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The stage-2 Cu0.93Co0.07Cl2 graphite intercalation compound magnetically behaves like a reentrant ferro-
magnet near the multicritical point �cMCP�0.96�. It undergoes two magnetic phase transitions at TRSG

�=6.64±0.05 K� and Tc �=8.62±0.05 K�. The static and dynamic nature of the ferromagnetic and reentrant
spin-glass phase has been studied using dc and ac magnetic susceptibility. Characteristic memory phenomena
of the dc susceptibility are observed at TRSG and Tc. The nonlinear ac susceptibility �3� has a positive local
maximum at TRSG, and a negative local minimum at Tc. The relaxation time � between TRSG and Tc shows a
critical slowing down: � with x=13.1±0.4 and �0

*= �2.5±0.5��10−13 s. The influence of the random disorder
on the critical behavior above Tc is clearly observed: �=−0.66, �=0.63, and �=1.40. The exponent of � is far
from that of the three-dimensional Heisenberg model.
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I. INTRODUCTION

Magnetic phase transitions in reentrant ferromagnets are
one of the most intriguing topics which have been exten-
sively studied in recent years.1–5 The competing ferromag-
netic �FM� and antiferromagnetic �AFM� interactions lead to
a very peculiar phase diagram characterized by reentrance
phenomena. The system undergoes a paramagnetic �PM�
phase to FM phase at a ferromagnetic critical temperature Tc,
and a FM phase to a reentrant spin-glass �RSG� phase at a
reentrant spin-glass transition temperature TRSG.

Stage-2 CucCo1−cCl2 graphite intercalation compounds
�GICs� are one of the reentrant ferromagnets.6,7 The structure
of these systems is characterized by a staging structure. The
CucCo1−cCl2 intercalate layers sandwiched by adjacent
graphene sheets are periodically stacked along the c axis.
The CucCo1−cCl2 intercalate layer consists of CucCo1−c lay-
ers sandwiched by adjacent Cl layers. Because of the large
separation distance between adjacent CucCo1−c layers, these
systems magnetically behave like a quasi-two-dimensional
�2D� random spin system. In each CucCo1−c layer Cu2+ and
Co2+ ions are randomly distributed on the lattice sites. The
spin frustration effect occurs as a result of the competition
between the FM interactions �Co2+-Co2+ and Co2+-Cu2+� and
the AFM interaction �Cu2+-Cu2+�. In a pure stage-2 CuCl2
GIC �c=1� there is another type of spin frustration effect
arising from the frustrated nature of the system: the antifer-
romagnet on the isosceles triangular lattice.8

The magnetic phase diagram of these systems depends on
the Cu concentration. The system with c�0.4 magnetically
behaves like a reentrant ferromagnet �see Fig. 1 for the mag-
netic phase diagram�.6,7 The phase transitions occur at a RSG
transition temperature �TRSG� and a Curie temperature �Tc�.
The intermediate phase between Tc and TRSG is the FM phase
and the low temperature phase is the RSG phase. With fur-
ther increasing the Cu concentration above c=0.93, the spin
frustration effect is much more enhanced. Above a multicriti-
cal point cMCP �cMCP�0.96�, a FM long range order no

longer exists. Only the spin glass phase survives for cMCP
�c�1. For stage-2 CuCl2 GIC �c=1�, no phase transition
occurs at least above T=0.3 K, mainly because of the
frustrated nature of the 2D antiferromagnet on the isosceles
triangular lattice.8

In the present paper, we report our experimental study on
the magnetic phase transitions of reentrant ferromagnet,
stage-2 Cu0.93Co0.07Cl2 GIC �TRSG=6.64 K and Tc=8.62 K�
near c=cMCP where the PM-FM, FM-RSG, RSG-SG, and
SG-PM boundaries merge. Because of the enhanced frus-
trated nature of the system, the FM phase may be very dif-
ferent from an ideal FM phase with long range order. It may
be ferromagnetic chaotic phase with short range order.

The static and dynamic nature of the RSG and FM phases
is extensively studied from the measurements of dc and ac
magnetic susceptibility using a superconducting quantum in-
terference device �SQUID� magnetometer. Our study in-

FIG. 1. �Color online� Magnetic phase diagram of stage-2
CucCo1−cCl2 GIC for 0.7	c	1. The multicritical point is located
at cMCP�0.96 and TMCP�8.8 K. The solid lines are guides to the
eyes.
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cludes the T dependence of nonlinear ac magnetic suscepti-
bility, the memory phenomena of dc magnetization, the
dynamic scaling relation of the absorption ���
 ,T�, and the
scaling plot of ���T ,H� above Tc. Details of the aging dy-
namics of the present system will be presented elsewhere.
For 0.4	c	0.8, the absorption of the ac magnetic suscep-
tibility �� clearly exhibits two peaks at TRSG and Tc,

7 while
for c=0.93, no peak in �� is observed at TRSG �see Sec.
III E�. The existence of the RSG phase for c=0.93 is experi-
mentally confirmed from the above methods.

