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Nonlinear magnetic susceptibility and aging phenomena in a reentrant ferromagnet:
Cu0.2Co0.8Cl2-FeCl3 graphite bi-intercalation compound

Masatsugu Suzuki* and Itsuko S. Suzuki†

Department of Physics, State University of New York at Binghamton, Binghamton, New York 13902-6000, USA
~Received 28 July 2003; revised manuscript received 24 November 2003; published 23 April 2004!

Linear and nonlinear dynamic properties of a reentrant ferromagnet Cu0.2Co0.8Cl2-FeCl3 graphite bi-
intercalation compound are studied using ac and dc magnetic susceptibility. This compound undergoes succes-
sive phase transitions at the transition temperaturesTh(516 K), Tc(59.7 K), andTRSG(53.5 K). The static
and dynamic behaviors of the reentrant spin-glass phase belowTRSG are characterized by those of normal
spin-glass phase with critical exponentb50.5760.10 and a dynamic critical exponentx58.561.8. In the
ferromagnetic phase (TRSG<T<Tc), a prominent nonlinear magnetic susceptibility is observed. The relax-

ation of the absorptionx9(v,t) with time t exhibits a weak power-law decay:x9(v,t)'t2b9 where b9
'0.07. These results suggest a chaotic nature of ferromagnetic phase.

DOI: 10.1103/PhysRevB.69.144424 PACS number~s!: 75.40.Gb, 75.50.Lk, 75.30.Kz, 75.70.Cn
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I. INTRODUCTION

The nature of a reentrant spin-glass~RSG! phase and a
ferromagnetic ~FM! phase in reentrant ferromagnets h
been a topic of much controversy.1–15Spin frustration effects
occur as a result of a competition between ferromagn
interactions as a majority and antiferromagnetic interacti
as a minority. As the temperature is lowered, the reent
ferromagnet exhibits first a transition from a paramagne
~PM! phase to a FM phase with decreasing tempera
and then a second transition from the FM phase to a R
phase. Such a reentry behavior of the reentrant ferrom
nets has been extensively studied experimentally in
last two decades.1–15 There are four types of reentrant ferr
magnets: ~i! metallic spin glasses such as Fe0.7Al0.3,1,2

(Fe0.20Ni0.80)75P16B6Al3,3–5 (Fe12xMnx)75P16B6Al3 (0.2<x
<0.32),6 and N77Mn22 ~Refs. 7 and 8! having Ruderman-
Kittel-Kasuya-Yosida- type interactions between dista
spins,~ii ! insulating spin glasses such as CdCr2xIn2(12x)S4
(0.90<x,1),9–12 ~iii ! dilute magnetic semiconductors suc
as EuxSr12xS (0.52<x<0.60),13,14and~iv! colossal magne-
toresistance materials such as Y0.7Ca0.3MnO3.15 In the case
of ~ii ! and ~iii !, ferromagnetic nearest-neighbor interactio
compete with antiferromagnetic next-nearest-neighbor in
actions.

The nature of the RSG and FM phases in reentrant fe
magnets is basically understood in terms of a mean-field
ture. The phase diagram (T/J vs J0 /J) of the Sherrington-
Kirkpatrick ~SK! model with Ising spins16 consists of the PM
phase, FM phase, and the spin-glass~SG! phase, where an
infinite-ranged Gaussian distribution of exchange inter
tions with varianceJ and meanJ0 is assumed.17 For J0 /J
<1, asT is lowered, the system undergoes a transition fr
the PM phase to the SG phase. ForJ0 /J.1, asT is lowered,
the system undergoes a PM-FM transition followed by
FM-SG transition. This SG phase forJ0 /J.1 is called a
RSG phase. However, the nature of the RSG phase is es
tially the same as that of the normal SG phase forJ0 /J
<1. When the Parisi’s solution for the SK model18,19 is dis-
covered, the vertical phase boundary atJ0 /J51 is added to
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the SK phase diagram. ForJ0 /J.1, consequently the whole
RSG phase and a part of the FM phase in the SK model
newly replaced by a RSG phase with replica symme
breaking~RSB!. This RSG phase is very different from th
normal SG phase forJ0 /J<1. It is a mixed phase of the
normal SG phase and the FM phase.

