
figure captions. The detail of sample characterizations and
sample preparation is given in the previous paper [26].

In our measurement of the time (t) dependence of
the zero-field cooled (ZFC) magnetization (MZFC), the
time required for the ZFC aging protocol and subse-
quent wait time was precisely controlled. Typically it takes
240 ± 3 s to cool the system from 10 K to 3.75 K. It
takes another tw0 = 230 ± 3 s until T (= 3.75 K) be-
comes stable within the uncertainty (±0.01 K). The sys-
tem is kept at T = 3.75 K and H = 0 for a wait time tw
(0 ≤ t ≤ 3 × 104 s). The time for setting up a magnetic
field from H = 0 to H = 5 Oe is 68±2 s. In the ZFC mea-
surement, the sample is slowly moved through the pick-up
coils over the scan length (4 cm). The magnetic moment of
the sample induces a magnetic flux change in the pick-up
coils. It takes 12 s for each scan. The data at t is regarded
as the average ofMZFC measured over the scanning time ts
between the times t− (ts/2) and t− (ts/2). Thus the time
window ∆t is a scanning time (ts). The measurement was
carried out at every interval of ts+ tp, where tp is a pause
between consecutive measurements. Typically we used (i)
the time window ∆t = 36 s for three scans and tp = 45 s
or 30 s for tw (≥ 2.0 × 103 s), and (ii) the time win-
dow ∆t = 12 s for one scan and tp = 1 or 2 s for either
tw (≤ 103 s) or H ≥ 100 Oe.

4 Result

4.1 S(t) : tw and T dependence

The t dependence of MZFC was measured under vari-
ous conditions. Figure 1a shows the T dependence of
the ZFC and FC magnetization (MZFC and MFC) at
H = 5 Oe, where H is applied along a direction perpen-
dicular to the c axis. The system was quenched from 50
to 1.9 K in the absence of H before the measurement.
The change of T with the time t during the measurement
is shown in Figure 1b. The ZFC magnetization was mea-
sured with increasing T from 1.9 to 3.75 K in the presence
of H (= 5 Oe). The system was kept at T = 3.75 K for
2.27×104 s. Subsequently the ZFC measurement was con-
tinued from 3.75 to 8 K. The system was annealed at 50 K
for 1.2×103 s. The FC magnetization was measured from 8
to 1.9 K. There is a remarkable increase of MZFC during
the one stop at T = 3.75 K. When the warming up of
the system was restarted, the increase in MZFC with T is
much weaker than that in M ref

ZFC as a reference without
the stop: MZFC merges with M ref

ZFC well above Tg. Simi-
lar result of MZFC vs. T was reported for a 3D Ising SG
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Fig. 1. (a) T dependence of MZFC and MFC at H = 5 Oe
for Cu0.5Co0.5Cl2-FeCl3 GBIC. The measurement was carried
out after the ZFC aging protocol: annealing of the system at
50 K for 1.2 × 103 s at H = 0 and quenching from 50 to
1.9 K. During the ZFC measurement the system was aging at
3.75 K for 2.27 × 104 s. (b) The change of T with t during the
measurement of MZFC and MFC. The discontinuity of T with t
at T = 4.4 K is due to the system error occurring in the process
of temperature stabilization. (c) The relaxation rate S(t) (=
(1/H)dMZFC(t)/dln t) at 3.75 K. The time taken during the
measurement of MZFC from 1.9 to 3.75 K at H = 5 Oe was
t0 = 5.4 × 103 s. t = 0 is a time just after T becomes 3.75 K.

Fe0.5Mn0.5TiO3. Bernardi et al. [5] have concluded that
MZFC is described by a scaling function of RT (tw) and
LT (t) [MZFC(T, t) = G(LT (t), RT (tw))], where G is the
scaling function. The t dependence of MZFC was moni-
tored during the stop at T = 3.75 K, where the time
taken during the measurement from 1.9 to 3.75 K was
5.4 × 103 s, corresponding to a wait time tw. Figure 1c
shows the t dependence of the relaxation rate S(t), where
the origin of t (t = 0) is a time when T reaches 3.75 K.
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Fig. 2. (a) and (b) t dependence of S for 3.0 ≤ T ≤ 4.7 K.
H = 1 Oe. The measurement of χZFC vs. t was carried out
after the ZFC aging protocol (annealing of the system at 50 K
and H = 0 for 1.2 × 103 s, quenching from 50 K to T , and
isothermal aging for tw = 2.0 × 103 s). t = 0 is the time just
after H = 1 Oe is applied at T .

We have measured the t dependence of χZFC (=
MZFC/H) at various fixed T , where tw = 2.0 × 103 s
and H = 1 Oe. The measurement was carried out af-
ter the ZFC aging protocol: annealing of the system at
T = 50 K and H = 0 for 1.2 × 103 s, quenching from
50 K to T at H = 0, and isothermal aging at T for tw.
The origin of t (t = 0) is a time just after H = 1 Oe
is applied at T . We find that MZFC increases with in-
creasing t, depending on T . Figures 2a and b show the t
dependence of S at various T (3.0 ≤ T ≤ 4.7 K), where
H = 1 Oe and tw = 2.0 × 103 s. Each S(t) curve exhibits
a peak at a characteristic time tcr, shifting to the short
t-side with increasing T . The peak width becomes much
broader with decreasing T . Figures 3a and b show the T
dependence of tcr and the peak height Smax, respectively,
which are derived from Figures 2a and b. The characteris-
tic time tcr increases with decreasing T . The T dependence
of ln(tcr/tw) will be discussed in Section 5 in association
with the scaling relations. The peak height Smax exhibits
a broad peak between 3.6 and 3.8 K just below Tg. Similar
behavior of S vs. t at various T (< Tg) has been reported

Fig. 3. T dependence of tcr at which S(t) has a peak value
Smax. tw = 2.0 × 103 s. H = 1 Oe. (b) T dependence of the
peak height Smax (see Fig. 2).

by Zotev et al. for Cu (1.5 at.% Mn) [23], where S(t) is
defined from the thermoremnant magnetization MTR in-
stead of MZFC. The relaxation rate S(t) exhibits a peak
at t = tcr, whose peak width becomes much broader with
decreasing T . The peak height Smax decreases with de-
creasing T below Tg.