II. EXPERIMENTAL PROCEDURE

The detail of the sample characterization of stage-2
Cu0.93Co0.07Cl2 GIC was reported in our previous paper.7 The
stoichiometry of the system is given by CnCu0.93Co0.07Cl2
with n=11.42. Cu2+ and Co2+ ions are randomly distributed
on the triangular lattice sites of the Cu0.93Co0.07 intercalate
layer. The repeat distance between adjacent intercalate layers
is d=12.80±0.05 Å. The dc magnetization and ac magnetic
susceptibility were measured using a SQUID magnetometer
�Quantum Design MPMS XL-5� with an ultralow field
capability as an option. The detail of each experimental
procedure will be described in Sec. III. The nonlinear ac
magnetic susceptibility was measured as follows, where h
is the amplitude of the ac field. After each h-scan �h
=1 mOe to 4.2 Oe� at fixed T, T was increased by �T
=0.1 K in the temperature range between 1.9 and 12.0 K.
The nonlinear ac magnetic susceptibility was measured
where f =1 Hz. The detail of the experimental procedure has
been reported in our previous papers.4,9 Experimentally, �1�
and �1� are the in-phase and out-of-phase components of the
first harmonics of the ac magnetization:
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The least-squares fits of the data ��1� /h vs h and �1� /h vs h�
�10 mOe	h	4.2 Oe� for each T yields the nonlinear sus-
ceptibility.

III. RESULT

A. T dependence of MZFC, MFC, MTRM, and �M
„=MFC−MZFC…

The measurements of MZFC, MFC, and MTRM were made
as follows. �i� The zero-field cooled magnetization �MZFC�
measurement. The system was annealed at 50 K for 1200 s
in the absence of H. The system was cooled from 50 to 2 K
at H=0 through the ZFC cooling protocol. After the system
was aged at 2 K for tw=100 s at H=0, the magnetic field is
applied at H �=1 Oe� and subsequently MZFC was measured
with increasing T from 2 to 12 K at the rate of 0.025 K/min.
�ii� The field cooled magnetization �MFC� measurement. The
system was annealed at 50 K for 1200 s in the presence of

H. Then the system was quenched from 50 to 12 K in the
presence of H through the FC cooling protocol. The magne-
tization MFC was measured with decreasing T from
12 to 2 K. �iii� The thermoremnant magnetization �MTRM�
measurement. The system was cooled from 50 to 2 K in the
presence of H through the FC cooling protocol. After the
system was aged at 2 K for tw=100 s, the field was cutoff
�H=0�. Then the magnetization MTRM was measured with
increasing T from 2 to 12 K.

Figure 2 shows the T dependence of MZFC, MFC, MTRM,
and �M =MFC−MZFC at H=1 Oe. MZFC shows a peak at
7.75 K. The deviation of MZFC from MFC starts to occur
below about 9.8 K, which is rather higher than the peak tem-
perature of �ZFC. The derivative dMFC /dT at H=1 Oe shows
a negative local minimum near Tc �=8.62 K�, while the de-
rivatives dMTRM /dT and d�M /dT show a negative local
minimum near TRSG �=6.64 K�. These results suggest that the
system undergoes two magnetic phase transitions at TRSG
and Tc.

Similar experiments have been carried out at H=5 Oe.
Both the derivatives dMTRM /dT and d�M /dT exhibit a nega-
tive local minimum at TRSG�H=5 Oe��6 K, which is in-
dicative of the decrease of TRSG�H� with increasing H from
H=1 to 5 Oe. In contrast, the derivative dMFC /dT exhibits a
local maximum at Tc�H=5 Oe�=8.8 K, indicating a slight
increase of Tc�H� with increasing H from 1 to 5 Oe.

The aging dynamics of this system will be reported
elsewhere.10 Here we note that the relaxation rate S�t�
�=d�ZFC�t� /d ln t� exhibits a peak at a peak time tcr. We find
that the peak height of S�t� at t= tcr shows a local maximum
at TRSG, but no anomaly at Tc.

B. Nonlinear ac magnetic susceptibility

Figure 3 shows the T dependence of the dispersion
��1� /h� and the absorption ��1� /h� of the ac magnetic suscep-

FIG. 2. �Color online� T dependence of MFC, MZFC, �M
�=MFC−MZFC�, and MTRM at H=1 Oe. The effect of a remnant
magnetic field ��3 mOe� on magnetization curves is corrected by
subtracting the magnetization in a remnant magnetic field
��3 mOe� from magnetization data. The negative value of MZFC

near 2 K may result from such a subtraction.
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tibility, where f =1 Hz. The different curves correspond to
different amplitude of the ac field, 0.1	h	4.2 Oe. The fea-
tures of �1� /h vs T and �1� /h vs T are summarized as fol-
lows. Both �1� /h and �1� /h exhibit a peak at a temperature
between TRSG and Tc. These peaks linearly shift to the low-T
side with increasing the ac amplitude h. The curve of �1� /h
vs T is independent of h below 6 K, but it is strongly depen-
dent on h at temperatures between 6 and 10 K even far above
Tc. The curve of �1� /h vs T is independent of h below 5 K
but it is strongly dependent on h at temperatures between 5
and 10 K.

Both the FM phase and the RSG phase exhibit strong
nonlinearities and slow dynamics. There is a characteristic ac
field h0�T�. For h�h0�T�, both �1� /h vs T and �1� /h vs T do
not depend on h below TRSG, suggesting the linear response
of the system. Here we discuss the nonlinear ac magnetic
susceptibility. For convenience, we define ���1� /h� and
���1� /h� as the difference between �1� /h and �1� /h at h and
those at h=0.01 Oe. Note that the data at h=0.01 Oe are the
same as that at h=0.1 Oe shown in Fig. 3. Figures 4�a� and
4�b� show the plot of ���1� /h� and ���1� /h� as a function of
h2, respectively. Both ���1� /h� and ���1� /h� are strongly
dependent on h2 between Tc and TRSG. Figures 5�a� and 5�b�
show the T dependence of the nonlinear ac magnetic suscep-
tibility ��3� ,�5� ,�7� ,�3� ,�5� ,�7�� at f =1 Hz. The T dependence
of �1� �=��� and �1� �=��� will be discussed in Sec. III E. The
linear susceptibility ��1� and �1�� shows no change of sign,

