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Stage-2 CoCl, graphite intercalation compound undergoes two magnetic phase transitions at 7,; (=7.0 K)
and T, (=8.9 K). The aging dynamics of this compound is studied near T,; and T,,. The intermediate state
between T,; and T, is characterized by a spin-glass phase extending over ferromagnetic islands. A genuine
thermoremnant magnetization (TRM) measurement indicates that the memory of the specific spin configura-
tions imprinted at temperatures between T,; and T, during the field-cooled (FC) aging protocol can be recalled
when the system is reheated at a constant heating rate. The zero-field cooled (ZFC) and TRM magnetization is
examined in a series of heating and reheating processes. The magnetization shows both characteristic memory
and rejuvenation effects. The time (r) dependence of the relaxation rate Szgc()=(1/H)dMzec(7)/d In ¢ after the
ZFC aging protocol with a wait time ¢,, exhibits peaks at two different characteristic times in the intermediate
state between T, and T,,. This result indicates the coexistence of two types of ordered domains. The observed

aging and memory effects are discussed in terms of the droplet model.
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I. INTRODUCTION

Magnetic phase transitions of stage-2 CoCl, graphite
intercalation compound (GIC) have been extensively
studied.’”!"" This compound magnetically behaves like a
quasi-two-dimensional (2D) XY-like ferromagnet with a very
weak antiferromagnetic interplanar interaction. The interca-
late layers are formed of small islands whose average diam-
eters are on the order of 450 A. The peripheral chlorine ions
at the island boundary provide acceptor sites for charges
transferred from the graphite layer to the intercalate layer.
This compound undergoes magnetic phase transitions at 7.,
(=8.9 K) and T,; (=7.0 K). The growth of the in-plane spin
correlation length &, is limited by the existence of the is-
lands, making the effective interplanar exchange interaction
finite and suppressing the 3D spin ordering to a lower tem-
perature than T,,. At T, a 2D ferromagnetic spin order de-
velops inside each island. Between 7, and T, the 2D ferro-
magnetic long range order (LRO) is established. The in-
plane spin correlation length grows to the order of the island
size at T,;. Below T, the system is in a 3D antiferromagnetic
phase with the 2D ferromagnetic layers being stacked anti-
ferromagnetically along the ¢ axis.

However, it seems that such a simple picture for the or-
dering process below T, is not appropriate for the peculiar
phenomena observed so far in stage-2 CoCl, GIC,*>"?
which are rather characteristic of the spin-glass (SG) phase.
Further it may be also inconsistent with the following experi-
mental results. (i) The absorption x” shows peaks at T,; and
T.,- The peak at T, shifts to the high-T side with increasing
ac frequency f, while the peak at T, remains unshifted.'? (ii)
The spin correlation length along the ¢ axis, &., grows rap-
idly below T, but quickly saturates to a constant value of
22 A, or less than two magnetic layers (the c-axis repeat
distance d=12.70 A).*4
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FIG. 1. (Color online) (a) T dependence of Mzgc, Mpc, Mrrms
and AM (=Mpc—Myzgc) for stage-2 CoCl, GIC. H=1 Oe. (b) T
dependence of Myry at H.=1.0 and 0.15 Oe and AM at H=H,
=1 and 0.15 Oe. T,,=8.9 K.
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Under such a circumstance, we performed a series of ex-
periments on the dynamical aspect of the ordering process.
Most of them are used to study the aging dynamics (aging,
memory and rejuvenation) of SG’s. In this paper we study
the aging dynamics of stage-2 CoCl, GIC near T, and T,,.
Our experiments include (i) genuine thermoremnant magne-
tization (TRM), (ii) relaxation rate of the zero-field cooled
(ZFC) magnetization, (iii) ZFC magnetization and TRM
magnetization in a series of heating and cooling process
which is the same procedure used by Matsuura et al.’> for
stage-2 CoCl, GIC, and (iv) field-cooled (FC) magnetization
in a FC aging protocol (with an intermittent stop for a wait
time in the absence of a magnetic field) which is the same
protocol used by Sun et al.'> for permalloy (Nig;Fe o) nano-
particles.

We show that the intermediate state is a SG ordered phase
extending over ferromagnetic islands. The magnetization
shows both characteristic memory and rejuvenation effects.
The time (¢#) dependence of the relaxation rate Sypc(?)
=(1/H)dM zpc(t)/d In ¢ after the ZFC aging protocol with a
wait time ¢,, exhibits peaks at different characteristic times in
the intermediate state between 7, and T,,. The observed ag-
ing and memory effect will be discussed in terms of the
droplet model.'3-1

II. EXPERIMENTAL PROCEDURE

A stage-2 CoCl, GIC sample was prepared by intercala-
tion of pristine CoCl, into a single crystal of kish graphite in

a Cl, gas atmosphere at 740 Torr for three weeks at 540 °C.
The sample used in the present experiment is one used in the
previous experiments.'®!! The dc magnetization and ac mag-
netic susceptibility were measured using a SQUID magneto-
meter (Quantum Design, MPMS XL-5) with an ultra low
field capability option. Before the measurement, a remnant
magnetic field was reduced to zero field (exactly less than
3 mOe) at 298 K. We measured the dc magnetization as a
function of temperature after various kinds of cooling proto-
col. The detail of the cooling protocol for each experiment
will be presented in Sec. III. We also measured the time
dependence of the ZFC magnetization at various wait times.