Figure 4a shows the t dependence of S at various tw,
where T = 3.75 K and H = 5 Oe. The relaxation rate S(t)
shows a peak at t = tcr, shifting to the long-t side with in-
creasing tw. Similar behavior of S(t) vs. t at various tw has
been observed by Jönsson et al. for Ag (11 at.% Mn) [21],
where tcr ≈ tw. In Figure 4b we show the characteristic
time tcr as a function of tw for 0 ≤ tw ≤ 3.0×104 s, where
a straight line denotes the relation described by tcr =
(0.68± 0.03)tw. Figure 4c shows the plot of S(t)/Smax as
a function of t/tw, where only the data of S vs. t with long
tw (5 × 103 ≤ tw ≤ 1.5 × 104 s) for 0 < t < 6 × 104 s are
used. It seems that S(t)/Smax is well described by a scal-
ing function of t/tw [S(t)/Smax = F (t/tw)] in the region of
long tw, although the data at tw = 1.5× 104 s slightly de-
viates from the other data. The scaling function F (x) has
a very broad peak centered at x ≈ 0.68. This result sug-
gests that the spin auto-correlation function C(tw, t+ tw)
is described by a scaling function of only t/tw, since it is
related to S(t) by equation (6).
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Fig. 4. (a) t dependence of S for 0 ≤ tw ≤ 1.5 × 104 s.
T = 3.75 K. H = 5 Oe. The ZFC aging protocol: annealing
of the system at 50 K for 1.2 × 103 s at H = 0, quench-
ing from 50 to 3.75 K, and then isothermal aging at 3.75 K
and H = 0 for a wait time tw. The measurement was started
at t = 0 when the field H is turned on. (b) tcr vs. tw. The
straight line denotes a relation given by tcr = (0.68 ± 0.03)tw .
(c) Scaling plot of S/Smax vs. t/tw for the limited tw and t
(5.0 × 103 ≤ tw ≤ 1.5 × 104 s, 0 ≤ t ≤ 6.0 × 104 s).
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Fig. 5. (a) and (b) t dependence of S for 0 ≤ tw ≤ 750 s.
T = 3.75 K. H = 5 Oe.

4.2 S(t) for 0 ≤ tw ≤ 750 s

We have measured the t dependence of χZFC at T = 3.75 K
and H = 5 Oe as a wait time tw (0 ≤ tw ≤ 750 s) is varied
as a parameter. The measurement was carried out after
the ZFC aging protocol: annealing of the system at 50 K
for 1.2×103 s at H = 0, quenching from 50 to 3.75 K, and
then isothermal aging at T = 3.75 K and H = 0 for a wait
time tw. The origin of t (t = 0) is a time just after the
field H is turned on. As is described in Section 3, it takes
tw0 = 230 ± 3 s until the temperature becomes stable at
3.75 K within the experimental uncertainty of ±0.01 K,
after quenching the system from 50 to 3.75 K at H = 0.
This time tw0 is not included in the wait time tw. If tw0

is included in tw, however, the effective wait time may be
longer than teffw (= tw0 + tw). If this is the case, the mea-
surement with tw = 0 is not possible in a strict sense. In
spite of such a situation, here we assume that t0 is not
included in tw. Figures 5a and b show the t dependence
of S for 0 ≤ tw ≤ 750 s, where T = 3.75 K and H = 5 Oe.
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For tw = 0, S(t) shows a shoulder around t = 103 s and
a broad peak at tcr = 6.45 × 103 s. For tw = 100 s, a
small peak of S(t) is observed at tcr = 1.06× 103 s in ad-
dition to a possible broad peak around tcr = 1.0 × 104 s.
This small peak shifts to the short t-side with increas-
ing tw: tcr = 740 s for tw = 200 s. For tw = 750 s, a
broad peak is observed at tcr = 2.8 × 103 s. The values
of tcr thus obtained are also plotted as a function of tw
in Figure 4b. It should be noted that that for very short
tw (0 ≤ t ≤ 200 s), there are at least two kinds of do-
mains: domains with large size corresponding to long tcr
(≈ 6.5 × 103 s) coexist with domains with small size cor-
responding to short tcr (≈ 750 s) in the regular aging
regime. Figure 6 shows the t dependence of S(t) at var-
ious T (3.4 ≤ T ≤ 4.5 K) and H = 1 Oe for tw = 0.
At T = 3.2 K, S(t) shows a shoulder around t = 400 s
and a very broad peak at tcr = 7.1 × 103 s. This shoul-
der shifts to the long t-side with increasing T and changes
in to a broad peak. At T = 3.6 K, S(t) shows a peak at
tcr = 710 s. It tends to increase with further increasing t,
suggesting that tcr is longer than 104 s. At T = 3.8 K, S(t)
shows a very broad peak centered at tcr = 3.8 × 103 s.

Similar behavior has been reported by Rodriguez
et al. [25] in the time decay of the thermal remnant mag-
netization (TRM) of Cu0.94Mn0.06 (Tg = 31.5 K) with
various wait time (tw = 0−104 s) and a series of rapid
FC cooling protocol from 35 to 26 K at H (= 20 Oe).
The relaxation rate S(t)[= −(1/H)dMTRM(t)/dln t] for
MTRM(t) is equivalent to S(t) [= −(1/H)dMZFC(t)/dln t]
for MZFC(t). They have shown that S(t) at tw = 0 ex-
hibits a broad peak at an effective time teffc (= 19–406 s),
which is strongly dependent on the FC cooling protocol.
For the larger teffc , there is a significant contamination
in S(t) at tw (�= 0) from the FC cooling protocol. Recently
the long-time decay of MTRM(t) has been also examined
by Kenning et al. [27] for the same system with rapid
FC cooling protocol and short wait time (tw = 7−110 s).
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Fig. 7. t dependence of S for 5 ≤ H ≤ 300 Oe. T = 3.75 K.
(a) tw = 1.0 × 104 s. (b) tw = 3.0 × 104 s. The time t = 0 is a
time when H is turned on. The ZFC aging protocol before the
measurement is similar to that used in Figure 2.

A tw-independent long-time decay overlaps with the tw-
dependent short-time decay. For the short-time decay, the
corresponding S(t) exhibits a peak at tcr (≈ tw). The long-
time decay may be related to the initial state distribution
developed during the FC cooling protocol.