In the mean-field picture, a reentrance from the FM ph
to the normal SG phase is predicted. There is a normal
long-range order in the FM phase. This picture, which
sumes infinite-range interactions, is not always appropr
for real reentrant magnets where the short-range interact
are large and random in sign and the spin symmetry is ra
Heisenberg-like than Ising-like. Neutron-scattering stud
on (Fe12xMnx)75P16B6Al3 ~Ref. 6! have questioned the ex
istence of a true long-range order even in the FM pha
Aeppli et al.6 have proposed a phenomenological rando
field picture to explain their result. In this picture, the syste
in the FM phase consists of regions which would order f
romagnetically and other regions forming PM clusters. T
frustrated spins in the PM clusters can generate random
lecular fields, which act on the unfrustrated spins in the
finite FM network. In the FM phase well aboveTRSG, the
fluctuations of the spins in the PM clusters are so rapid t
the FM network is less influenced by them and their effec
only to reduce the net FM moment. On decreasing the te
perature towardTRSG, the thermal fluctuations of the spin
in the PM clusters become slower. The coupling between
PM clusters and the FM network becomes important and
molecular field from the slow PM spins acts as a rand
magnetic field. This causes breakups of the FM network i
finite-sized clusters. BelowTRSG, the ferromagnetism com
pletely disappears, leading to a SG phase. This pictur
very different from the mean-field picture. The RSG phase
not a mixed phase but a normal SG phase.

Jonasonet al.4,5 have shown from a dynamic scalin
analysis of low-field dynamic susceptibility o
(Fe0.20Ni0.80)75P16B6Al3 that there is a spin-glass relaxatio
time which diverges at a finite temperature with a dynam
critical exponent similar to that observed for an ordina
PM-SG transition. This suggests that the RSG phase
©2004 The American Physical Society24-1
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normal SG phase. The FM phase just aboveTRSG shows a
dynamic behavior characterized by an aging effect and c
otic nature similar to that of SG phase. Dupuiset al.12 have
shown that the aging behavior of the low-frequency ac s
ceptibility is observed both in the FM phase and RSG ph
of CdCr2xIn2(12x)S4 with x50.90, 0.95, and 1.00, with th
same qualitative features as in normal spin glasses. It se
that these results are explained in terms of the random-
picture.

In this paper we report our experimental study on
magnetic properties of the RSG phase and the FM phase
reentrant ferromagnet Cu0.2Co0.8Cl2-FeCl3 graphite bi-
intercalation compound~GBIC!. This compound undergoe
three phase transitions atTh(516 K), Tc(59.7 K), and
TRSG(53.5 K). There are the helical spin ordered phase
tweenTh andTc , the FM phase betweenTc andTRSG, and
the RSG phase belowTRSG.20–22 The static and dynamic
natures of the FM and RSG phases are examined from
linear and nonlinear ac magnetic susceptibilities, and
zero-field cooled~ZFC! and field-cooled~FC! magnetization.
The time dependence of the ac susceptibility, showing
aging phenomena, is also studied. The nature of the R
phase of Cu0.2Co0.8Cl2-FeCl3 GBIC is discussed in compari
son with that of the SG phase of Cu0.5Co0.5Cl2-FeCl3
GBIC.23,24Note that Cu0.5Co0.5Cl2-FeCl3 GBIC magnetically
behaves like an ideal three-dimensional~3D! short-range SG
and undergoes a SG phase transition atTSG53.92
60.11 K. The dynamic scaling analysis suggests that the
phase does not survive in the presence ofH ~at least above
100 Oe!.23

Cu0.2Co0.8Cl2-FeCl3 GBIC has a unique layered struc
ture where the Cu0.2Co0.8Cl2 intercalate layer (5I 1) and
FeCl3 intercalate layers (5I 2) alternate with a single
graphite layer (G), forming a stacking sequenc
(-G-I 1-G-I 2-G-I 1-G-I 2-G-•••) along the c axis. In the
Cu0.2Co0.8Cl2 intercalate layer two kinds of magnetic ion
(Cu21 and Co21) are randomly distributed on the triangul
lattice. The spin order in the Cu0.2Co0.8Cl2 layers is coupled
with that in the FeCl3 intercalate layer (5I 2) through an
interplanar exchange interaction, leading to the spin frus
tion effect.

II. EXPERIMENTAL PROCEDURE

A sample of stage-2 Cu0.2Co0.8Cl2 graphite intercalation
compound~GIC! as a starting material was prepared fro
single-crystal kish graphite~SCKG! by vapor reaction of an-
hydrated Cu0.2Co0.8Cl2 in a chlorine atmosphere with a ga
pressure of'740 Torr.20–23 The reaction was continued a
500 °C for three weeks. The sample of Cu0.2Co0.8Cl2-FeCl3
GBIC was prepared by a sequential intercalation method:
intercalant FeCl3 was intercalated into empty graphite galle
ies of stage-2 Cu0.2Co0.8Cl2 GIC. A mixture of well-defined
stage-2 Cu0.2Co0.8Cl2 GIC based on SCKG and single-cryst
FeCl3 was sealed in vacuum inside Pyrex glass tubing,
was kept at 330 °C for two weeks. The stoichiometry of t
sample is represented by Cm(Cu0.2Co0.8Cl2)12x(FeCl3)x .
The concentration of C and Fe (m and x) was determined
from weight uptake measurement and electron micropr
14442
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measurement@using a scanning electron microscope~Model
Hitachi S-450!#: m57.5460.05 and x50.5660.02. The
(00L) x-ray-diffraction measurements of stage
Cu0.2Co0.8Cl2 GIC and Cu0.2Co0.8Cl2-FeCl3 GBIC were
made at 300 K by using a Huber double-circle diffractome
with a MoKa x-ray radiation source~1.5 kW!. The c-axis
repeat distance of stage-2 Cu0.2Co0.8Cl2 GIC and
Cu0.2Co0.8Cl2-FeCl3 GBIC was determined as 12.8160.04
and 18.7960.05 Å, respectively.