III. RESULT

A. T dependence of Mzpc, Myc, Myrm, and AM
(=Mgc—Mzrc)

In the previous paper,'® we have studied the dynamic as-
pect of in-plane spin ordering in stage-2 CoCl, GIC from
both the dispersion x’ and absorption y” at f=0.1 Hz ac-
quired using an ac magnetic susceptibility. The absorption x”
shows three peaks at T=T,, (=8.9 K), T,; (=8.4 K), and T,
(=7.0 K), while x" has a single peak at T,,. These results
indicate that this compound undergoes two magnetic phase
transitions at T,; and T,,,.

In order to see how these successive magnetic phase tran-
sitions are observed in the dc magnetic susceptibility, we
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FIG. 3. (Color online) T dependence of AMpy(T;Ty,t,)
(=M (T3 Ty 1) = ME(T)]. 1,=1.0X 10 5. 6.4<T,<9.1 K. H,
=10e. (a) 66<T<74K. (b) 7.6=<T<83K. (c) 85=<T
=9.1 K.

measured the temperature (7) dependence of the magnetiza-
tion Mygc, Mgc, and Mgy in the case of H=1 and 0.15 Oe.
(a) The ZFC magnetization (M zpc) measurement. The sys-
tem was annealed at 50 K for 1.2X10° s in the absence
of H. The system was cooled from 50 to 1.9 K at H=0
(ZFC aging protocol). After the system was aged at 1.9 K for
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FIG. 4. (Color online) T, dependence of the peak height of
AM (T Ty, t,) denoted by (AMry)max- The curve of AMpy VS
T shows a peak at Ty. T, dependence of the full-width at half-
maximum (=ATgwm) for the peak of the curve of AMypy vs T
located at 7=Tj.

t,=1.0X10% s at H=0, the magnetic field is applied at H
(=1 and 0.15 Oe). Subsequently M- was measured with
increasing 7 from 1.9 to 12 K at the rate of 0.025 K/minute.
(b) The FC magnetization (Mgc) measurement. The system
was annealed at 50 K for 1.2X 10% s in the presence of H
(=1 and 0.15 Oe). Then the system was cooled from
50 to 12 K in the presence of H (FC aging protocol). The
magnetization Mg was measured with decreasing T from
12 to 1.9 K. (c) The thermoremnant magnetization (Mygy;)
measurement. The system was cooled from 50 to 1.9 K in
the presence of H=H, (=1 and 0.15 Oe) through the FC
aging protocol. After the system was aged at 1.9 K for
t,=1.0X10% s, the field was cut off (H=0). Then the mag-
netization Mgy Was measured with increasing 7 from
1.9 to 12 K. Note that the remnant magnetic field effect on
the magnetization curves is corrected.

Figure 1(a) shows the T dependence of Mypc, Mg,
Mgy, and AM=Mpc—M e for H=1 Oe. The magnetiza-
tion Mypc exhibits a peak at 8.3 K close to T),;, which re-
mains unchanged with decreasing H from 1 to 0.15 Oe. The
deviation of Mypc from Mpc starts to occur below 10.5 K,
due to the irreversibility effect of magnetization. Figure 1(b)
shows the T dependence of Mgy for H.=0.15 and 1 Oe,
and AM for H=0.15 and 1 Oe. The magnetization Mgy at
H_.=1 Oe exhibits a local maximum at 8.70 K. The local-
maximum temperature increases with decreasing H,. and
reaches 8.85 K at H.=0.15 Oe, which is very close to T.,.
Although AM at H=H, (=0.15 and 1 Oe) is smaller than
Mry at H.=H,, below 10 K, the T dependence of AM at
H=H, is similar to that of Mgy at H.=H,,. The derivative
dM1g\/dT exhibits a negative local minimum at 7=6.9 K
for H.=1 Oe and at T=T,; (=7.0 K) for H.=0.15 Oe.

B. Genuine TRM measurement

We present a memory effect observed in the so-called
genuine TRM magnetization measurement of stage-2 CoCl,
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FIG. 5. (Color online) ¢ depen-
dence of Sypc(f) at various 1,
(t,1=2.0X 107 s, £,,=1.0X 10* s,
and 1,3=3.0X10*s). H=1 Oe.
(a) T=7.0K, (b) 7.5 K, (c) 8.0 K,
and (d) 8.5 K. The lines denote

the least-squares fits to a SER
given by Eq. (2) for Sypc vs ¢ in
the vicinity of the peak time 7.
The fitting parameters 7 and n for
each T are shown in Figs. 6(a) and
6(b). The inset of (a) shows the
relation between 7, and t,,.
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GIC. Similar behavior is observed in SG’s.'®1° Our system
was cooled from 50 K to an intermittent stop temperature 7,
(6.0=<T,<9.1 K) in the presence of H=H, (=1 Oe) (stop-
wait process). The system was aged at T, for a wait time z,
(=1.0x10*s) at H=H,, and subsequently it was cooled
again down to 3.0 K. After the magnetic field was switched
off at 3.0 K, the TRM magnetization was measured with
increasing T from 3.0 to 12 K at H=0. This value of the
TRM magnetization is compared with that of the TRM mag-
netization which was measured with increasing 7' after the
FC aging protocol without any stop-wait process [Mie(T)
as the reference curve]. Here we define the difference
AM (T3 T, 1) as