4.3 S(t) under the H-shift

We have measured the t dependence of χZFC at T = 3.75 K
for various H , where tw = 1.0 × 104 and 3.0 × 104 s.
The measurements were carried out after the ZFC ag-
ing protocol: annealing of the system at T = 50 K and
H = 0 for 1.2 × 103 s, quenching from 50 to 3.75 K at
H = 0, and isothermal aging at 3.75 K for tw. The origin
of t (t = 0) is the time just after H is turned on. The win-
dow time used in this measurement was 12 s. Figures 7a
and b show the t dependence of S for tw = 1.0 × 104 s
and 3.0 × 104 s as H is varied as a parameter, where
T = 3.75 K. The relaxation rate S(t) exhibits a peak
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at t = tcr, corresponding to a characteristic time scale of
crossover from the isothermal aging state under H = 0
to that under a finite H . Figure 8a shows the plot of tcr
at T = 3.75 K as a function of H for tw = 1.0 × 104

and 3.0 × 104 s. The value of tcr for tw = 1.0 × 104 and
3.0 × 104 s drastically decreases with increasing H . The
value of tcr for tw = 3× 104 s is much larger than that for
tw = 1×104 s at lowH (H < 50 Oe). However, they are al-
most identical irrespective of tw for high H (H > 100 Oe).
We note that ln tcr is linearly dependent on H only for
H < Hα: Hα ≈ 50 Oe for tw = 3.0× 104 s and 100 Oe for
tw = 1.0× 104 s. In Figure 8b we show the H dependence
of Smax. The peak value Smax linearly decreases with in-
creasing H irrespective of tw and tends to reduce to zero
above 300 Oe. Similar behavior of tcr vs. H has been re-
ported by Zotev et al. [22] in Cu (1.5 at.% Mn). The break
of the linear dependence of ln tcr on H occurs at Hα. The
value of Hα decreases with increasing tw. Above Hα the
data of δM (= MTRM−MFC +MZFC) vs. H greatly devi-
ates from zero, where MTRM is the thermal remnant mag-
netization. This result suggests that the crossover from
the quasi equilibrium to the nonequibrium regime occurs
at Hα, leading to the violation of FDT.

According to Takayama [8], the H dependence
of tcr under the H-shift aging process is governed by
three lengths, LT (tcr, H), RT (tw), and the crossover
length LH [1] given by

LH/L0 ≈ (H/ΥH)−1/δ, (7)

where δ = (d/2 − θ) and ΥH is the magnetic field corre-
sponding to a wall stiffness Υ (a typical energy setting the
scale of free energy barriers between conformations). The
scaling relation is predicted to exist between the normal-
ized lengths y = LT (tcr, H = 0)/LH and x = RT (tw)/LH :
y = x− cHx

1+δ with cH = 0.15 for x < 1. For x� 1 cor-
responding to the case of low H and short tw, y = x,
implying that tcr = tw. For x > 0.2 corresponding to
large H and long tw, the curve y(x) deviates below the
line y = x, indicating that tcr is shorter than tw. From
this scaling relation, tcr can be obtained as

tcr = tw

[
1 − cH(H/ΥH)(tw/t0)δ/z(T )

]z(T )

. (8)

The following features of tcr vs. H are derived from
equation (8). (i) The time tcr is not simply proportional
to tw. (ii) In the limit ofH ≈ 0, ln tcr is linearly dependent
on H :

ln(tcr/tw) = −αHH,
with

αH = z(T )(cH/ΥH)(tw/t0)δ/z(T ).

The slope αH increases with increasing tw. (iii) The T
dependence of tcr comes from the exponent z(T ). The
slope αH increases with increasing T below Tg mainly be-
cause of the factor (tw/t0)δ/z(T ).

We find that our results of Figure 8a is consistent
with the above predictions. The slope (αH = 0.0505 ±
0.0003 /Oe) for tw = 3.0 × 104 s is larger than that

Fig. 8. H dependence of (a) tcr and (b) Smax for tw = 1.0×104

and 3.0 × 104 s, which is obtained from Figure 7.

(αH = 0.0262 ± 0.0005 /Oe) for tw = 1.0 × 104 s. If we
assume that δ = 1.37, 1/z(T ) = bT/Tg, Tg = 3.92 K,
b = 0.16, and t0 = τ∗ = 5.29 × 10−6 s [26], then the
value of ΥH can be estimated as ΥH = 2.15 kOe for
tw = 3.0 × 104 s and ΥH = 3.30 kOe for tw = 1.0 × 104 s.
Our numerical calculation of αH for 3 K ≤ T ≤ Tg predicts
that the slope αH increases with increasing T below Tg:
αH = 0.036 at T = 3.4 K and αH = 0.044 at T = 3.6 K
for tw = 3.0 × 104 s. Although the measurement on αH
vs. T has not been carried out in the present system, this
prediction is consistent with the result reported by Zotev
et al. [22] in Cu (1.5 at.% Mn) as the increase of αH vs. T
with increasing T for 0.7 < T/Tg < 0.85.

4.4 S(t) under the T-shift

We have measured the t dependence of χZFC under the T -
shift from the initial temperature Ti to the final tempera-
ture Tf (= 3.75 K = 0.957Tg), where Ti = 3, 3.2 3.4, 3.5,
3.6, and 3.9 K. The measurement was carried out after the
ZFC aging protocol: quenching of the system from 50 K
to Ti, and isothermal aging at T = Ti and H = 0 for tw
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(= 3.0×103 and 3×104 s). The origin of time (t = 0) is a
time just after T was shifted from Ti to Tf = 3.75 K and
subsequently H (= 5 Oe) was turned on. Figures 9a and b
show the t dependence of S at Tf = 3.75 K at various ini-
tial temperature Ti. The temperature difference is defined
as ∆T = Tf − Ti: the positive T -shift for ∆T > 0 and
negative T -shift for ∆T < 0. The relaxation rate S(t) ex-
hibits a peak at t = tcr irrespective of the sign of ∆T . The
width of the peak in S(t) for the negative T -shift is much
broader than that for the positive T -shift. In Figure 9c we
show tcr as a function of ∆T for the positive T -shift for
tw = 3.0×104 and 3.0×103 s. The decrease of tcr with in-
creasing ∆T is observed at low ∆T for both tw = 3.0×104

and 3.0 × 103 s. The value of tcr becomes independent
of ∆T at large ∆T . For the negative T -shift, on the other
hand, the value of tcr for ∆T = −0.15 K (Ti = 3.9 K)
is larger than that for ∆T = 0 K (Ti = 3.75 K) for
both tw = 3.0 × 104 and 3.0 × 103 s. Similar behav-
iors of tcr vs. ∆T for the positive T -shift have been re-
ported by Granberg et al. [Cu (10 at.% Mn)] [13], Djurberg
et al. [Cu (13.5 at.% Mn)] [14], and Jonsson et al. [Ag
(11 at.% Mn)] [16].