while the nonlinear ac susceptibility ��3�, �5�, �7�, �3�, �5�, and
�7�� undergoes several changes of sign between 6 and 10 K.
The features of the T dependence of the linear and nonlinear
ac susceptibilities are summarized as follows. The linear dis-
persion �1� exhibits a peak at 8.10 K. The nonlinear disper-
sion �3� starts to appear above T=6.0 K as T increases and
exhibits a positive local maximum at TRSG and a local nega-
tive minimum at Tc, which is much more pronounced com-
pared with the positive local maximum. The nonlinear dis-
persion �5� shows a positive local maximum at 6.0 K, a zero
crossing at 6.28 K ��TRSG�, a negative local minimum at
7.42 K, and a positive local maximum at Tc. The linear ab-
sorption �1� has a peak at 7.75 K. The nonlinear absorption
�3� starts to appear above T=5 K with increasing T and ex-
hibits a positive local maximum at 7.42 K between TRSG and
Tc and a negative local minimum around Tc.

It is predicted from the mean field theory that the nonlin-
ear dc susceptibility �3 diverges on both sides of Tc for the
PM-FM transition of the FM system.11 The sign of �3
changes from a negative to a positive sign as T decreases and
crosses Tc. On the other hand, �3 diverges negatively at TSG
for the PM-SG transition of the SG system.12 As far as we
know, there has been no theoretical prediction for �3 vs T for
the FM-RSG transition. In our system, the sign of the local
maximum in �3� at TRSG is opposite to that of the local mini-
mum in �3 at TSG in the SG system. On the other hand the

FIG. 3. �Color online� T dependence of �a� the dispersion �1� /h
and �b� the absorption �1� /h at various h �=0.1–4.2 Oe�. H=0.
f =1 Hz.

FIG. 4. �Color online� Plot of ���1� /h� and ���1� /h� as a func-
tion of h2, where ���1� /h� and ���1� /h� are defined as the differ-
ence between �1� /h and �1� /h at h and those at h=0.01 Oe,
respectively.
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sign of the local minimum in �3� at Tc is the same as that of
the local minimum in �3 at Tc in the FM system. Here we
note that similar phenomena are also observed in �3� and �3�
for the reentrant ferromagnet Ni77Fe1Mn22.

13 The nonlinear
dispersion �3� exhibits a negative local minimum at TRSG and
a positive local maximum at Tc. The nonlinear absorption �3�
exhibits only a negative local minimum at Tc. No anomaly in
�3� is observed. The sign of �3� for Ni77Fe1Mn22 is opposite to
that of our system.

In summary, �3� and �3� of reentrant ferromagnets show
complicated T dependence in the vicinity of TRSG and Tc. The
sign and the position of local minimum and local maximum
are not sufficiently understood in terms of the simple mean
field theory. This suggests that the T dependence of �3� and
�3� provides a strong measure for the degree of frustrated
nature of the systems near the multicritical point. Further
discussion will be presented in Sec. IV D.

C. Memory phenomena in MZFC and MTRM

We have measured two types of peculiar memory phe-
nomena for ZFC and TRM magnetization, which have been
found in stage-2 CoCl2 GIC by Matsuura et al.14 Here we
present our result on memory phenomena of MZFC and MTRM
for stage-2 Cu0.93Co0.07Cl2 GIC, which is observed in a series
of heating and cooling processes. Such a characteristic phe-
nomenon has been predicted theoretically in spin glass based

on a successive bifurcation model of the energy level scheme
below the spin freezing temperature.15

�i� ZFC case. Before the ZFC magnetization measure-
ment, a ZFC protocol was carried out. It consists of the fol-
lowing processes: �a� annealing of the system at 50 K for
1200 s in the absence of H, �b� quenching of the system from
50 to 2 K, and �c� aging the system at Ti=2 K and H=0 for
a wait time tw=100 s. Just after the magnetic field �H
=5 Oe� is applied to the system, the ZFC magnetization
MZFC was measured with increasing T from Ti �=2 K� to T1

�=5 K� and subsequently with decreasing T from T1 to Ti.
Next it was measured with increasing T from Ti to T2
�=5.5 K� �the heating process� and subsequently with de-
creasing T from T2 to Ti �the cooling process�. This process
was repeated for the U-turn temperatures Tr �r=3–11�,
where TrTi, �T=Tr+1−Tr=0.5 K, and T11=10.5 K. Figure
6�a� shows a typical example of the T dependence of MZFC
using the above method. Note that the value of MZFC lies
between those of MZFC

ref and MFC
ref at any T below Tc. Here

MZFC
ref is measured with increasing T from Ti to 12 K at H

=5 Oe after the ZFC cooling protocol. The magnetization
MFC

ref is measured with decreasing T from a temperature far
above Tc to Ti in the presence of H �=5 Oe�. For Tr�TRSG,

FIG. 5. �Color online� T dependence of the nonlinear ac suscep-
tibility. f =1 Hz. �a� �2n+1� �n=1, 2, and 3� �the detail of �3� vs T is
shown in the inset� and �b� �2n+1� �n=1, 2, and 3�.