AMpp(T'5 T ty) = Myppi(T5 T ) — MrTelgM(T)' (1)

Figure 2 shows the T dependence of Mypy(T)(T;T,,t,)
(stop-wait curve) and M%QM(T) (reference curve) at t,=1.0
X 10* s for typical stop temperatures (7,=6.6, 7.2, 8.0, and
8.5 K). The reference curve and the stop-wait curves coa-
lesce at low temperatures and only start to deviate as T is
approached from the low T side. The stop-wait curves lie
significantly above the reference curve in the vicinity of 7.
Figure 3 shows the T dependence of AM r\(T';T,,1,) at vari-
ous T,. The difference AMp\(T'; T, 1,) shows either a sym-
metric broad peak centered at 7=T7, for 7,<7.4 K or an
asymmetric cusp centered at T=T, for 7.6 K<T<T,,. The
peak of AMppm(T;Ty,1,) is not clearly observed for T,
=< 6.0 K. The result indicates that the spin configuration im-

t (sec)

printed at 7, is recovered on reheating. In this sense, the
system sustains a memory of an equilibrium state reached
after a stop-wait process at T,. Such phenomena are com-
monly observed in various kinds of SG’s. Figure 4 shows
the 7, dependence of the peak height of the curve
AMpm(T;Ty,t,) vs T located at 7, [denoted by
(AM trm)max)- The peak height exhibits a sharp peak at T,
=T,,. It decreases with further increasing 7 and tends to zero
around 7,,. As will be discussed in Sec. IV C, the magneti-
zation (AM-gy)max is Toughly proportional to & between T,
and T,,. The increase of (AMry)max With decreasing T be-
tween T, and T, suggests that &, increases with decreasing
T from T,, to T,,;. In Fig. 4 we also show the T, dependence
of the full-width at half-maximum [=ATgwy] for the peak
of the curve AM gy vs T located at T=T,. The full-width at
half-maximum ATgwpy exhibits a peak around T =T,,. It is
on the order of 1.2 K at 7,=7,, and 0.4 K around 7,=T,,.
The T, dependence of ATgwpy Will be discussed in terms of
the overlap length of the droplet model'*~!> for SG’s in Sec.
IV D.

C. Relaxation rate Szpc(?)

We have measured the ¢ dependence of M pq(f) at the
fixed T for various wait time #,, (1,;=2.0X103s, #,,=1.0
X 10* s, and #,,;=3.0 X 10* s), where H=1 Oe. The measure-
ments were carried out after the ZFC aging protocol: anneal-
ing of the system at 7=50 K and H=0 for 1.2X10%s,
quenching from 50 K to T at H=0, and isothermal aging at T
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for ¢,,. The origin of ¢ (r=0) is a time just after H=1 Oe is
applied at T. The magnetization M xc increases with increas-
ing ¢, depending on t,, and 7.

Figures 5(a)-5(d) show typical examples of the ¢ depen-
dence of the relaxation rate Sypc(¢) [=(1/H)dMypc(1)/
dlIn¢] at fixed T (T=7.0, 7.5, 8.0, and 8.5 K), where 1,, is
varied as a parameter. At 7=7.0 K [see Fig. 5(a)], Szpc(?)
exhibits a single peak at a characteristic time 7., which shifts
to a longer-t side with increasing #,,. The peak time z,., is
proportional to t,,: f.,./t,,=0.56+0.02 as shown in the inset of
Fig. 5(a). This result reflects the influence of the aging pro-
cess on the relaxation of the system. Similar aging behavior
is observed for S;pc(7) at T=7.5 K [see Fig. 5(b)]. Note that
no peak is observed for Sypc(7) at r,=t,3 for 0<r<t,;, in-
dicating that ¢, is at least longer than t,;. The shape of
Szpc(f) in the vicinity of r=t, is well described by a
stretched exponential relaxation (SER) given by

Szrc(t) =Sy

max

e(t/n)" " exp[— (t/7)' 7], (2)

where 7 is the SER relaxation time, n is the SER exponent,
Y . is the peak height, and e is the base of natural logarith-
mic. The value of 7is equal to that of ... The lines in Figs.
5(a) and 5(b) denote the least-squares fits to the SER given
by Eq. (2) for Szpc(#) in the vicinity of the peak time 7.,.. We
note that the deviation of S p-(f) from the SER occurs at
t>t,, and t<t,,.

At T=8.0 K [see Fig. 5(c)], Sypc(r) for t,=t, exhibits
two broad peaks at r=f., (=3.2X10%s) and 7., (=2.5
X 10* s). The shape of Syrc(#) is well described by two SER
curves showing peaks around 7., and z,,,. These results sug-
gest the coexistence of correlated domains and isolated
single domains (see Sec. IV B). In contrast, Sypc(r) at
t,=1,1(<t,3) is described by a single SER centered at t
=t,=1.1X10%s. Similar behaviors are also observed at T
=8.5 K [see Fig. 5(d)] and 9.0 K (the data are not shown in
the text).