The temperature chaos scenario postulates that the SG
equilibrium configurations at different temperatures at Tf
and Ti are strongly correlated only up to the overlap-
length L∆T , beyond which these correlations decay to
zero. From the droplet theory, the overlap length L∆T
is described by [1,2]

L∆T /L0 ≈
(
T 1/2|∆T |/Υ 3/2

T

)−1/ζ

, (9)

where ζ is the chaos exponent (ζ = ds/2 − θ), ds is the
fractal dimension of the surface of the droplet, and ΥT
is the temperature corresponding to the wall stiffness Υ .
From this scenario a scaling relation is predicted to exist
between the normalized lengths y = [LTf (tcr)/L∆T ] and
x = [RTi(tw)/L∆T ]: y = x − cTx

1+ζ with cT = 0.25 and
ζ = 0.385 for x < 0.15 [21,28]. The cumulative aging
corresponds to the relation y = x which is valid in the limit
x ≈ 0 (the small |∆T | and short tw). The large |∆T | and
long tw corresponds to large x. For x > 0.05, the curve y
deviates from the straight line y = x, corresponding to a
rejuvenation due to the temperature chaos effect [21,28].
The value of tcr/t0 can be described by

tcr/t0 = (tw/t0)Ti/Tf

×
[
1 − cT p(Tf)|∆T |(tw/t0)ζ/z(Ti)

]z(Tf )

, (10)

with p(Tf ) = T
1/2
f /Υ

3/2
T . In the limit of |∆T | ≈ 0, ln tcr is

linear to T :
ln(tcr/tw) = −αT |∆T |,

with
αT = z(Tf)cT p(Tf)(tw/t0)ζ/z(Ti).

In fact, the prediction that αT increases with increasing tw
is experimentally confirmed from Figure 9c. The curve
(ln tcr vs. ∆T ) is linearly dependent on ∆T (> 0) for

Fig. 9. t dependence of S at Tf = 3.75 K under the T shift
from Ti to Tf , where Ti = 3.0−3.9 K. (a) tw = 3.0 × 103 s.
(b) tw = 3.0 × 104 s. The ZFC aging protocol is as follows:
quenching of the system from 50 K to Ti, and isothermal aging
at T = Ti and H = 0 for tw. The measurement was started
at t = 0, just after T was shifted from Ti to Tf = 3.75 K and
subsequently H (= 5 Oe) was turned on. (c) tcr vs. ∆T for the
case of positive T -shift (tw = 3.0× 103 and 3.0× 104 s), where
Ti = Tf − ∆T (∆T > 0) and Tf = 3.75 K. The solid lines are
guides to the eye.

∆T < ∆Tα with the slope αT : αT = 9.9± 0.4 and ∆Tα =
0.3 K for tw = 3.0×104 s and αT = 2.6 and ∆Tα ≈ 0.15 K
for tw = 3.0 × 103 s. If we assume that ζ = 0.385, cT =
0.25, 1/z(Tf) = bTf/Tg, b = 0.16, and t0 = τ∗ = 5.29 ×
10−6 s [26] for tw = 3.0×104 s, we have p(Tf ) = 1.62±0.07
or ΥT = 1.12 ± 0.03 K for tw = 3.0 × 104 s.
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Fig. 10. Numerical calculations of tcr vs. |∆T | given by
equation (10) for Tf = 3.75 K, Tf = Ti + ∆T , and tw =
tw(cal) = 2.04×104 s, where Tg = 3.92 K, b = 0.16, ζ = 0.385,
cT = 0.25, t0 = τ∗ = 5.29 × 10−6 s, and 0 ≤ p(Tf ) ≤ 1.
(a) The positive T -shift (∆T > 0). For comparison, our data
of tcr vs. ∆T for tw = 3.0 × 104 s are denoted by solid tri-
angles. The value of tw (= tw(cal) = 2.04 × 104 s) used in
the calculation is different from that used in the experiment
[tw(exp) = 3.0 × 104 s], where tw(cal) = 0.68tw(exp) (see
Fig. 4b). (b) The negative T -shift (∆T < 0). Although the
maximum of |∆T | is Tg − Tf = 0.17 K in the present system,
the value of tcr for the negative T -shift is independent of Tg

and is applicable to the other systems with different Tg.

Numerical calculations of equation (10) are carried out
as a function of |∆T | for tw = tw(cal) = 2.04×104 s, Tf =
3.75 K, Ti = T −∆T , ζ = 0.385, t0 = τ∗ = 5.29× 10−6 s,
and cT = 0.25. Note that we use tw(cal) as tw instead
of tw(exp) (= 3.0 × 104 s) [tw(cal) = 0.68tw(exp)], which
leads to the better agreement between our data and cal-
culations at low |∆T |. In Figures 10a and b we show
the results of tcr vs. |∆T | for the positive and negative
T -shifts, respectively, where p(Tf ) is varied as a param-
eter from 0 to 2.0. For comparison, our data of tcr vs.
∆T with tw = 3.0 × 104 s for the positive T -shift are
also plotted in Figure 10a. For the positive T -shift, tcr
decreases with increasing ∆T , independent of p(Tf ) for
0 ≤ p(Tf ) ≤ 2. For the negative T -shift, tcr increases

with increasing |∆T | for 0 ≤ p(Tf ) < 0.7. It increases
with increasing |∆T |, showing a peak, and decreases with
further increasing |∆T | for 0.7 < p(Tf) < 0.92 (see the
inset of Fig. 10b). On the other hand, it decreases with
increasing |∆T | for 0.92 ≤ p(Tf ) < 2. This indicates that
tcr decreases with increasing |∆T | for both the positive
and negative T -shifts for 0.92 ≤ p(Tf) < 2 (the symmet-
ric T -chaos). We find that our data for both the posi-
tive and negative T -shifts agree well with the curve with
p(Tf) ≈ 0.8 in Figure 10a, corresponding to ΥT = 1.80 K.
This value of ΥT is on the same order as that derived from
the slope αT .