The dc magnetization and ac susceptibility were measu
using a superconducting quantum interference device m
netometer~Quantum Design, MPMS XL-5! with an ultra-
low-field capability option. First a remnant magnetic fie
was reduced to zero field~exactly less than 3 mOe! at 298 K
for both dc magnetization and ac susceptibility measu
ments. Then the sample was cooled from 298 to 1.9 K i
zero field.

~i! Measurements of the zero-field-cooled susceptib
(xZFC) and the field-cooled susceptibility(xFC): After an
external magnetic fieldH (0<H<5 kOe) was applied along
the c plane ~basal plane of graphene layer! at 1.9 K, xZFC
was measured with increasing temperature~T! from 1.9 to 20
K. After annealing of sample for 10 min at 100 K in th
presence ofH, xFC was measured with decreasingT from 20
to 1.9 K.

~ii ! ac susceptibility measurement: The frequency (f ),
magnetic field, and temperature dependence of the disper
(Q18/h) and absorption (Q19/h) were measured between 1
and 20 K, where the frequency of the ac field isf
50.01–1000 Hz and the amplitudeh is typically h
51 mOe–4.2 Oe.

III. RESULT

A. Nonlinear ac susceptibility: Q18Õh and Q19Õh

We have measured the dispersionQ18/h and absorption
Q19/h at fixed T as a function ofh, where 1 mOe<h
<4.2 Oe andf 51 Hz. Both Q18/h and Q19/h are strongly
dependent onh, suggesting the existence of nonlinear ma
netic susceptibility. We determine theT dependence of non
linear ac magnetic susceptibilities (x38 , x58 , x39 , x59) from
the least-squares fits of the data to the power-law forms:25

Q18/h5x1813x38h
2/4110x58h

4/161••• ~1!

and

Q19/h5x1913x39h
2/4110x59h

4/161•••. ~2!

Note that for convenience we use the linear ac susceptib
x8 andx9 instead ofx18 andx19 . In Figs. 1~a! and 1~b! we
show theT dependence of the dispersionQ18/h and the ab-
sorptionQ19/h at f 51 Hz. The different curves correspon
to different amplitudes of the ac field, whereh is varied
between 1 mOe and 4.2 Oe. The susceptibilitiesQ18/h and
Q19/h are independent ofh for h,h0 within experimental
error, whereh0'0.1 Oe, implying thatQ18/h andQ19/h co-
incide with the linear susceptibilitiesx8 andx9, respectively.
Note thatQ19/h shows a sharp peak at 4 K, which is almo
4-2
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independent ofh. This sharp peak is associated with the tra
sition between the FM and RSG phases:TRSG53.5 K.

In Figs. 2~a! and 2~b! we show theT dependence o
D(Q18/h) and D(Q19/h) at varioush, whereD(Q18/h) and
D(Q19/h) are defined as the differences betweenQ18/h and
Q19/h at h (h.30 mOe) and those ath530 mOe, respec-
tively: D(Q18/h)53x38h

2/4110x58h
4/161••• and D(Q19/h)

53x39h
2/4110x59h

4/161•••. The differencesD(Q18/h) and
D(Q19/h) are strongly dependent onh. The difference
D(Q19/h) has two local maxima at 16.2 K~15.8 K! and 8.6 K
~7.8 K!, and a local minimum at 10.3 K~10.1 K! at h
51 Oe (h54 Oe). In contrast,D(Q18/h) has two local
maxima at 15.8 K~15.6 K! and 8.3 K~7.8 K!, and two local
minima at 9.9 K~9.5 K! and 16.6 K~16.5 K! at h51 Oe
(h54 Oe). In summary, the positions of the local maxim
and minima shift to low-T side ash increases.

In Figs. 3~a! and 3~b! we show the plot ofD(Q19/h) and
D(Q18/h) as a function ofh2 nearTc (59.7 K), respectively.
Both D(Q19/h) andD(Q18/h) are strongly dependent onh2 in
these limited temperature regions. A linear increase
D(Q18/h) andD(Q19 /h) with h2 at low h indicates a positive
sign of x38 andx39 . We find a peak inD(Q18/h) @D(Q19/h)#
at a peak fieldhp8 @hp9#, which shifts to the low-h side with
increasing T. The fields hp8 and hp9 are defined as

FIG. 1. ~Color online! T dependence of~a! Q18/h and ~b! Q19/h
at various h for Cu0.2Co0.8Cl2-FeCl3 GBIC. h'c, f 51 Hz, H
50.
14442
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d(Q18/h)/dh50 and d(Q19/h)/dh50, respectively:hp8
2'

23x38/(5x58) and hp9
2'23x39/(5x59). The existence ofhp8

andhp9 indicates a negative sign ofx58 andx59 . In the inset of
Fig. 3~a!, we show theT dependence ofhp8 andhp9 . The peak
fields hp8 andhp9 , which decrease with increasingT, tend to
reduce to zero around 9.8 and 10.4 K, respectively.