FIG. 6. �Color online� �a� T dependence of MZFC in a series of
heating and cooling processes described in the text, after the ZFC
cooling protocol from 50 to 2 K. H=5 Oe. �b� T dependence of
MTRM in a series of heating and cooling processes described in the
text, after the FC cooling protocol from 50 to 2 K in the presence
of Hc=5 Oe. H=0 during the measurement of MTRM. The effect of
the remnant field is corrected for each magnetization curve.
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the value of MZFC at Ti obtained after the cooling process
�T=Tr→Ti� is slightly larger than that at Tr before the cool-
ing process. The path of MZFC vs T in the cooling process
�T=Tr→Ti� is exactly the same as that in the subsequent
heating process �T=Ti→Tr�, indicating the reversibility of
such a series of process. The spin configuration imprinted at
Tr remains unchanged after the cooling and heating pro-
cesses �T=Tr→Ti→Tr�, indicating a memory phenomenon.
Even for TRSG�T�Tc, the path of MZFC vs T in the cooling
process �T=Tr→Ti� still coincides with that in the heating
process �T=Ti→Tr�. For Ti�Tc, both the path of MZFC in
the cooling process �T=Tr→Ti� and path of MZFC in the
heating process �T=Ti→Tr� coincide with that of MFC

ref which
is obtained by cooling from the PM phase to T=Ti in the
presence of H=5 Oe.

�ii� TRM case. Before the TRM magnetization measure-
ment, a field cooling �FC� protocol was carried out, consist-
ing of �a� annealing of the system at 50 K for 1200 s in the
presence of H �=5 Oe�, �b� quenching of the system from
50 to 2 K, and �c� aging the system at T=Ti=2 K and H
=5 Oe for a wait time tw=100 s. Just after the magnetic field
was turned off, the TRM magnetization was measured using
the same procedure of heating and cooling: Ti→T1→Ti
→T2→Ti→T3→Ti→ and so on. Figure 6�b� shows a typi-
cal example of the T dependence of MTRM using this method.
The value of MTRM lies between those of the MTRM

ref and
M =0 line at any T below Tc. Here the magnetization MTRM

ref

is measured with increasing T from Ti to 12 K at H=0 after
the FC cooling protocol at a field Hc=5 Oe. For Tr�TRSG,
the value of MTRM at Ti obtained after the cooling process
�T=Tr→Ti� is nearly equal to that at Tr. The path of MTRM

vs T in the cooling process �T=Tr→Ti� coincides with that
in the heating process �T=Ti→Tr�, indicating that the spin
configuration at Tr is maintained during the cooling and heat-
ing process between Tr and Ti. Even for TRSG�T�Tc, the
path of MTRM vs T in the cooling process �T=Tr→Ti� is
the same as that in the heating process �T=Ti→Tr�. For
Tr�Tc, the path of MTRM vs T in the cooling process
�T=Tr→Ti� is the same as that of MTRM vs T in the heating
process �T=Ti→Tr�. In fact, MTRM in the cooling process
�T=Tr→Ti� corresponds to MFC which is obtained from the
FC cooling under a small remnant field ��3 mOe� from the
PM phase.

D. H-T phase diagram

1. �� vs T and �� vs T in the presence of H

Figures 7�a�–7�c� show the T dependence of �� and �� in
the presence of H �0	H	2500 Oe�, where f =1 Hz and h
=0.5 Oe. The peak of �� associated with the RSG transition
shifts to the low-T side with increasing H for 0	H
	10 Oe. The peak height drastically decreases with increas-
ing H. At H=50 Oe, a broad peak associated with the FM
transition becomes pronounced around T=Tc because of the
strong suppression of the broad RSG peak in the presence of
H. The peak associated with the FM phase shifts to the high-
T side with increasing H above 100 Oe. In contrast, the peak
of �� shifts to the low-T side with increasing H �0	H

	150 Oe�. The peak height drastically decreases with in-
creasing H and reduces to zero above 150 Oe. Here we de-
fine �max� �H� and Tmax�H� as the peak height and the peak
temperature of the FM-broad peak of ���T ,H� vs T at the
fixed H, respectively. Note that Tmax�H� is not a critical tem-
perature except for H=0: Tmax�H=0�=Tc. It is considered to
be a temperature below which the magnetic-field induced
ferromagnetic state appears. In Fig. 8, we show the H-T dia-
gram. The peak temperatures of �� and �� are plotted as a
function of T, forming two lines denoted as TRSG�H� and
Tmax�H�. The temperature TRSG�H� decreases with increasing
H, while Tmax�H� increases with increasing H. Similar be-

FIG. 7. �Color online� T dependence of �a� �� for 0	H
	50 Oe, �b� �� for 70	H	2000 Oe, and �c� �� for 0	H
	50 Oe. f =1 Hz. h=0.5 Oe.
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havior in �� above Tc in the presence of H has been observed
in a 2D XY-like ferromagnet K2CuF4.16 Using the same
method used in K2CuF4, we examine the static scaling hy-
pothesis for the dispersion ���T ,H� above Tc in the presence
of H. The dispersion ���T ,H� is described by a scaling func-
tion,

���T,H� = �−�f�H/��� = �H/����/�H−�/�f�H/���

= H−�/���H/��� , �3�

where �=T /Tc−1 and f�H /��� and ��H /���= �H /����/�

�f�H /��� are single-valued functions of H /��. The critical
exponent � is defined as �=�+�, where � and � are critical
exponents of magnetization and susceptibility. Figure 9�a�
shows �max� as a function of H. The least-squares fit of the
data of �max� vs H for 70 Oe	H	2 kOe to a power law
form �max� �H−�/� yields the exponent � /�=0.689±0.001. In
Fig. 9�a� we also show the deviation �max �=Tmax /Tc−1� as a
function of H, where Tc=8.62 K. The least-squares fit of the
data to a power law form H=H0�max

� for 200 Oe	H
	2 kOe yields the exponent �=2.03±0.03 and H0
=139±4 Oe. Using the scaling relation, �+2�+�=2, we
have �=−0.66, �=0.63, and �=1.40, where � is the critical
exponent of the heat capacity. In Fig. 9�b� we show a scaling
plot of Y =���T ,H�H�/� as a function of X=H /��, where all
the data of ���T ,H� vs T with fixed H �70 Oe	H
	2 kOe� and 9.3	T	14 K� are plotted. Almost all the data
points are well located on a scaling function which has a
broad peak around X=104, indicating the validity of the
static scaling hypothesis for the present system above Tc in
an external magnetic field. The critical exponent obtained
here will be discussed in Sec. IV C.