For Ag (11 at.% Mn) [21], tcr decreases with increas-
ing ∆T for the positive T -shift. For the negative T -shift,
however, tcr shifts to the long-t side at |∆T | = 0.1 K and
then tcr decreases with further increasing |∆T |. Similar
behavior has been also observed in Cu (13.5 at.% Mn) [14],
where Tf = 58 K and tw = 3.0 × 103 s. For the posi-
tive T -shift, tcr decreases with increasing ∆T (0 ≤ ∆T ≤
1.21 K). For the negative T -shift, tcr increases with in-
creasing |∆T | for 0 ≤ |∆T | ≤ 0.6 K, tcr becomes the
longest at |∆T | = 0.6 K, and tcr decreases with further
increasing |∆T | for 0.6 ≤ |∆T | ≤ 4.03 K. These behaviors
can be well explained in terms of the scaling relations.

4.5 Memory effect in χ′ and χ′′

The memory effect in the SG system is defined as fol-
lows. When the system is cooled down to a low tempera-
ture below Tg, a memory of the spin configurations which
is imprinted in the specific cooling sequence, can be re-
called when the system is re-heated at a constant heating
rate [16,17]. In a single memory experiment, the memory
is imprinted at T1 for tw1 during the ZFC aging proto-
col. In a double memory experiment, the memory is im-
printed at T1 for tw1 and at T2 (< T1) for tw2 during the
ZFC aging protocol. The dispersion and absorption thus
recalled with increasing T are defined as χ′

mem(ω, T ) and
χ′′
mem(ω, T ), respectively. For comparison, the dispersion

and absorption as references [χ′
ref (ω, T ) and χ′′

ref (ω, T )],
are also obtained with increasing T after the system is
quenched from a high temperature above Tg to the low-
est temperature. Such AC susceptibility data are called
as the ZFC reference susceptibilities, where no mem-
ory is imprinted. For clarity we define the difference be-
tween the aging ZFC and reference ZFC susceptibilities as
∆χ′(ω, T ) = χ′

mem(ω, T )−χ′
ref(ω, T ) and as∆χ′′(ω, T ) =

χ′′
mem(ω, T ) − χ′′

ref (ω, T ). Figures 11a and b show the T
dependence of ∆χ′ and ∆χ′′ for the single memory exper-
iment, where T1 = 3.75 K, f = 0.05 Hz, and h = 0.1 Oe.
Two kinds of measurements were carried out, depending
on cooling rate during the ZFC aging protocol: (i) the
gradual cooling (gradual decrease of T from 20 to 3.75 K
at the cooling rate 5.6 × 10−4 K/s, isothermal aging at
T1 = 3.75 K for tw1 = 2.27×104 s, and further gradual de-
crease from 3.75 to 1.9 K at the rate 2.6× 10−4 K/s), and
(ii) the rapid cooling (quenching of the system from 20
to 3.75 K at H = 0 at the rate 0.13 K/s, isothermal
aging at T1 = 3.75 K for tw1 = 3.6 × 104 s, and fur-
ther quenching from 3.75 to 1.9 K at the rate 0.06 K/s).



466 The European Physical Journal B

Fig. 11. T dependence of (a) ∆χ′ and (b) ∆χ′′: single mem-
ory experiments (I and II). f = 0.05 Hz. h = 0.1 Oe. The
measurement (I) (denoted as gradual) was carried out after
the ZFC aging protocol (I): gradual decrease of T from 20 to
3.75 K, isothermal aging at T1 = 3.75 K for 6.3 hours, and fur-
ther gradual decrease from 3.75 to 1.9 K. The measurement (II)
(denoted as quenched) was carried out after the ZFC aging pro-
tocol (II): quenching of the system from 20 to 3.75 K at H = 0,
isothermal aging at 3.75 K for 10 hours, and further quench-
ing from 3.75 to 1.9 K. Both χ′ and χ′′ were simultaneously
measured with increasing T (aging ZFC curves). ∆χ′ and ∆χ′′

are the deviations of the aging ZFC curve from the reference
ZFC curve measured with increasing T after the standard ZFC
aging protocol: quenching from 20 to 1.9 K at H = 0.

Both χ′
mem and χ′′

mem were simultaneously measured with
increasing T (aging ZFC curves) from 1.9 to 8 K at the
rate 1.7 × 10−4 K/s. The reference ZFC curves (χ′

ref and
χ′′
ref ) were measured with increasing T from 1.9 to 8 K

at the rate 1.7 × 10−4 K/s after the standard ZFC ag-
ing protocol: quenching from 20 to 1.9 K at H = 0 at
the rate 0.15 K/s. The results are as follows. (i) For the
case of gradual cooling, ∆χ′ exhibits negative local min-
ima at 3.4 and 3.75 K, while for the case of rapid cooling,
∆χ′ exhibits a negative local minimum at 3.75 K. Above
4.3 K, ∆χ′ is independent of the detail of the ZFC aging
protocol. (ii) The absorption ∆χ′′ exhibits a negative lo-
cal minimum at 3.75 K for both cases of the rapid and
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Fig. 12. T dependence of (a) ∆χ′ and (b) ∆χ′′: double mem-
ory experiment. f = 0.05 Hz. h = 0.1 Oe. H = 0. The measure-
ment was carried out after the ZFC aging protocol: quenching
of the system from 20 to 3.75 K at H = 0, isothermal aging
at 3.75 K for 10 hours, quenching from 3.75 to 3.0 K, isother-
mal aging at 3.0 K for 10 hours, and quenching from 3.0 to
1.9 K. Both χ′ and χ′′ were si multaneously measured with
increasing T (aging ZFC curves). ∆χ′ and ∆χ′′ are the devi-
ations of the aging ZFC curve from the reference ZFC curve
measured with increasing T after the standard ZFC aging pro-
tocol: quenching from 20 to 1.9 K at H = 0.

gradual cooling. Above 4.1 K, ∆χ′′ is independent of the
detail of the ZFC aging protocol. In summary, the equi-
libration at 3.75 K gives rise to a dip in ∆χ′ and ∆χ′′,
suggesting that the memory of spin configurations which
are imprinted during the cooling process, is recalled dur-
ing the heating. The dip of ∆χ′ and ∆χ′′ at 3.75 K for
the rapid cooling is much narrower than that for the grad-
ual cooling. The reason is that in the case of the gradual
cooling the spin configurations at T not equal to 3.75 K
are also imprinted during the cooling process. Similar but
more pronounced single memory effect has been reported
by Jonsson et al. for Ag (11 at.% Mn) [16].