The least-squares fits of the data (Q18/h vs h2 andQ19/h
vs h2) at eachT for 30 mOe<h<0.7 Oe to Eqs.~1! and~2!
yield the values ofx18 , x38 , x58 , . . . andx19 , x39 , x59 , . . . .
Figure 4 shows theT dependence ofx38 , x58 , x39 , and x59
thus obtained. The nonlinear susceptibilityx38 at f 51 Hz
shows a positive peak at 16.0 K, a negative local minimum
10.2 K, and two positive peaks at 8.8 and 8.3 K. The sign
x38 changes from negative to positive at 9.65 K and fro
positive to negative at 4.0 K with decreasingT. No anomaly
is observed below 4 K. In contrast,x58 at f 51 Hz exhibits a
negative local minimum at 16.0 K, a positive peak at 10.2
and two negative peaks at 9.0 K and 8.3 K. The sign ofx58
changes from negative to positive at 4.0 K with decreasingT.

FIG. 2. ~Color online! T dependence of~a! D(Q18/h) and ~b!
D(Q19/h) at varioush. f 51 Hz, H50. D(Q18/h) is defined by the
difference betweenQ18/h at h (h.30 mOe) andQ18/h at h
530 mOe.D(Q19/h) is defined by the difference betweenQ19/h at
h (h.30 mOe) andQ19/h at h530 mOe.
4-3
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We note that theT dependence ofx38 around 10 K in our
system is similar to that in stage-2 CoCl2 GIC which mag-
netically behaves like a quasi-2D ferromagnet with an
tremely weak antiferromagnetic interplanar exchan
interaction.25 In stage-2 CoCl2 GIC, x38 exhibits a negative
local minimum at 10.5 K, becomes positive below 10.2
and shows a positive peak below the upper critical temp
ture Tcu .

The nonlinear susceptibilityx39 shows a positive peak a
16.2 K, a negative local minimum at 11.0 K, and a posit
peak at 8.7 K. The sign ofx39 changes from negative t
positive at 9.9 K and from positive to negative at 5.7 K w
decreasingT. In contrast,x59 shows a negative local mini
mum at 16.4 K, a positive peak at 11.0 K, and a nega
peak at 9.0 K. The sign ofx59 changes from negative t
positive at 6.5 K with decreasingT.

Here we discuss theT dependence ofx38 . Basically the
singularity of x38 could reflect the breaking of spatial ma
netic symmetry. The sign ofx38 is negative for the PM phas
and the SG phase and positive for the FM phase. Thus
critical temperaturesTc for the helical spin order to FM tran
sition andTRSG for the FM-RSG transition could be define

FIG. 3. ~Color online! ~a! and ~b! h2 dependence ofD(Q19/h)
andD(Q18/h) at variousT. f 51 Hz. The inset of~a! shows theT
dependence of the peak fieldhp8 for D(Q18/h) andhp9 for D(Q19/h).
14442
-
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as temperatures at which the sign ofx38 changes. Using this
definition, in fact we find 9.65 K asTc and 4.0 K asTRSG at
f 51 Hz for our system. Similar behaviors have been
ported in other reentrant ferromagnets. Sato and Miyak26

have reported that the sign of x38 in
(Pd0.9966Fe0.0034)0.95Mn0.05 changes from negative to positiv
at Tc . Sato et al.7 have shown that the sign ofx38 in
Ni77

57Fe1Mn22 changes from positive to negative atTRSG: x38
has a small negative local minimum nearTRSG.

B. Linear ac susceptibility: x8 and x9

Figures 5~a! and 5~b! show theT dependence of the linea
ac susceptibilitiesx8 and x9 below 12 K ath550 mOe,
where Q18/h5x185x8 and Q19/h5x195x9. The absorption
x9 at f 50.01 Hz shows a relatively sharp peak at 3.69
This peak shifts to the high-T side with increasingf: 5.10 K
at f 51 kHz. In contrast, the derivativedx9/dT at f
50.01 Hz shows two negative local minima at 4.0 K corr
sponding toTRSGand 10.0 K corresponding toTc . The local
minimumdx9/dT vs T at 4.0 K shifts to the high-T side with
increasingf, while the local minimum at 10.0 K does no
shift with increasingf.