2. �ZFC vs T, �FC vs T, and �� vs T in the presence of H

Figures 10�a� and 10�b� show the T dependence of �ZFC
and �FC in the presence of the fixed H �H=5−600 Oe�. The
susceptibility �ZFC shows a broad peak, which shifts to the
low-T side with increasing H. Correspondingly, the peak

height becomes smaller and the peak width becomes broader.
The deviation of �ZFC from �FC occurs below some charac-
teristic temperature dependent on H. The susceptibility �FC
is nearly temperature independent at the lowest T. These fea-
tures are indicative of the existence of the RSG phase below
TRSG�H�. Here we define �� as the difference between �FC

and �ZFC: ��=�FC−�ZFC, which provides a measure for the
irreversibility of susceptibility. The difference �� drastically
decreases with increasing T. The RSG transition temperature
TRSG�H� is usually defined as a temperature at which �� is
equal to zero. However, it is a little difficult to determine the
transition temperature from this definition for the present
system. For convenience, we define the RSG transition tem-
perature at which the derivative d�� /dT has a negative local
minimum. The derivative d�� /dT exhibits a local minimum
at H=1, 5, and 10 Oe. The temperature for the negative local
minimum drastically decreases with increasing T. The data
thus obtained are plotted in the H-T diagram �see the inset of
Fig. 8�. These data points are located near the line for the H
vs TRSG where the peak temperatures of ���T ,H� �f =1 Hz
and h=0.5 Oe� are plotted as a function of H.

3. AT-like transition with an exponent p „=3/2…

Figure 10�c� shows the H-T diagram where the peak tem-
perature of �ZFC is plotted as a function of H. This peak
temperature at low H is a little higher than TRSG �=6.64 K�.

FIG. 8. �Color online� H-T diagram, where the peak tempera-
tures of �� vs T ��� and �� vs T ��� are plotted as a function of T.
Negative local minimum temperatures of d�� /dT vs T ��� are also
plotted as a function of H. ��=�FC−�ZFC.

FIG. 9. �Color online� �a� H dependence of �max� and �max �
=Tmax /Tc−1�, where Tc=8.62 K. �b� Scaling plot of Y
=���T ,H�H�/� as a function of X=H /��. �=T /Tc−1. Tc=8.62 K.
�=2.03. 9.3	T	13.0 K.
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The least-squares fit of the data�H vs T� in the limited tem-
perature range �2.3	T	6 K� to a power law form

H = H0
*�1 −

T

TRSG
�p

, �4�

yields the exponent p=1.57±0.12 and a magnetic field
H0

*=1.16±0.11 kOe, where TRSG is fixed as TRSG=6.64 K.
The value of the exponent p is close to a de Almeida and
Thouless �AT� value: p=3/2.17 This result indicates the SG-
like nature of RSG phase for the transition at TRSG. Note that
in the droplet picture18 the SG transition can be destroyed in
the absence of H. In fact, this picture is experimentally sup-

ported for Fe0.5Mn0.5TiO3 �Ref. �19�� and Cu0.5Co0.5Cl2–
FeCl3 graphite bi-intercalation compound �GBIC�.20

E. f and T dependence of �� and ��

Figures 11�a� and 11�b� show the T dependence of the
dispersion ���
 ,T� and the absorption ���
 ,T� at various f
�0.01	 f 	1000 Hz�. Since we use the ac field with h
=0.5 Oe, we have ����1� and ����1�. The absorption ��
exhibits a peak at T=6.66 K for f =0.01 Hz, while the dis-
persion �� exhibits a peak at T=7.65 K for f =0.01 Hz. The
derivative ����
 ,T� /�T has a negative local minimum at

FIG. 10. �Color online� �a� and �b� T dependence of �FC and
�ZFC. 5	H	600 Oe. The effect of remnant field is corrected on
each magnetization curve. �c� The H-T diagram, where the peak
temperatures of �ZFC vs T are plotted as a function of H.

FIG. 11. �Color online� T dependence of �a� �� and �b� �� at
various f . 0.01	 f 	1000 Hz. h=0.5 Oe. H=0 Oe. �c� T depen-
dence of T���
 ,T� at various f �0.01	 f 	1000 Hz�. h=0.5 Oe.
H=0 Oe.
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T=8.48 K, which corresponds to the temperature of the in-
flection point. Note that this inflection point does not coin-
cide with the peak temperature of ���
 ,T�. Both peaks of
���
 ,T� and ���
 ,T� shift to high-T side with increasing f .