Figures 12a and b show the T dependence of ∆χ′
and ∆χ′′ for the double memory experiment, where T1 =
3.75 K, T2 = 3.0 K, f = 0.05 Hz, and h = 0.1 Oe. The
measurement was carried out after the ZFC aging protocol
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(only in the case of rapid cooling): quenching of the system
from 20 to 3.75 K at H = 0 at the rate 0.13 K/s, isother-
mal aging at T1 = 3.75 K for tw1 = 3.6× 104 s, quenching
from 3.75 to 3.0 K at the rate 0.025 K/s, isothermal ag-
ing at T2 = 3.0 K for tw2 = 3.6 × 104 s, and quenching
from 3.0 to 1.9 K at the rate 0.04 K/s. Both χ′

mem and
χ′′
mem were simultaneously measured with increasing T

(aging ZFC curves). ∆χ′ and ∆χ′′ are the deviations of
the aging ZFC curves from the reference ZFC curves. The
results are as follows. Both ∆χ′ and ∆χ′′ show a small dip
at T2 = 3.0 K and a large dip at 4.2 K. There is no dip
at T1 = 3.75 K. The magnitudes of ∆χ′ and ∆χ′′ for the
double memory effect are smaller than those for the single
memory effect. It seems that the spin configurations which
are imprinted at T1 = 3.75 K during the cooling process
may be partially reinitialized by the spin configurations
imprinted at T2 = 3.0 K. Similar (but more pronounced)
double memory effect has been reported by Jonsson et al.
for Ag (11 at.% Mn) [16]. The condition for the appear-
ance of the dips at T1 and T2 (= T1 − ∆T ) is that the
overlap distance L∆T given by equation (9) with T = T2

is larger than the size RT1(tw1). The spin configurations
imprinted at T1 is partially reinitialized at T2, when ∆T
is larger than the threshold temperature (∆T )t given by

(∆T )t =
(
Υ

3/2
T /T

1/2
1

)
(tw1/t0)−ζ/z(T1). (11)

When tw1 = 3.6 × 104 s, t0 = τ∗ = 5.29 × 10−6 s, and
ζ = 0.385, (∆T )t is estimated as (∆T )t = 0.14Υ 3/2

T . Using
the value of ΥT (≈ 1.12−1.8 K) obtained in Section 4.4,
the value of (∆T )t is estimated as (∆T )t = 0.16−0.33 K,
which is smaller than ∆T = 0.75 K.

4.6 Rejuvenation effect in χ′ and χ′′ under
the T- and H-shifts

The rejuvenation and memory effects in χ′ and χ′′ un-
der the T -shift are observed in our system. Figures 13a
and b show the t dependence of χ′(ω, t) and χ′′(ω, t) at
T1 = 3.55 K under the T -shift between T1 = 3.75 K and
T2 = 3.55 K, where f = 0.05 Hz and h = 0.1 Oe. Here the
data at T1 = 3.75 K are not shown (see the data of χ′′
at T1 = 3.75 K in the previous paper [26]). First our sys-
tem was quenched from 10 K to T1 = 3.75 K at H = 0.
The origin of t (t = 0) is a time when T becomes T1. The
relaxation of χ′ and χ′′ was measured as a function of t
during a period tw1 (≈ 8.2× 103 s). The temperature was
then changed to T2 (the negative T -shift). The relaxation
of χ′ and χ′′ was measured as a function of t for a period
tw2 (≈ 8.2 × 103 s) at T2. The system was again heated
back to T1 (the positive T -shift). These processes were
repeated subsequently. Just after every negative T -shift,
both χ′ and χ′′ do not lie on the reference curves of χ′
and χ′′ at T2 obtained when the system is quenched to
T2 directly from 10 K at t = 0. The values of χ′ and χ′′
are larger than the reference curves, indicating the partial
reinitialization (rejuvenation) in χ′ and χ′′ after the neg-
ative T -shift. Just after every positive T -shift, however,
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Fig. 13. Relaxation of χ′(ω, t) and χ′′(ω, t) at T2 = 3.55 K
during a temperature cycle between T1 = 3.75 K and T2 =
3.55 K. The change of T with t is also shown. t = 0 is a time
just after the standard ZFC aging protocol: quenching of the
system from 50 to 3.75 K at H = 0. The data of χ′′(ω, t) are
the same as those presented in reference [26].

both χ′ and χ′′ lie on to the reference curves of χ′ and χ′′
at T1 obtained when the system is quenched to T1 directly
from 10 K at t = 0, indicating the memory effect in χ′
and χ′′ after the positive T -shift. Note that the reference
curve coincides with a curve where the lowest points for
each relaxation in χ′ and χ′′ are connected as a function
of t. The strong rejuvenation effect for the negative T -shift
is also predicted from numerical study by Takayama and
Hukushima [7] using the MC simulation on the 3D Ising
EA SG model. Here we note that the threshold temper-
ature differences under the positive and negative T -shift
between T1 and T2, (∆T )+ and (∆T )−, are given by

(∆T )+ =
(
Υ

3/2
T /T

1/2
2

)
(tw2/t0)−ζ/z(T2),

(∆T )− =
(
Υ

3/2
T /T

1/2
1

)
(tw1/t0)−ζ/z(T1), (12)

respectively. When T1 = 3.75 K, T2 = 3.55 K, tw1 =
tw2 = 8.2× 103 s, t0 = τ∗ = 5.29× 10−6 s, and ζ = 0.385,
we have (∆T )+ = 0.148Υ 3/2

T and (∆T )− = 0.163Υ 3/2
T :

(∆T )+ = 0.18 K and (∆T )− = 0.19 K for ΥT = 1.12 K.
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Fig. 14. Relaxation of χ′(ω, t) and χ′′(ω, t) during a magnetic-
field cycle between H = 0 and 50 Oe. T = 3.75 K. t = 0 is a
time just after the standard ZFC aging protocol: quenching of
the system from 50 to 3.75 K at H = 0. The data of χ′′(ω, t)
are the same as those presented in reference [26].