Figures 5~c! and 5~d! show theT dependence ofx8 and
x9 aroundTh at h5500 mOe, whereQ18/h'x8 and Q19/h

FIG. 4. ~Color online! ~a! T dependence ofx38 and x58 , where
the units ofx2n118 are emu/(av mol Oe2n11). f 51 Hz. ~b! T de-
pendence ofx19 , x39 , and x59 , where the units ofx2n119 are
emu/(av mol Oe2n11).
4-4
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FIG. 5. ~Color online! ~a,b! T dependence of
x8(5x18) and x9(5x19) at various f. h
550 mOe, H50, 2<T<12 K. ~c,d! T depen-
dence ofx8('x18) and x9('x19) at variousf. h
5500 mOe,H50, 14<T<20 K.
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'x9. The dispersionx8 at f 50.01 Hz shows peaks at 16.2
and 8.35 K. The peak at 16.2 K slightly shifts to the highT
side with increasingf: 16.4 K at f 51 kHz. Another peak at
8.35 K does not shift with increasingf. The dispersionx8 at
f 50.01 Hz has an inflection point at 3.5 K corresponding
the positive peak ofdx8/dT, and another inflection point a
9.7 K corresponding to the negative local minimum
dx8/dT. The inflection point at 3.5 K shifts to the high-T
side with increasingf.

Here we assume that the singular behavior ofx9 around 4
K is due to the critical slowing down associated with t
FM-RSG transition. Either the peak temperatures ofx9 vs T
andTx9 vs T or the local-minimum temperature ofdx9/dT
vs T around 4 K coincide with a spin freezing temperatu
Tf , at a relaxation timet ('1/v). The relaxation timet can
be described by27

t5t* ~Tf /TRSG21!2x, ~3!

where x5nz, z is the dynamic critical exponent,n is the
critical exponent of the spin-correlation lengthj, andt* is
the characteristic time. In Fig. 6 we show theT dependence
of t thus obtained fordx9/dT. The least-squares fits of th
data oft vs T yield x58.561.8, TRSG53.4560.31 K, and
t* 5(4.7760.10)31026sec for the local-minimum tempera
ture ofdx9/dT vs T. Note that the same method (dx9/dT vs
T) was used to determinet vs T for the SG phase transitio
of Cu0.5Co0.5Cl2-FeCl3 GBIC.23 The value ofx is on the
same order as that (x57.9) reported by Jonasonet al.4 for
the FM-RSG transition of (Fe0.20Ni0.80)75P16B6Al3. A rela-
tively good agreement between the value ofx for
Cu0.2Co0.8Cl2-FeCl3 GBIC and the value predicted b
Ogielski28 for the 3D 6J Ising SG (x57.961.0) suggests
14442
f

that the FM-RSG transition in our system is dynamica
similar to an ordinary PM-SG transition. Note that the val
of t* for dx9/dT vs T is much larger than a typical value o
microscopic relaxation timet0 ~typically 10210–10212sec).
Such a large value oft* has been also reported by Kleema
et al.29 for Co80Fe20/Al2O3 multilayers: t* 5(6.760.4)
31027sec andx510.063.6. The larget* suggests that the
PM clusters play a significant role in the FM-RSG transitio
In the random-field picture,6 the FM phase consists of th
FM region with a longer relaxation time and the PM cluste
with a shorter relaxation time. On decreasingT toward

FIG. 6. ~Color online! T dependence of the relaxation timet
which is determined from thef dependence of peak temperature
dx9/dT vs T. The solid line denotes the least-squares fit of the d
to Eq. ~3!.
4-5
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TRSG, the thermal fluctuations of the spins in the PM clu
ters become slower. The molecular field of the slow P
spins acting as random magnetic field causes breakups o
FM network into finite-sized clusters. It is predicted that t
following dynamic scaling equation is valid for the norm
SG phase:30 Tx95vyV(vt), where V(vt) is a scaling
function of vt and is assumed to take a maximum atvt
5const. The valuey(5b/x) is a critical exponent, whereb
is a critical exponent of the order parameter. The curve
Tx9 vs T exhibits a peak, which shifts to the high-T side as
f increases. The peak height ofTx9 increases with increasin
f. The least-squares fit of the data for the peak height ofTx9
vs f ~for 0.01< f <1000 Hz) to the form of ('vy) yields y
50.06660.001. Then the value ofb(5xy) is estimated as
b50.5760.10, wherex58.561.8. This value ofb is simi-
lar to that (b50.54) for Fe0.5Mn0.5TiO3.31

Figures 7~a! and 7~b! show thef dependence ofx8(T,v)
and x9(T,v) at variousT in the vicinity of TRSG, respec-
tively. The absorptionx9(T,v) curves exhibits different
characteristics depending onT. Above TRSG, x9(T,v)
shows a peak at a characteristic frequency, shifting to
low-f side asT decreases. BelowTRSG, x9(T,v) shows no
peak for f >0.01 Hz. It decreases with increasingf, follow-
ing a power-law form ('v2a9). This is in contrast to thef
dependence ofx9 for conventional spin-glass systems su
as Fe0.5Mn0.5TiO3 : x9 increases with increasingf.27 The ex-
ponenta9 is weakly dependent onT: a950.08360.004 at