Figure 6(a) shows the T dependence of the SER relaxation
times 7 which are determined from the least-squares fit of the
data [Sypc(r) vs ] at various £, in the vicinity of the peak
times. For T=T,, there is a single relaxation time 7 which
depends on ¢,,. In Fig. 6(a) we show only the T dependence
of 7(t,,;) and 7(¢,3), which are related to the growth of cor-
related domains over different ¢,, (see Sec. IV B). For T,
<T<T,, the relaxation time 7(t,3) separate into two relax-
ation times, 7(¢,3) for the isolated single domains and
7(t,3) for the correlated domains. The relaxation time
7,(t,3) decreases with increasing T, while 7,(7,3) exhibits a
peak around 7=7.5 K and decreases with further increasing
T. Tt seems that 7,(¢,,3) diverges as T is approached T, from
the high-7 side. Note that the relaxation time observed at
t,,=1,, is located on the curve of 7,(z,3) vs T. In contrast, the
relaxation time 7(z,,;) continuously decreases with increasing
T, showing a local minimum around 7=8.0 K. It coincides
with 7,(¢,3) at T=T,,.

Figure 6(b) shows the T dependence of n determined from
the least-squares fit of the data [Szpc(#) vs £] in the vicinity of
7(t,3), 7i(t,3), and 7(z,,;) to Eq. (2), respectively. We find
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FIG. 6. (Color online) T dependence of the fitting parameters 7
and n. H=1 Oe. (a) 7vs T and (b) n vs T at various t,, [t,,=t,,; (V),
ty (O), 1,3 (@, A, O, N)]. For t,=t,3, two SER peaks are ob-
served at t<3.0X10° s (A, A) and r>1.0X10*s (@, O) above
8.0 K. 7is equal to the peak time 7., of the curve Szgc(2) vs t at the
fixed 7. In order to check the reproducibility of the data at 7,,=t,3,
the measurements were carried out twice independently: n and 7
(O, A) for the first measurement and 7 (@, A) for the second
measurement. The data of Figs. 5(a) and 5(b) correspond to those of
the second measurement. The arrows indicate the location of 7,
and T,

cu

that n is well described by a single function of 7, in spite of
the different SER forms at 7,(z,3), 7,(¢,3), and 7(z,,;). The
exponent n is characterized by the large value of n below T,
and the decrease of n with increasing 7: n=0.78+0.01 at T
=T, and n=0.28 at T=T,,. These features are in agreement
with those reported in typical spin-glass systems such as
Eug4Sro¢S (n=0.83 at Tgg=1.3 K, the spin freezing tem-
perature Tgg=1.5 K) (Refs. 20 and 21) and Cu,;sCosCl,-
FeCl; graphite bi-intercalation compound (7=0.85 at T
=33 K, Ts5=3.92 K).?> In both systems, n decreases with
increasing T and is nearly equal to 0.70 at T=Tgg.

D. Memory effect for Mgy and Mzpc

Here we present our result on memory phenomena of
M ry and M ypc for stage-2 CoCl, GIC, which is observed in
a series of heating and cooling processes. Such a character-
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FIG. 7. (Color online) (a) TRM case. Repeated processes of
heating from 7;=3.0 K to 7, (U-turn temperature), cooling from T,
to T;, and reheating from 7; K to T,,; (>T,) in the absence of H,
after the FC aging protocol (quenching from 50 K to T; at H=H,
=1 Oe and annealing at T; for 1.0 X 107 s). (b) ZFC case. Repeated
processes of heating from 7;=3.0 K to 7, (U-turn temperature),
cooling from T, to T;, and reheating from T; to T,,; (>T,) in the
presence of H (=1 Oe), after the ZFC aging protocol (quenching
from 50 K to T; at H=0 and aging at T; for 1.0 X 10% s).

istic phenomenon has been predicted theoretically in SG
based on a successive bifurcation model of the energy level
scheme below the spin freezing temperature.’

(i) TRM case: Before the TRM magnetization measure-
ment, a FC aging protocol was carried out, consisting of (a)
annealing of the system at 50 K for 1.2X 10% s in the pres-
ence of H (=1 or 0.15 Oe), (b) quenching of the system from
50 K to T=T;=3.0 K, and (c) aging the system at T=T; at H
for a wait time #,,=1.0 X 10% s. Just after the magnetic field
was turned off, the TRM magnetization was measured with
increasing T from T;(=3.0K) to T; (=4.5K) (the first
U-turn temperature) and subsequently with decreasing T
from T to T; (the cooling process). In turn, it was measured
with increasing T from T; to T, (=5.0 K) (the heating pro-
cess) and subsequently with decreasing T from T, to T; (the
cooling process). This process was repeated for the U-turn
temperatures T, (r=3-11), where T,> T;. The schematic dia-
gram of these processes for the TRM measurement is also
shown in Fig. 7(a).
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FIG. 8. (Color online) (a) and (b) T dependence of Mgy mea-
sured at H=0 in a series of heating (closed circles) and cooling
(open circles) processes [see Fig. 7(a) and text for detail] after the
FC aging protocol of the system from 50 to 7;=3.0 K in the pres-
ence of H, (=1 Oe). Note that the data of Mgy, shown here are
corrected one by the subtraction of the data of Mgy vs T obtained
with decreasing T from 7 (=12 K) to 2.0 K, which may be affected
by the remanent magnetic field (=3 m Oe).