Thus the values of (∆T )+ and (∆T )− are comparable to
the difference T1 − T2 = 0.20 K.

The rejuvenation effect in χ′ and χ′′ under the H-shift
is also observed in our system. Figures 14a and b show
the t dependence of χ′ and χ′′ at T = 3.75 K under
the H-shift, where f = 0.05 Hz and h = 0.1 Oe. After
the ZFC aging protocol (quenching from a high tempera-
ture above Tg to a temperature T (= 3.75 K)), χ′ and χ′′
at H = 0 were measured for a period tw1 (≈ 1.3 × 104 s),
where the origin of t (t = 0) is a time when T becomes
3.75 K. The field is changed from 0 to H (= 50 Oe) at
t = tw1, After this H-shift, χ′ and χ′′ were measured for
a period tw2 (≈ 1.3 × 104 s). Subsequently, the field was
turned off from H to 0 and the measurements were carried
out at H = 0 for a period tw1. This process was repeated.
We find that both χ′ and χ′′ undergo drastic jumps un-
der the H-shift (from 0 to 50 Oe) to values higher than
the reference curves at H = 50 Oe. They also undergo
drastic jump under the H-shift (from 50 to 0 Oe) to val-

ues higher than the reference curves at H = 0. These re-
sults suggest that a partial reinitialization (rejuvenation
effect) of χ′ and χ′′ occurs for the H-shifts (0 to 50 Oe
and 50 to 0 Oe). Note that the point at T = 3.75 K
and H ≈ 50 Oe is located on the de Almeida-Thouless
(AT) [30] line in the (H , T ) phase diagram [26]. On this
AT line, the T -derivative dδ/dT shows a local minimum,
where δ = χFC − χZFC.

When the overlap distance LH given by equation (7)
is smaller than the size RT (tw), the spin configuration
imprinted at H = 0 is partially reinitialized at H (> Ht),
where the threshold magnetic field is defined as

Ht = ΥH(tw/t0)−δ/z(T ). (13)

When tw = 3.6× 104 s, t0 = τ∗ = 5.29× 10−6 s, δ = 1.37,
and T = 3.75 K, Ht is estimated as Ht = 8.67 × 10−3ΥH .
Using the value of ΥH (= 2–3 kOe) obtained in Section 4.3,
the value of Ht is estimated as 17–25 Oe, which is lower
than 50 Oe.

5 Discussion and conclusion

The non-equilibrium nature of the spin dynamics in 3D
Ising SG Cu0.5Co0.5Cl2-FeCl3 GBIC has been studied
from the t dependence of χZFC, χ′, and χ′′ after specific
ZFC protocols including the T -shift (∆T ) and H-shifts.
The relaxation rate S(t) shows a peak at tcr (≈ tw), cor-
responding to a crossover from quasi-equilibrium dynam-
ics to non-equilibrium dynamics. The value of tcr strongly
depends on the wait time tw, T , H , and ∆T . The rejuve-
nation effects are observed in χ′ and χ′′ under the negative
T -shift and both the positive and negative H-shifts. The
spin configurations imprinted under the ZFC aging proto-
cols are recalled on heating the system.

We find that the observed change of tcr under the
T -and H-shifts is well explained in terms of the scaling
relations where the overlap lengths L∆T and LH play a
significant role. Under the T -shift from T = Ti to Tf (=
Ti+∆T ), the size of domains are unaffected for sufficiently
small |∆T |, where L∆T is larger than RTi(tw). Then the
relaxation rate S(t) shows a peak at tcr where LTf

(t) is
equal to RTi(tw). In contrast, the size of domains are af-
fected for sufficiently large |∆T |. The overlap length L∆T
becomes lower than RTi(tw). Then S(t) has a peak at
tcr, where LTf

(t) is equal to L∆T . Under the H-shift, the
size of domains are unaffected during the H shift for suf-
ficiently small H , where the overlap length LH is larger
than RT (tw). The value of tcr is dependent on tw. In con-
trast, the size of domains are affected during the H shift
for sufficiently large H , where LH becomes lower than
RT (tw). Then S(t) has a peak at tcr, where LT (t) ≈ LH .

We discuss the scaling relation of the T dependent
relaxation rate S(T, t). As pointed out in Section 4.1
χZFC(T, t) below Tg may be described by a scaling
function

χZFC(T, t) = G(x), (14)
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with x = LT (t)/RT (tw). From the definition, S(T, t) is
derived as

S(T, t) = dχZFC(T, t)/d ln t = (1/z(T ))H(x), (15)

with H(x) = x(dG(x)/dx). It follows that S(t) is de-
scribed by a scaling function H(x) except for the fac-
tor 1/z(T ). When the scaling function H(x) has a peak at
x = a (constant), then S(t) has a peak at t = tcr, where
x = LT (t)/RT (tw) = a. Then tcr is simply described as

ln(tcr/tw) = (Tg/bT ) lna. (16)

When a is larger than 1, ln(tcr/tw) increases with decreas-
ing T . In fact, the least squares fit of the data of ln(tcr/tw)
vs. t with tw = 2.0 × 103 s in Figure 3a (H = 1 Oe)
to equation (16) yields to (Tg/b) ln a = 37.1 ± 1.9. Since
Tg = 3.92 K and b = 0.16, we have a = 4.5 ± 0.4. It is
predicted from equation (15) that Smax increases with in-
creasing T for T < Tg since Smax is linearly dependent on
the factor 1/z(T ) (= bT/Tg). Experimentally, as shown in
Figure 3b with tw = 2.0 × 103 s, the peak height Smax
strongly depends on T . The peak height Smax exhibits a
broad peak around 3.6–3.8 K, just below Tg. The linear
increase of Smax with increasing T below Tg is consid-
ered to be due to the factor 1/z(T ). The decrease of Smax
with increasing T above Tg, however, cannot be explained
in terms of the above model because the scaling relation
is valid only for T < Tg. In Section 4.1 we show that
S(t)/Smax at T = 3.75 K and H = 5 Oe obeys a t/tw-
scaling law for long tw (5.0 × 103 ≤ t ≤ 1.5 × 104 s) and
0 ≤ t ≤ 6.0 × 104 s (see Fig. 4c): S(t)/Smax is well de-
scribed by a scaling function F (t/tw) which has a peak
at tcr/tw ≈ 0.68. Using equation (16), the value of a is
estimated as a = 1.11, indicating that the constant a at
H = 5 Oe is different from that at H = 1 Oe.