FIG. 7. ~Color online! f dependence of~a! x8 and ~b! x9 at
variousT. h550 mOe.
14442
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2.5 K and a950.07960.002 at 3 K. According to the
fluctuation-dissipation theorem, the magnetic fluctuat
spectrum P(v) is related to x9(T,v) by P(T,v)
52kBTx9(T,v)/v. Then P(T,v) is proportional to

v212a9, which is similar to 1/v character of typical spin
glass. In contrast,x8(T,v) decreases with increasingf above

and belowTRSG: x8 exhibits a power-law form (v2a8). The
exponenta8 is weakly dependent onT: a850.07960.001 at
T52.5 K anda850.09460.001 atT53.0 K. The value of
a8 is on the same order as that ofa9. Note thatx9 is related
to x8 through a so-called ‘‘p/2 rule’’: x95
2(p/2)dx8/d ln v ~Kramers-Kronig relation!, leading to the
relationa85a9.

Here we note thef dependence ofx9 above 5 K@which is
not shown in Fig. 7~b!#. The absorptionx9 increases with
increasingf for 5<T<7.2 K. A newly small peak is added
around f 52 Hz for 7.3<T<9.2 K. The absorptionx9 de-
creases with increasingf for f <70 Hz and increases with
further increasingf for 9.3<T<9.8 K. Above 9.9 K it de-
creases with increasingf. We find that x9 for 6.1<T

<7.3 K can be described by a power-law form ('vb9) in
the limited frequency range (0.01< f ,10 Hz). The expo-
nent b9 increases with increasingT:b950.0460.01 at 6.1
K, 0.08160.02 at 6.7 K, and 0.1260.01 at 7.2 K.

C. xFC , xZFC , and dx„ÄxFCÀxZFC…

Figure 8 shows theT dependence ofxFC and xZFC at
various H, whereH is applied along thec plane which is
perpendicular to thec axis. It is strongly dependent onH.
The susceptibilityxFC at H50.5 Oe decreases with increa
ing T. It has inflection points atT516.4, 9.70, and 4.0 K
wheredxFC /dT exhibits negative local minima. These tem
peratures correspond to the transition temperaturesTh , Tc ,
and TRSG. In contrast,xZFC at H50.5 Oe exhibits two
peaks at 16.2 and 8.2 K, and an inflection point at 3.2
where dxZFC /dT shows a positive local maximum. Th
peaks ofxZFC at 8.2 and 16.2 K shift to the low-T side with
increasingH. The deviation ofxZFC at H50.5 Oe fromxFC

starts to occur at temperatures above 18 K. The peak ofxZFC

at Th is very sensitive to the application ofH. It shifts to the
low-T side with increasingH and disappears above 50 Oe

Figure 9 shows theT dependence of the differencedx
(5xFC2xZFC) at variousH. The differencedx has three in-
flection points atTh , Tc , andTRSG, whered(dx)/dT ex-
hibits negative local minima: 16.2 K ('Th), 9.60 K
('Tc), and 3.40 K ('TRSG). The T dependence ofdx
shown in Fig. 9 is similar to standard one observed in ma
reentrant ferromagnets, wheredx is strongly dependent onH
and remains finite up toTc at low enough fields. Typica
examples ofxZFC vs T andxFC vs T have been reported fo
CdCr2xIn2(12x)S4,12 Au85Fe15,32 Ni77Mn23,33 and
(Fe0.90Cr0.05Ni0.05)2P.34 In our system both inflection point
of dx at Tc(H) and Th(H) become less pronounced wit
increasingH. Only an inflection point atTRSG(H) survives
for H>100 Oe. Note that the inflection point atTRSG(H)
4-6
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shifts to the low-T side with increasingH:2.8 K at H
5100 Oe. TheH dependence ofTRSG(H) will be discussed
in Sec. III D.

D. H -T phase diagram

We have measured theT dependence ofx8 and x9 at
various H for f 5100 Hz and 0.1 Hz, whereH (0,H
<2 kOe) is applied along thec plane perpendicular to thec
axis. Figure 10 shows theT dependence ofx8 and x9 at
various H for f 5100 Hz. The ac fieldh(550 mOe) was
used for 1.9<T<12 K and a largerh(5500 mOe) was used
for 14<T<19 K. The peak ofx8 and the shoulder ofx9
aroundTc disappear forH>50 Oe, and the peaks ofx8 and
x9 aroundTh disappear forH>7 Oe. The peak ofx9 around
TRSG shifts to the low-T side with increasingH for 0<H
<1 kOe. The peak ofx9 aroundTh also shifts to the low-T