In Fig. 11�c� we make a plot of T���
 ,T� as a function of
T. The peak of the curve of T���
 ,T� vs T shifts to the high-
T side with increasing f . The peak height increases with
increasing f in the limited frequency range �0.01	 f
	10 Hz�. Here we assume that T���
 ,T� can be described
by a dynamic scaling law above TRSG;21

T���
,T� = ��RSGG�
�� = �
�

�0
* �−�RSG/x


�RSG/xG�
��

� 
�RSG/xg�
�� , �5�

where 
 �=2�f� is the angular frequency, �RSG is a critical
exponent, and G��� and g��� with �=
� are scaling functions

G��� = ��RSG/xg��� . �6�

The relaxation time � diverges on approaching TRSG from the
high-T side �a conventional critical slowing down�,

� = �0
*�−x, �7�

where �0
* is a microscopic relaxation time, �=T /TRSG−1, x

=�z, z is a dynamic critical exponent, and � is the exponent
for the spin correlation length. For simplicity, we assume that
the scaling function g�
�� has a peak at 
�=1. In other
words, it follows that T���
 ,T� /
�RSG/x exhibits a peak at
the peak temperature at which 
�=1. Figure 12�a� shows the
peak height of the data of T���
 ,T� vs T, denoted as
�T���
 ,T��max, as a function of f . The peak height increases
with increasing f for 0.01	 f 	100 Hz, showing a local
maximum at f =100 Hz, and decreases with further increas-
ing f . The least-squares fit of the data ��T���
 ,T��max vs f� to
a power law form �
�RSG/x� for 0.01	 f 	10 Hz yields the
exponent �RSG /x=0.0199±0.0004. This value of �RSG /x is
much smaller than that �=0.071±0.005� reported for the re-
entrant Ising spin-glass Fe0.62Mn0.38TiO3.1 Figure 12�b�
shows the T dependence of the relaxation time �, where
�=1/
 and T is the peak temperature of T���
 ,T� vs T. The
relaxation time � drastically increases with decreasing T. The
least-squares fit of the limited data of � vs T for 0.01	 f
	10 Hz and 6.8	T	8 K to Eq. �7� yields the parameters
TRSG=6.64±0.05 K, x=13.1±0.4, and �0

*= �2.5±0.5�
�10−13 s. In Fig. 12�b� we show the plot of log10��� vs
log10�T /TRSG−1� with TRSG=6.64 K, where the solid line de-
notes the best-fit line. The value of x in the present system is
very close to that of a reentrant Ising spin-glass
Fe0.62Mn0.38TiO3 �x=13±2�.1 Thus the transition from the
FM phase to the RSG phase is dynamically similar to an
ordinary transition from the PM phase to the SG phase in
spin-glass systems. The critical exponent �RSG is estimated
as �RSG=0.25±0.02. This value of �RSG is smaller than those
of �RSG for the reentrant ferromagnet Cu0.2Co0.8Cl2-FeCl3
GBIC ��RSG=0.57� �Ref. 5� and �SG for the 3D Ising spin-
glass Cu0.5Co0.5Cl2-FeCl3 GBIC ��SG=0.36±0.04�.22

In summary, the feature of the RSG-FM transition for
stage-2 Co0.93Co0.07Cl2 GIC is characterized by small

�RSG �=0.25� and the divergence of the relaxation time
obeying a power law form given by Eq. �7� with large
x �=13.1�, �0

*= �2.5±0.5��10−13 s, and TRSG=6.64 K.

F. f dependence of ��„� ,T… and ��„� ,T… vs T at fixed T

Figures 13�a� and 13�b� show the f dependence of
���
 ,T� and ���
 ,T� at fixed T, where 0.01	 f 	1000 Hz
and h=0.5 Oe. The absorption ���
 ,T� curves exhibit differ-
ent characteristics depending on T. For T	6.4 K, ���
 ,T�
decreases with increasing f . For 6.5	T	8.0 K, ���
 ,T�
shows a peak at a characteristic frequency, shifting to the
low-f side as T decreases. For T�8.1 K ���
 ,T� decreases
with increasing f . It is predicted from the scaling law given
by Eq. �5� that the 
 dependence of ���
 ,T� /�max� at the
fixed T coincides with that of the scaling function G�
��
itself, where �max� is the maximum of ���
 ,T� vs f at the
fixed T. In contrast, ���
 ,T� decreases with increasing f at
any T.

We find that ���
 ,T� �1.9	T	10.6 K� is well described
by a power law form,

FIG. 12. �Color online� �a� Peak height of the data of T���
 ,T�
vs T, denoted as �T���
 ,T��max as a function of f . 0.01	 f
	10 Hz. �b� Plot of log10 � vs log10 �RSG for T���
 ,T� vs T. �RSG

=T /TRSG−1. 6.8	T	8.0 K. TRSG=6.64 K. The solid lines denote
least-squares fitting curves. The fitting parameters are given in the
text.

I. S. SUZUKI AND M. SUZUKI PHYSICAL REVIEW B 73, 094448 �2006�

094448-8



���
,T� � 
a� �8�

in the frequency range �0.01	 f 	10 Hz�, where a� is the
temperature-dependent exponent. The exponent a� is nega-

tive for any T and exhibits a negative local minimum around
3 K. It increases with increasing T: a��−0.07 at T=TRSG
and a��−0.03 at T=Tc. The absorption ���
 ,T� is related to
���
 ,T� by a so-called � /2 rule23

���
,T� = −
�

2

����
,T�
� ln 


, �9�

which leads to the relation a�=a�, where a� is the
temperature-dependent exponent for ���
 ,T�. According to
the fluctuation and dissipation theorem, the magnetic noise
power S�
 ,T� is related to ���
 ,T� by24

S�
,T� = 4kBT
���
,T�



� 
−1+a� � 
−1+a�, �10�

where kB is the Boltzmann constant. The magnetic noise
power is proportional to 
−1.07 at T=TRSG and 
−1.03 at
T=Tc. It follows a 1/ f-like behavior which is expected in SG
systems.