Figures 8(a) and 8(b) show typical examples of the T
dependence of Mgy, obtained using the above procedure,
where H.=1 Oe. The value of My lies between those of
MrTelgM and M =0 line at any T below T,,. Here the magneti-
zation Mgk, is measured with increasing T from T; to 12 K
at H=0 after the FC aging protocol at H=H,.=1 Oe. Figure 9
shows typical examples of the path of Mgy Vs T obtained in
both the cooling process (T=T,— T;) and the heating process
(T=T;—T,), where T,=7.0, 7.4, 7.8, 8.2, 8.6, and 8.9 K.
Figure 10(a) shows the T, dependence of M, and M;, where
M, and M; are the values of Mgy at T=T, and T; in the
cooling process (T=T,—T;), respectively. Figure 10(b)
shows the T, dependence of the derivative dM;/dT,. It ex-
hibits a negative local minimum at 7,=7,=7.0 K. Figure
10(c) shows the difference AMiT,RM (=M;—M,) which is de-
rived from Fig. 10(a). For T,<7.0 K, the path of Mxp(T])
in the cooling process (T=T,— T;) is almost the same as that
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of Mrm(T7T) in the heating process (I'=T;— T,) indicating
that Mgy vs T curve is reversible on cooling and heating.
For T,=7.8 K, however, the Mgy vs T curve is irreversible
in the cooling and heating processes. For 7,=8.6 and 8.9 K,
the curve of Mgy vs T shows a broad peak around 7,; and a
local minimum between T,; and 7,, in both the cooling and
heating processes between T,; and T,,. Figure 11(a) shows
the difference AM gy [=Mrm(TT) = Mrm(T])] as a func-
tion of 7 for various T,. The difference AMzy exhibits a
positive peak at a characteristic temperature TTRM below T.,.
The peak temperature TTRNI linearly increases Wlth increas-
ing T, through the relatlon TTRM—T =-03 K for 7.8<T,
<89 K.

The intermediate state between 7, and 7, has character-
istics of both ordered and disordered states, because of the
following reasons. As shown in Fig. 10(c), AM ™ is posi-

tive (or M;>M,) for T,<T,. It becomes zero when T, is

T(K)

nearly equal to T, and takes a negative local minimum at
T,=T., The disordered nature of the intermediate state is
characterized by the negative value of AM "™ (or M;<M,).
Thus the intermediate state is a sort of disordered state. This
feature is in contrast to that of AM;*™ >0 for a FM state of
normal ferromagnets. However, the intermediate state also
exhibits a memory effect which is one of the main features of
the ordered state. The value of M1z at 7, almost remains
unchanged after the cooling process from 7, to 7; and the
heating process from 7; to T,. In this sense, the intermediate
state is a sort of ordered state: SG ordered phase extending
over ferromagnetic islands.

(ii) ZFC case: Before the ZFC magnetization measure-
ment, a ZFC aging protocol was carried out. It consists of the
following process: (a) annealing of the system at 50 K for
1.2X 103 s in the absence of H, (b) quenching of the system
from 50 K to 7;=3.0 K, and (c) aging at T; and H=0 for a
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which are obtained in the measurement of Mrtry With decreasing T’
from T, to T; [see Fig. 8(a)]. (b) T, dependence of dM;/dT,. (c) T,
dependence of AM;*M (=M;-M,).

wait time 7,,=1.0X 10% s. Just after the magnetic field (H
=1 Oe) is applied to the system, the ZFC magnetization
M zrc was measured using the same procedure of heating and
cooling: T;—»T,—T,—T,—T;,—T;—T,— and so on,
where T, (r=1,2,...) is the U-turn temperature and 7,>T;.
The schematic diagram of these processes is shown in Fig.
7(b). Figures 12(a) and 12(b) show the T dependence of
Mypc using the above method. Note that the value of Mypc
lies between those of Mii. and M. at any T below T,,.
Here M} is measured with increasing 7 from T; to 12 K at
H=1 Oe after the ZFC aging protocol. The magnetization
ML is measured with decreasing T from 12 K to 7} in the
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FIG. 11. (Color online) (a) T dependence of AMqygy
[=Mgm(TT)=Mgm(T )] for 6.0 K<T<T,. T,=7.8, 8.2, 8.6, and
8.9 K. (b) T dependence of AMypc [=Mypc(T1)=Mzpc(T|)] for
60 K=T<T,. T,=7.8, 8.2, 8.6, and 9.0 K.

presence of H (=1 Oe). Figure 13 shows typical examples of
the path of Myrc vs T obtained in both the cooling process
(T=T,—T;) and the heating process (T=T;—T,), where T,
=7.8, 8.2, 8.6, and 9.0 K. For 7,<7.4 K, the path of
Myec(T ) in the cooling process (T=T,— T;) is the same as
that of Mp(T7) in the heating process (T=T;—T,), indi-
cating that M,p- vs T curve is reversible on cooling and
heating. For 7,=7.8 K, however, M c(T) is irreversible in
the cooling and heating processes. For 7,=9.2 K, both the
path of M,-(T|) in the cooling process (T=T,— T;) and the
path of Mp(T7) in the heating process (I'=T;—T,) coin-
cide with that of M{fé which is obtained by cooling from the
PM phase to T=T; in the presence of H (=1 Oe).