Finally we consider the cause of the complicated be-
havior of S(t) at T = 3.75 K for 0 ≤ tw ≤ 750 s. One
of the cause is the way how T approaches 3.75 K during
the ZFC aging protocol. The temperature drops rapidly
to ≈3.50 K and slowly approaches 3.75 ± 0.01 K from
the below (usually) within 230 s. The experiment of S(t)
under the T shift (see Sect. 4.4) suggests that the initial
undercool is not so important because of the temperature
difference larger than the threshould temperature differ-
ence (∆T )t [23]. However, the subsequent approach of T to
3.75 K for a wait time tw0 (≤ 230 s) may play a significant
role in the aging behavior after t = 0 at Tm = 3.75 K. The
threshold temperature difference (∆T )t is estimated as

(∆T )t =
(
Υ

3/2
T /

[
(Tm − (∆T )t)1/2

])

× (tw0/t0)−ζ/z(Tm−(∆T )t), (17)

from the condition that L∆T = RT−∆T (tw0). When t0 =
τ∗ = 5.29 × 10−6 s, ζ = 0.385, and tw0 = 230 s, (∆T )t is
estimated as (∆T )t = 0.24 K for ΥT = 1.12 K and 0.56 K
for ΥT = 1.80 K. This suggests that the spin configuration
at Tm = 3.75 K after t = 0 is affected by that imprinted at
Tm −∆T at the wait time tw0. Note that the value of tcr

at Tm − ∆T is larger than that at Tm for the same tw
(see Fig. 3a). The appearance of two peaks in S vs. t at
0 ≤ tw ≤ 200 s may be associated with two domains
generated for the wait time tw0 at Tm − ∆T and for tw
at Tm.

In conclusion, we have undertaken an extensive study
on the t dependence of the relaxation rate S(t) mainly
below Tg under the various conditions including the T -
and H-shifts. The t dependence of S is well explained in
terms of the scaling relation. The peak of S(t) occurs when
the mean SG domain size LT (t) coincides with RT (tw),
where tw is the wait time. Our results indicate that the
aging, memory and rejuvenation phenomena observed in
our system are very similar to those in conventional spin
glass systems.
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3. H. Yoshino, A. Lemâıtre, J.-P. Bouchaud, Eur. Phys. J. B
20, 367 (2001)

4. M. Picco, F. Ricci-Tersenghi, F. Ritort, Eur. Phys. J. B
21, 211 (2001)

5. L.W. Bernardi, H. Yoshino, K. Hukushima, H. Takayama,
A. Tobo, A. Ito, Phys. Rev. Lett. 86, 720 (2001)

6. H. Yoshino, K. Hukushima, H. Takayama, Phys. Rev. B
66, 064431 (2002)

7. H. Takayama, K. Hukushima, J. Phys. Soc. Jpn 71, 3003
(2002)

8. H. Takayama, J. Mag. Mag. Mater. 272-276, 256 (2004)
9. L. Berthier, J.-P. Bouchaud, Phys. Rev. Lett. 90, 059701

(2003)
10. L. Lundgren, in Relaxation in Complex Systems and

Related Topics, edited by I.A. Campbell, C. Giovannella
(Plenum Press, New York, 1990), p. 3

11. J. Hammann, M. Ocio, E. Vincent, in Relaxation in
Complex Systems and Related Topics, edited by I.A.
Campbell, C. Giovannella (Plenum Press, New York,
1990), p. 11

12. P. Nordblad, P. Svedlindh, L. Lundgren, L. Sandlund,
Phys. Rev. B 33, 645 (1986)

13. P. Granberg, L. Sandlund, P. Nordblad, P. Svedlindh, L.
Lundgren, Phys. Rev. B 38, 7097 (1988)

14. C. Djurberg, K. Jonason, P. Nordblad, Eur. Phys. J. B 10,
15 (1999)



470 The European Physical Journal B

15. Y.G. Joh, R. Orbach, G.G. Wood, J. Hammann, E.
Vincent, Phys. Rev. Lett. 82, 438 (1999)

16. T. Jonsson, K. Jonason, P. Jönsson, P. Nordblad, Phys.
Rev. B 59, 8770 (1999)

17. K. Jonason, P. Nordblad, E. Vincent, J. Hammann, J.-P.
Bouchaud, Eur. Phys. J. B 13, 99 (2000)

18. J.-P. Bouchaud, V. Depuis, J. Hammann, E. Vincent,
Phys. Rev. B 65, 024439 (2001)

19. V. Dupuis, E. Vincent, J.-P. Bouchaud, J. Hammann, A.
Ito, H. Aruga Katori, Phys. Rev. B 64, 174204 (2001)

20. P.E. Jönsson, H. Yoshino, P. Nordblad, H. Aruga Katori,
A. Ito, Phys. Rev. Lett. 88, 257204 (2002)

21. P.E. Jönsson, H. Yoshino, P. Nordblad, Phys. Rev. Lett.
89, 097201 (2002)

22. V.S. Zotev, G.G. Kenning, R. Orbach, Phys. Rev. B 66,
014412 (2002)

23. V.S. Zotev, G.F. Rodriguez, R. Orbach, E. Vincent, J.
Hammann, Phys. Rev. B 67, 184422 (2003)

24. F. Bert, V. Dupuis, E. Vincent, J. Hammann, J.-P.
Bouchaud, Phys. Rev. Lett. 92, 167203 (2004)

25. G.F. Rodriguez, G.G. Kenning, R. Orbach, Phys. Rev.
Lett. 91, 037203 (2003)

26. I.S. Suzuki, M. Suzuki, Phys. Rev. B 68, 094424 (2003)
27. G.G. Kenning, G.F. Rodriguez, R. Orbach,

arXiv: cond-mat/0402509 (2004)
28. P.E. Jönsson, H. Yoshino, P. Nordblad, Phys. Rev. Lett.

90, 059702 (2003)
29. J.-O. Andersson, J. Mattsson, P. Svedlindh, Phys. Rev. B

46, 8297 (1992)
30. J.R.L. de Almeida, D.J. Thouless, J. Phys. A 11, 983

(1978)