FIG. 8. ~Color online! ~a–c! T dependence ofxZFC andxFC at
variousH. H'c.
14442
side with increasingH for 0<H<7 Oe. In Fig. 11 we show
the lineTf(H) aroundTRSG in the H-T diagram, where the
local-minimum temperature ofddx/dT vs T is plotted as a
function of H. The least-squares fit of the data of the lin
Tf(H) ~the local-minimum temperature ofddx/dT vs T) for
0<H<100 Oe to

H5H0* @12Tf~H !/Tg* #p ~4!

yields parametersp51.4360.20, Tg* 53.5960.13 K, and
H0* 5(0.9060.31) kOe. The exponentp(51.43) is on the
same order as that (51.5260.10) for Cu0.5Co0.5Cl2-FeCl3
GBIC,23 which was also determined from the data of the li
Tf(H) ~the local-minimum temperature ofddx/dT vs T).

For comparison, the peak temperatures ofx9(T,H,v) vs
T at f 50.1 Hz are also plotted as a function ofH in Fig. 11.
The data are well fitted to Eq.~4! with p51.7260.10, Tg*
53.8260.06 K, andH0* 5(2.5860.60) kOe.

E. x9„t,v… and x8„t,v…

In order to reveal a possible aging phenomenon in the
phase, we have measured thet dependence ofx9 andx8 at
T57 and 8.5 K, whereH50. The system was quenche
from 100 K to T at time ~age! zero. Bothx8 and x9 were
measured simultaneously as a function of timet at constant
T. Each point consists in the successive measuremen
various frequencies (0.05< f <1 Hz). Figure 12 shows thet
dependence ofx9 andx8 at T57 K for f 50.05 and 1 Hz,
respectively. The absorptionx9 decreases with increasingt
and is well described by a power-law decay

x9~ t,v!5x09~v!1A09~v!t2b9, ~5!

where b9 is an exponent, andx09(v) and A09(v) are
t-independent constants. In the limit oft→`, x9(t,v) tends
to x09(v). The least-squares fit of the data ofx9(t,v) at T

FIG. 9. ~Color online! T dependence ofdx(5xFC2xZFC) at
variousH. The value ofdx is derived from Fig. 8.
4-7
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FIG. 10. ~Color online! T dependence of~a!
x8 and~b! x9 at variousH. H is applied along the
c plane perpendicular to the graphene pla
(H'c). f 5100 Hz, h550 mOe, h'c, 1.9<T
<12 K. T dependence of~c! x8 and ~d! x9 at
various H. H'c, f 5100 Hz, h5500 mOe,
h'c, 14<T<19 K.
e
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57 K to Eq. ~5! yields parameters listed in Table I. Th
exponentb9, which is dependent onf, is smaller than that
of the FM phase of reentrant ferromagnet12 CdCr1.8In0.2S4
(b9'0.2) and the SG phase of pure spin gla
Fe0.5Mn0.5TiO3 (b9'0.1460.03).35 The value ofx09 tends
to decrease with increasingf. In contrast, the value ofA9
tends to increase with increasingf. It follows that the second
term of Eq. ~5! cannot be described by a power for
(vt)2b9, suggesting novt-scaling law in the form ofx9

FIG. 11. ~Color online! H-T phase diagram nearTRSG: for each
H the local-minimum temperatures ofddx/dT vs T (d) and the
peak temperature ofx9 vs T at 0.1 Hz (s). The solid lines denote
the least-squares-fitting curves~see the text for detail!.
14442
s

'(vt)2b9. This is in contrast to thevt-scaling ofx9 in the
FM phase of reentrant ferromagnet CdCr1.8In0.2S4.12

The t dependence ofx8 can be also described by the powe
law form ('t2b8) which is similar to Eq.~5!. The value of
b8 at T57 and 8.5 K which is listed in Table I is on th
same order as that ofb9. Note that similar aging behavio
is also observed both inx9 andx8 belowTRSG. The change
of x9 and x8 with t below TRSG is not so prominent

FIG. 12. ~Color online! t dependence of~a! and ~b! x9, and
~c! and ~d! x8 at T57 K for f 50.05 and 1 Hz, wheret is the
time taken after the sample was quenched from 100 K toT57 K.
H50. The solid lines denote the least-squares-fitting curves~see
the text for detail!.
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compared to that aboveTRSG, partly because of relatively
small magnitude ofx9 andx8 below TRSG.

IV. DISCUSSION

It is interesting to compare the nature of the RSG phas
Cu0.2Co0.8Cl2-FeCl3 GBIC ~denoted asc50.2 for simplicity!
with that of the SG phase of Cu0.5Co0.5Cl2-FeCl3 GBIC (c
50.5).23,24

~i! The relaxation timet for c50.5 is described by Eq
~3! with TSG instead ofTRSG, whereTSG53.9260.11 K,
x510.360.7, andt* 5(5.2760.07)31026sec. These val-
ues of the dynamic critical exponentx and t* are on the
same order as those forc50.2 @x58.561.8 andt* 5(4.77
60.10)31026sec].