Figure 14(a) shows the T, dependence of M, and M,
where M, and M, are the values of M- at T=T, and 7; in
the cooling process (T=T,— T;), respectively. Figure 14(b)
shows the 7, dependence of the derivative dM;/dT,. It ex-
hibits a local maximum at 7,=T.,=7.0 K. Figure 14(c)
shows the difference AMZ'C (=M;—M,) which is derived
from Fig. 14(a). For T,<T,, AM“*C is positive but is nearly
equal to zero, M;=M,. At T,=T,, AM,.Z,FC starts to increase
with increasing T,. At T,~8.2 K where M, exhibits a peak,
AMinFC drastically increases with further increasing 7',. For
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(open circles) processes [see Fig. 7(b) and the text for detail], after
the ZFC cooling of the system from 50 to 3.0 K in the absence of
H.

T,>T,.,, M, reaches the equilibrium value. Note that M, is
56% value at T,=T,, and 98% at T,=T,, of the equilibrium
value. This result also supports that the intermediate state has
the nature of the ordered state.

Figure 11(b) shows the difference AMypc [=Mpc(T1)
—M (T ] )] as a function of T for various T,. The difference
AM ;- exhibits a negative local minima at a characteristic
temperature TZ € below T,. The T dependence of AMpc is
almost the sarne as that of —AM ;. Note that TZFC for the
ZFC process is exactly the same as TTRM for the TRM pro-
cess at the same T,. In other words, the magnetization gained
in the TRM process corresponds to the magnetization lost in
the ZFC process. This result supports the fundamental rela-
tion

Mzpc(t,,1) = Mpc(0,1 + 1,,) = Mgy (t,,.1) (3)

between the time relaxation of TRM, FC, and ZFC magneti-
zation at low H in SG’s.2 Similar behavior is observed in
the genuine TRM and ZFC measurements of spin-glass
Ag(11 at. % Mn).'°

PHYSICAL REVIEW B 73, 184414 (2006)

E. Memory effect for Mg

We present a peculiar memory effect observed in our sys-
tem using a unique FC aging protocol. Similar behavior is
observed in SG’s and superparamagnets.'>?* The result is
shown in Fig. 15. First our system was cooled through the
FC aging protocol from 50 K to intermittent stop tempera-
tures T, (=8.5, 6.5, 4.5 K) in the presence of H,=1 Oe.
When the system was cooled down to each T, the field was
cut off (H=0) and aged at T, for t,, (=3.0X 10* s). In this
case, the magnetization M IFSC(Tl) decreases with time due to
the relaxation. After the wait time 7, at T, the field (H,
=1 Oe) was applied again and the FC aging process was
resumed. Such a FC aging process leads to a steplike behav-
ior of MLSC(TL) curve. The value of M;SC(TL) after resuming
below the lowest stop temperature behaves almost in parallel
to that of the FC magnetization without the intermittent stops
(as reference curve). After reaching 1.9 K, the magnetization
M}:SC(TT) was measured in the presence of H (=1 Oe) as the
temperature is increased at the constant rate (0.05 K/min).
The magnetization M «(T1) thus measured exhibits a broad
peak at a characterlstlc temperature 7,=5.3 K and a peak at
T,=7.9 K. The spin configuration imprinted at the intermit-
tent stop at 7 for a wait time 7,, at H=0 during the FC aging
process strongly affects the 7' dependence of MIFSC(TT) when
the temperature is increased, exhibiting a peculiar memory
effect. Figure 15(c) shows the T dependence of the difference
AMLSC between MFC(TT) and M «(T']). Such an oscillatory
behavior in AMFC has been reported in superparamagnets,
superspin glasses, and spin glasses. Sasaki et al’* have
shown that the aging and memory effects originate solely
from a broad distribution of relaxation times. This model
may be true for the SG phase extending over ferromagnetic
islands. When the field is cut off at T=T, for ¢, (=3.0
X 10* s), the magnetic moments of the system formed of
small islands whose relaxation times are longer than ¢, are
frozen in when the cooling is restarted. These frozen states
are reactivated when the system is reheated at 7.