IV. DISCUSSION

A. Ferromagnetic exchange interaction
between Cu2+ and Co2+

First we show that the intraplanar exchange interaction
J�Co-Cu� between the nearest-neighbor pairs of Cu2+ and
Co2+ ions should be ferromagnetic. To this end, we have
measured the T dependence of �FC at H=1 kOe for the
present system �c=0.93�. The magnetic susceptibility for
150	T	300 K obeys a Curie-Weiss law with the effective
magnetic moment Pef f�c=0.93�=2.42±0.03 �B and the
Curie-Weiss temperature ��c=0.93�=−38.22±3.10 K. Ac-
cording to the molecular field theory, the Curie-Weiss tem-
perature ��c� for stage-2 CucCo1−cCl2 GIC can be expressed
by7

��c� =
c2Pef f

2 �1���1� + �1 − c�2Pef f
2 �0���0� + 2�c�1 − c��	��1���0�	Pef f�1�Pef f�0�
cPef f

2 �1� + �1 − c�Pef f
2 �0�

, �11�

respectively, where ��0�=23.2 K and Pef f�0�=5.54�B for
stage-2 CoCl2 GIC and ��1�=−100.9 K, Pef f�1�=2.26�B for
stage-2 CuCl2 GIC.8 The exchange interaction J�Cu-Co� may
be expressed by a form

J�Cu-Co� = ��	J�Cu-Cu�J�Co-Co�	 , �12�

where J�Co-Co� �=��0� /3=7.73 K� and J�Cu-Cu�
�=��1� /3=−33.63 K� are the intraplanar exchange interac-
tions between the nearest-neighbor �Cu2+–Cu2+� ion pairs
and �Co2+–Co2+� ion pairs, respectively, and � is only a
parameter to be determined. From Eq. �11� with c=0.93 and
��c=0.93�=−38.22±3.10 K, the parameter � can be
uniquely determined as �=2.26±0.02, which leads to
J�Cu-Co�=36.50 K. Note that the magnitude of FM interac-

tion J�Cu-Co� is almost the same as that of AFM interaction
J�Cu-Cu�. This result suggests that the competition between
mainly these two interactions gives rise to the spin frustra-
tion effect at c=0.93, forming a model equivalent to the
±J spin-glass model. The sign of ��c� changes at c0=0.848
from positive to negative with increasing Cu concentration.
This Cu concentration c0 is a little smaller than cMCP
��0.96�.

B. Magnetic phase diagram (c vs T)

It has been theoretically predicted that the spin frustration
plays an important role in 2D antiferromagnets on the trian-
gular lattice �AFT�. The phase transition of the AFT model

FIG. 13. �Color online� f dependence of �a� �� and �b� �� at
various T. h=0.5 Oe. H=0 Oe.
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depends on the nature of the spin symmetry. When interac-
tions are restricted to nearest-neighbor spins, the AFT Ising
model shows no phase transition at any temperature because
of a degeneracy of the ground state caused by spin
frustration.25 For Heisenberg symmetry,26 the AFT model
predicts a more complex phase transition, driven by the dis-
sociation of pairs of vortices formed of chirality vectors.

The stage-2 CuCl2 GIC �c=1� magnetically behaves like
a quasi-2D Heisenberg-like antiferromagnet �S=1/2� on the
isosceles triangular lattice. Because of the fully frustrated
nature of the system, no magnetic phase transition is ob-
served at least above 0.3 K.8 In the weak dilution limit
�c�1�, there occurs another type of spin frustration effect
due to the competition between the FM interaction
J�Cu-Co� and the AFM interaction J�Cu-Cu�, in addition to
the spin frustration effect of the 2D AFT type.

These spin frustration effects lead to a complicated mag-
netic phase diagram �c vs T�. For c=0.97 a SG phase appears
below TSG=6.35 K. For c=0.93, the system undergoes
two magnetic phase transitions at TRSG �=6.64 K� and
Tc�=8.62 K�. The magnetic phase diagram for c�0.4 con-
sists of the PM, RSG, FM, and SG phases. The PM-FM line,
the FM-RSG line, and the SG-PM line intersect a multicriti-
cal point �MCP� at �cMCP ,TMCP�, where cMCP�0.96 and
TMCP=8.8 K. Near the MCP point �c�cMPC�, there is a
subtle interplay between the FM long range order and the
random disorder and spin frustration of the RSG phase.
At the present stage, the nature of the SG phase for cMCP
�c�1 has not been sufficiently examined yet. The shift in
the MCP toward the Cu-rich end is the result of the ferro-
magnetic Cu-Co interaction. If one of the Co2+ and Cu2+ ions
is nonmagnetic, the critical temperature reduces to zero at
the percolation threshold concentration �cp=0.5� for the 2D
triangular lattice. In fact, in stage-2 CocMg1−cCl2 GIC27

where Mg is nonmagnetic, the transition temperature associ-
ated with the PM-FM transition tends to reduce to zero at
c�0.5.

C. Anomaly in critical exponent � associated
with the PM-FM transition

We discuss the critical exponents of the reentrant ferro-
magnets near the MCP along the PM-FM line. As the con-
centration approaches the MCP, Tc becomes closer to TRSG
from the higher-T side. It is considered that the critical be-
havior near the PM-FM transition temperature Tc is strongly
influenced by the random disorder and spin frustration. In
fact, we show that the critical behavior of our system at
Tc �=8.62 K� is characterized by the critical exponents
�=−0.66, �=0.63, and �=1.40. These critical exponents are
rather different from those predicted from the conventional
models �2D Ising and XY models and the 3D Ising and XY
models�. The exponent � of our system ��=1.40� is close to
that for the 3D Heisenberg ferromagnet ��=−0.1336, �
=0.3689, �=1.3960, and �=0.7112�,28 while the critical ex-
ponents � and � are rather close to those of the 3D spherical
model ��=−1, �=0.5, �=2, and �=5�.29