~ii ! The critical exponentb (50.3660.03) for c50.5 is
much smaller thanb (50.5760.10) forc50.2.

~iii ! The exponentsa8 and a9 for c50.5 (a850.111
60.001 anda950.09660.003) are a little larger than thos
for c50.2 (a8'0.08–0.09 anda9'0.08).

~iv! The absorptionx9(v,t) below TSG for c50.5 obeys
a (vt)2b9-scaling law decay with an exponentb9'0.255
60.005. This value ofb9 is relatively larger than that forc
50.2.

In spite of the difference in detail, it is concluded that t
nature of the RSG phase forc50.2 is similar to that of the
SG phase forc50.5. This suggests that the RSG phase
low TRSG is not a mixed phase but a normal SG phase.

In contrast, the FM phase of our system is very differe
from that of regular FM phase. The chaotic behavior o
served in the FM phase is rather similar to that in the R
phase. The prominent nonlinear susceptibility of the F
phase arises mainly from the unfrustrated ferromagnetic
ordered spins~the FM network!. The aging phenomena o
x9(t) are observed in the FM phase. These results can
well explained in terms of the phenomenological rando
field picture proposed by Aeppliet al.6 ~see Sec. I!. The FM
phase consists of the FM network~with slow dynamics! sur-
rounded by frustrated spins~the PM clusters with fast dy
namics!. Such a nonuniformity gives rise to the chaotic n
ture of the FM phase. On approachingTRSG from the high-T
side, the thermal fluctuations of the spins in the PM clust

TABLE I. Exponentsb9 and b8 determined from the least
squares fits ofx9(t,v) and x8(t,v) at f to the power-law form
given by Eq.~5! for x9(t,v) and the corresponding equation fo
x8(t,v). T57 and 8.5 K.

T(K) f (Hz) b9 b8

7 0.05 0.07460.016
7 0.1 0.04560.013 0.01260.005
7 0.5 0.04260.008 0.04560.005
7 1 0.02960.006 0.04660.006
7 5 0.01560.025 0.07060.016
8.5 0.05 0.14760.067
8.5 0.5 0.06560.028
8.5 1 0.04660.022 0.03860.011
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become so slow that the slow dynamics of the FM network
significantly influenced by the dynamics of the PM cluste
The coupling between the FM network and the PM clust
becomes important. The molecular fields from the slow P
spins act as a random magnetic field. This causes breaku
the FM network into finite-sized clusters. BelowTRSG, the
system becomes the RSG phase.

Next we discuss the nature of the aging phenomena in
FM phase. The features of the aging phenomena are sum
rized as follows.

~i! Both x9(t,v) and x8(t,v) at T57 and 8.5 K have
power-law forms (x9't2b9 and x8't2b8) at fixed f
(5v/2p). The values ofb8 andb9 are listed in Table I.

~ii ! x9(v) for 6.1<T<7.3 K has a power-law form (x9

'vb9), whereb950.0460.01 at 6.1 K and 0.1260.01 at
7.2 K.

The increase ofx9(v) with increasingv is similar to that
reported in conventional SG’s such as Fe0.5Mn0.5TiO3.27 In
our system, we findb950.07460.016 (T57 K and f
50.05 Hz), andb850.04660.006 (T57 K, f 51 Hz), and
b950.08160.02 (T56.7 K). There are relatively large dif
ferences amongb9, b8, and b9, depending on the condi
tions. Nevertheless, we can say that these exponents
roughly the same and are on the order of 0.05–0.08 arou
K. The value of these exponents is nearly equal to that of
exponenty(50.06660.001) derived from the scaling analy
sis in Sec. III B. The exponenty is given byy5b/x, where
x5nz. When we use the scaling relationb52nu, which is
derived in our previous paper,23 y is given by y52u/z,
whereu is the energy exponent andz is the dynamic critical
exponent. The values ofu andz are theoretically predicted
z56.060.5 for the 3D 6J Ising spin-glass mode
~Ogielski28! and u50.1960.01 ~Bray and Moore36!. Using
these values,y is estimated asy50.06360.017, which is in
good agreement with our result (y50.06660.001).

V. CONCLUSION

The nonlinear susceptibility and aging phenomena are
served in the FM phase of the reentrant ferromag
Cu0.2Co0.8Cl2-FeCl3 GBIC. These results indicate that th
FM phase betweenTRSG and Tc has a chaotic nature. Th
absorptionx9(t,v) is described by a power-law formt2b9

but not by avt-scaling form (vt)2b9. Further studies on
aging behaviors including memory effect, rejuvenation, a
wait time dependence are required to understand the na
of the FM phase, with the same qualitative features as
conventional spin glasses.
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