IV. DISCUSSION
A. Ordered and disordered nature of intermediate state

From our result on the memory effect for Mgy presented
in Sec. III D, we find that the intermediate state between T,
and T, has characteristics of both ordered and disordered
states. The disordered nature of the intermediate state is char-
acterized by the negative value of AM ;™™ (or M;<M,). This
feature is in contrast to that of AM~"'>0 for a ferromag-
netic state of normal ferromagnets. However, the intermedi-
ate state also exhibits a memory effect as an ordered state.
The value of Mgy at 7, almost remains unchanged after the
cooling process from 7, to 7; and the heating process from 7
to 7,. In this sense, the intermediate state is a sort of ordered
state. Such a characteristic phenomenon is explained in terms
of intermediate state with intraisland order and partial inter-
island order. But if the intermediate state is a completely
interisland-disorder state, then thermal equilibrium Mgy in
the state should be always zero. The memory effects ob-
served here indicate that the intermediate state is a SG phase
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extending over islands, where each island is ferromagneti-
cally ordered. The observed characteristic two-step ordering
could be understood thermodynamically as a hierarchy one
that the SG phase extending over islands occurs at T, and
the 3D order occurs at 7,; as an equilibrium state, due to the
enhanced interplanar interaction.

B. The domain size from the relaxation rate Sy pc(f)

The aging behavior of Szpc(7) after the ZFC aging proto-
col can be understood in terms of the droplet model.'3~!> The
ZFC aging protocol process is completed at 7,=0, where ¢, is
defined as an age (the total time after the ZFC aging protocol
process). Then the system is aged at T under H=0 until ¢,
=t,,, where t,, is a wait time. Correspondingly, the size of
domain defined by R/(t,) grows with the age r, and reaches
Ry(t,,) just before the field is turned on at t=0 or t,=t,,. The
aging behavior in M pc(f) is observed as a function of the
observation time . After =0, a probing length L;(f) corre-
sponding to the maximum size of excitation grows with z, in
a similar way as Ry(t,). When L(t) <R;(t,,), quasiequilib-
rium dynamics is probed, but when Ly(r)> R(t,,), nonequi-
librium dynamics is probed. It is predicted that the relaxation
rate Sypc(¢) exhibits a peak when r=t,,.%

In Sec. I C we show that Sypc(7) exhibits two peaks at
t=7/(t,3) and at t=7,(t,,3) in the intermediate state, where
t,3=3.0X10* s. The T dependence of 7(t,3) and 7(t,5) is
shown in Fig. 6(a). The time 7,(¢,3) is much longer than
7,(t,,3) just below T,,. The ratio  [=7,(t,,3)/ 71(t,,3)] is nearly

independent of 7 between 8.0 and 9.0 K: (=8.7 at T
=8.0 K and 10.4 at T=9 K, respectively. These results sug-
gest that two kinds of characteristic domains with sizes
Lt=m7/(t,3)] and L;{t=7,(¢,3)] coexist in the system. The
domain size L;{t=7,(z,3)] may correspond to the size of iso-
lated small island (domain) just below T,. The domain size
Lt=7(t,3)] increases as T approaches T,; from the high-T
side. In contrast, the size L;{t=7,(t,3)] is much larger than
the size L{t=7(t,3)] just below T.,. These domains may be
formed of several small islands through the interisland inter-
actions. The domain size L{t=7,(t,3)] increases with de-
creasing T below T, and takes a maximum at 7=7.5 K. The
decrease of Ly{t=m,(t,3)] between T,; and 7.5 K may be re-
lated to the frustrated nature of the antiferromagnetic inter-
planar interactions between domains between adjacent inter-
calate layers. The domain size L{t=7,(t,3)] becomes equal
to the domain size L{t=7,(t,3)] at T=T,,.

In the low temperature phase below T, Sypc(f) shows a
single peak at r=1(r,,), where t,, is equal to either 7,,; or t,,3.
The characteristic time 7{(z,,) is linearly dependent on ¢,
7(t,3)/ 7(t,,1)=5.7 at T=6 K. This result indicates that there
exist only domains with the size L;{ 7(z,,)]. The domain sizes
grow with increasing f,,. The domain size L{t=7(z,,)] may
correspond to the size of correlated domains. The single peak
of Sypc(f) vs t occurs at t=7(t,) when the probing length
L(t) is on the same order as the domain size R(z,,) after the
aging protocol. The relaxation time 7{(z,,) tends to increase
with decreasing T below T,,.
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FIG. 14. (Color online) (a) T, dependence of M, and M;. M, and
M; are the value of Mzpc at T=T, and T; (=3.0 K), respectively,
which are obtained in the measurement of M- with decreasing T’
from T, to T; [see Fig. 12(a)]. (b) T, dependence of dM,/dT,. (c) T,
dependence of AMZF C(=M;-M,).