Similar critical behavior at T=Tc has been observed in
several reentrant ferromagnets near the MCP. Yeshurun

et al.30 have studied the critical behavior of amorphous reen-
trant ferromagnet �Fe1−cMnc�75P16B6Al3 at c=0.32 �cMCP

=0.36� along the PM-FM line: �=0.40±0.03, and �
=5.3±0.3, where Tc=100 K and TRSG=38 K. Using the scal-
ing relations �+2�+�=2 and �= ��+�� /�, the exponents �
and � are calculated as �=−0.52 and �=1.72. Yeshurun et
al.30 have also reported the critical exponents of the reentrant
ferromagnet �Fe1−cNic�75P16B6Al3 at c=0.80 �cMCP=0.83�
along the PM-FM line at the PM-FM transition; �=−0.4, �
=0.40±0.04, �=1.6, and �=5.0±0.4, where Tc=90 K and
TRSG=21 K. Pouget et al.31 have examined the critical expo-
nents of the reentrant ferromagnet CdCr�2−2c�In�2c�S4 at
c=0.05 �cMCP=0.15�, Tc=68.5 K, and TRSG=10.8 K. The
system with c=0 is a 3D Heisenberg ferromagnet. The criti-
cal exponents ��=−0.01, �=0.32, �=1.37, and �=0.70� are
compatible with those for the 3D Heisenberg ferromagnet. A
drastic change in the critical exponents is observed for the
diluted system with c=0.05 ��=−0.57, �=0.30, �=1.97�.

Thus it may be concluded from the above results that
a negative large value of the heat capacity exponent
� �=−0.4 to −0.66� is a feature common to the critical be-
havior of reentrant ferromagnets near the MPC. In our case,
the pure system �c=1� belongs to the universality class of the
3D Heisenberg model ��=−0.1336� in spite of no phase
transition. The heat capacity exponent of our system with
c=0.93 is a weakly diluted random system, where only 7%
of Cu2+ ions are randomly replaced by Co2+ ions. It seems
that our result violates the so-called Harris criterion.32 Ac-
cording to this criterion, the dilution should be relevant only
if the specific heat exponent � of the pure system is positive.
In contrast, when ��0, the dilution does not affect the criti-
cal behavior. In other words, the critical exponent of the
diluted Heisenberg system is the same as that of the pure
Heisenberg system. The Harris criterion may not be valid for
the systems with competing exchange interactions, where the
degree of disorder and spin frustration are greatly enhanced
by the dilution. This result is consistent with the flow dia-
gram of the renormalization group theory in the �c ,T�
plane.33 For the dilution of a Heisenberg ferromagnet with no
competing interactions, the renormalization group flow at the
PM-FM critical line always ends at the critical point of the
pure system �c=1�. In the case of competing interactions, the
renormalization group flow always ends at a new fixed point
at the critical line.

D. Nonlinear susceptibility near the MCP

We show that the T dependence of the nonlinear ac sus-
ceptibility of our system near the MCP system is much more
complicated than we expect. The nonlinear dispersion �3� for
f =1 Hz is characterized by the zero value below 6 K, a local
positive maximum at TRSG �=6.64 K�, the change of sign
from positive to negative around 7.4 K with increasing T,
and a local negative minimum at Tc. The local negative
maximum at Tc is much more pronounced than the positive
local maximum at TRSG.

Here it is interesting to compare our results of �3� vs T
with those of �3 vs T for the reentrant ferromagnet
�Fe1−cMnc�75P16B6Al3 with c=0.26, 0.30, and 0.32 near the
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MCP �cMPT=0.36�, which have been reported by Berndt et
al.34,35 These systems undergo two transitions at Tc and TRSG.
For c=0.26, the nonlinear dc susceptibility �3 has a single
negative local minimum at Tc. No anomaly is observed at
TRSG. For c=0.30, �3 consists of a less pronounced negative
local minimum at TRSG and a pronounced negative local
minimum at Tc. In contrast, for c=0.32, the strength of these
anomalies is reversed. The nonlinear susceptibility �3 con-
sists of a pronounced negative local minimum at TRSG and a
less pronounced negative local minimum at Tc. These results
indicate that as the concentration c approaches cMPC from the
low-c side, the contribution of the FM-RSG transition at
TRSG to �3 is more significant than that of the PM-FM tran-
sition at Tc to �3. Our result of �3� for f =1 Hz is qualitatively
similar to those for c=0.30, except for the difference in the
sign of the anomalies of �3 and �3� around TRSG.

V. CONCLUSION

We show that stage-2 Cu0.93Co0.07Cl2 GIC undergoes two
magnetic phase transitions at TRSG �=6.64±0.05 K� and Tc

�=8.62±0.05 K�. The static and dynamic nature of the RSG
and FM phases has been extensively studied using various
techniques. The nonlinear ac susceptibility �3� has a positive

local maximum at TRSG, and a negative local minimum at Tc.
Peculiar memory phenomena for the ZFC and TRM magne-
tization are observed around TRSG and Tc. The relaxation
time � between TRSG and Tc shows a critical slowing down:
�=�0

*�T /TRSG−1�−x with x=13.1±0.4 and �0
*= �2.5±0.5�

�10−13 s. The critical exponent �RSG for the RSG phase is
0.25±0.02, which is much smaller than that predicted for
the SG phase. The influence of the random disorder on the
critical behavior above Tc is clearly observed: �=−0.66, �
=0.63, and �=1.40. The exponents of � and � are close to
those of the 3D spherical model. The critical temperature
TRSG�H� decreases with increasing temperature according to
power law form given by Eq. �4� with the exponent
p=1.57±0.12. This value of p is close to p=3/2 predicted
by de Almeida and Thouless.
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