C. In-plane spin correlation length from the genuine
TRM measurement

In the present work, we have not measured the ¢ depen-
dence of relaxation rate Strp(#) for the TRM magnetization.
However, Stry(?) can be estimated as Stryi(f) = —=Szpc(f) us-
ing the fundamental link given by Eq. (3). From the results
of Fig. 5(c) for Sypc(r) at T=8.0 K, it is expected that
Strm(?) at t,=t,,, (=1.0X 10* s) exhibits two negative local
minima at 7,,; (=2.5X10% s) and 7,,, (=1.17X 10* s). In the
genuine TRM measurement (see Sec. III B), the system is
aged at T=T, for t,=t,, in the presence of H=H, (=1 Oe).
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FIG. 15. (Color online) (a) and (b) T dependence of M};SC(TL)
(O) and MIFSC(TT) (@) observed in the following FC aging protocol.
The system was quenched from 50 to 12 K in the presence of H
(=1 Oe). M}:SC(TL) was measured with decreasing 7T from
12 to 1.9 K but with intermittent stops at 7=8.5, 6.5, and 4.5 K for
a wait time £,,=3.0 X 10* s. The field is cut off during each stop.
M{:SC(TT) was measured at H=1 Oe with increasing T after the
above cooling process. The T dependence of M. (A) and Miey,
(A) are also shown as reference curves. These are measured after
the FC aging protocol without intermittent stop (reference curves).
(c) T dependence of the difference AM IFSC [=M[FSC(TL)—M {,SC(TT )].

The above prediction for Strp(#) vs 7 with 1,,=t,,, may sug-
gest that two types of domains coexist, single island (do-
main) and correlated domains formed of small islands
through interisland interactions. Since ?., is on the same

184414-11



SUZUKI, SUZUKI, AND MATSUURA

order as 7, (=1.0X 10* s), the size of correlated domains is
considered to reach the in-plane spin correlation length
&,(T,) in thermal equilibrium. The correlated domains are
frozen in when the FC cooling is resumed. These frozen
states are reactivated when the system is reheated at 7,. The
magnetization AMmpm(T=T,;T,,t,) is approximated by
2atsSLEL(T)/a)]?, where g, (=6.4) is the Landé g-factor of
Co”* spin along the a axis in the ¢ plane, S (=1/2) is a
fictitious spin, and a is the in-plane lattice constant.! As
shown in Fig. 4, (AMry)max increases with decreasing T
from T,, to T,. Correspondingly £,(T,) increases with in-
creasing 7T and tends to diverge at T=T,,.

D. Overlap length from the genuine TRM measurement

Here we discuss the effect of the overlap length on the
genuine TRM magnetization (Sec. III B). The ordered do-
mains generated at =T are frozen in and survive the spin
reconfiguration occurring at lower temperature on shorter
length scales. The rejuvenation of the system occurs as the
temperature is decreased away from 7,. Nevertheless, the
spin configuration imprinted at 7 is recovered on reheating.
In this sense, the system sustains a memory of an equilibrium
state reached after a stop-wait process at 7. The influence of
the spin configuration imprinted at a stop-wait protocol is
limited to a restricted temperature range around 7, on reheat-
ing. The width of this region may be assigned to the exis-
tence of an overlap between the spin configuration attained at
T, and the corresponding state at a very neighboring tem-
perature (T,+AT).

Here we introduce a concept of the overlap which is en-
countered in the SG system.'>"!> The SG equilibrium con-
figurations at different temperatures at 7 and T+AT are
strongly correlated only up to the overlap length L, beyond
which these correlations decay to zero. From the droplet
theory, the overlap length L,; is proportional to 1/|AT].
The width AT is determined from the condition that RTS(ts)
=LAT'

In our system, the spin configuration imprinted during the
stop-wait protocol at 7=Tj for =t is unaffected by a small
temperature shift such that the overlap length L,; is larger
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than the average domain sizes. There is a sufficient overlap
between the equilibrium spin configurations at the two tem-
peratures T, and T,+AT. The situation is different when the
temperature shift becomes large. The overlap length becomes
shorter than the original domain sizes. A smaller overlap be-
tween spin configurations promotes the formation of broken
domains. When the temperature shift is sufficiently large, the
overlap length is much shorter than the original domain
sizes, leading to the rejuvenation of the system.>>2% The
asymmetric form of AMqpy(T;T,,t,) around T=T;
(=7.6 K) between T, and T, indicates that the spin configu-
ration under the positive 7-shift is different from that under
the negative T-shift. We note that the appearance of the
asymmetric form at T, (=7.6 K) is closely related to the di-
verging nature of the domain size L;{7,(z,3)] of correlated
domains at 7=7.5 K [see Fig. 6(a)].

V. CONCLUSION

We have studied the aging dynamics of stage-2 CoCl,
GIC between two magnetic phase transitions at T,
(=7.0K) and T,, (=8.9 K). The observed aging phenomena
are well explained within the framework of the droplet
model for SG systems. The intermediate state between T,
and T,., has characteristic of both ordered and disordered
states. A genuine TRM measurement indicates that the
memory of the specific spin configurations imprinted at tem-
peratures between T,; and T,, during the FC aging protocol
can be recalled when the system is reheated at a constant
heating rate. The ZFC and TRM magnetizations are exam-
ined in a series of heating and reheating processes. The mag-
netization shows both characteristic memory and rejuvena-
tion effects. The time (¢) dependence of the relaxation rate
Szrc(t) after the ZFC aging protocol with a wait time 7,3
(=3.0X 10* s) exhibits two peaks at characteristic times
7(t,3) and 7,(f,3;) at temperatures between T,; and T,,.
These results suggest that two types of ordered domains co-
exist in the intermediate state. The intermediate state is a SG
phase extending over ferromagnetic islands.
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