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Abstract. Stage-2 NiCl2 GIC is a quasi-two-dimensionalXY -like ferromagnet with very weak
antiferromagnetic interplanar exchange interaction. This compound undergoes two magnetic
phase transitions atTcu (=20.5 ± 0.2 K) and Tcl (=17.2 K). BetweenTcu and Tcl a two-
dimensional long range spin order is established within each island in the intercalate layers.
Below Tcl there appears a three-dimensional antiferromagnetic ordered phase. The dynamic
aspect of spin ordering in this compound has been studied employing the temperature, frequency
and field dependence of dispersionχ ′ and absorptionχ ′′ acquired using an AC SQUID
magnetometer. The absorptionχ ′′ shows a complicated frequency dependence nearTcu and
Tcl , suggesting two kinds of relaxation time associated with intraisland fluctuation (τin) and
interisland fluctuation (τout ): τout is much longer thanτin.

1. Introduction

Stage-2 NiCl2 graphite intercalation compound approximates a quasi-two-dimensional
(2D) XY -like ferromagnet with an extremely weak antiferromagnetic interplanar exchange
interaction. Structurally there are two graphite layers separating neighbour NiCl2 layers
in a periodic arrangement along thec axis. Magnetic phase transitions of this compound
have been examined in detail by various kinds of measurement [1–17] such as AC magnetic
susceptibility, magnetization, nonlinear magnetic susceptibility, neutron scattering and so on.
This compound undergoes two magnetic phase transitions atTcu andTcl . The values ofTcu
andTcl are different depending on its definition and method of measurement:Tcu = 20.2 K
andTcl = 18.1 K (Karimov et al [1]), Tcu = 19.40 K andTcl = 17.3 K (Suzuki and Ikeda
[7]), Tcu = 21.3 K andTcl = 18.0 K (Suzuki et al [9]), Tcu = 22.0 K andTcl = 17.5 K
(Suematsuet al [11]) Tcu = 21±1 K andTcl = 19±1 K (Wiesleret al [14]) andTcu = 21 K
andTcl = 17 K (Matsuura and Hagiwara [15]).

The intercalate layers of this compound are formed of small islands. The island periphery
provides acceptor sites for charges which are transferred from graphite layers during the
intercalation process. This finite size of small islands is a crucial element in the magnetic
phase transition of this compound. The effective interplanar exchange interactionJ ′eff
between spins over the in-plane spin correlation lengthξa in adjacent magnetic intercalate
layers is described byJ ′eff = J ′(ξa/a)2, whereJ ′ is the interplanar exchange interaction
anda is the in-plane lattice constant. The growth ofξa is limited by the island size as the
temperature is decreased. Suppression of the increase inJ ′eff leads to the realization of 2D
spin ordering betweenTcu andTcl . Below Tcl there occurs a 3D spin ordering where the
2D ferromagnetic layers are antiferromagnetically stacked along thec axis. Experimentally
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this has been revealed through magnetic neutron scattering along thec∗ axis, wherec∗

(|c∗| = 2π/d) is the reciprocal lattice vector parallel to thec axis andd is thec-axis repeat
distance. BelowTcl the antiferromagnetic Bragg peaks appear at the scattering wave vector
Q = `c∗ with ` = 1/2, 3/2, 5/2 and 7/2, showing the antiferromagnetic spin ordering along
the c axis. BetweenTcu andTcl a smooth magnetic ridge appears along thec∗ direction,
showing the 2D ferromagnetic spin ordering in thec plane [14].

In this paper we have undertaken an extensive study on the magnetic properties of this
compound using SQUID DC magnetization and SQUID AC magnetic susceptibility. The
dispersionχ ′ and absorptionχ ′′ are measured as a function of temperature and frequency
with and without an external magnetic field, using an AC SQUID magnetometer. Between
Tcu (=17.2 K) and Tcl (=20.5± 0.2 K) the interisland correlation is still random within
each intercalate layer. The magnetization of each island will fluctuate and change direction
relative to other islands in a certain characteristic time scale depending on the island size and
interisland interaction. There are two kinds of relaxation time associated with intraisland
fluctuation (τin) and interisland fluctuation (τout ). The relaxation timeτout is assumed
to be much longer than the relaxation timeτin. The contribution of the intraisland and
interisland fluctuations toχ ′′ may be observed separately ifχ ′′ is measured at different
frequencies. In fact we show that the complicated frequency dependence ofχ ′′ observed
nearTcu and Tcl can be explained in terms of a simple model that both intraisland and
interisland fluctuations have relaxation of Debye type with relaxation timesτin and τout ,
respectively. The magnetic properties of this compound such as a spin Hamiltonian and the
effect of magnetic field on magnetic phase transitions are also examined from magnetization
and magnetic susceptibility.

2. Spin Hamiltonian and its related properties

The spin Hamiltonian of stage-2 NiCl2 GIC with spinS (=1) can be described by [13]

H = −2J
∑
〈i,j〉

Si · Sj +D
∑
i

(Szi )
2− 2J ′

∑
〈i,m〉

Si · Sm (1)

where thez axis coincides with thec axis,J (>0) is the ferromagnetic intraplanar exchange
interaction,D (>0) is the single ion anisotropy term, andJ ′ (<0) is the antiferromagnetic
interplanar exchange interaction. For convenience the equivalent interaction fields at
0 K are defined asHout

A = DS/gcµB , H ′E = 2z′|J ′|S/gaµB , HE = 2zJS/gaµB and
HSF = [2Hin

A H
′
E ]1/2 where ga and gc are theg values along thec plane andc axis

(ga = 2.156±0.002 andgc = 2.096±0.002 at 300 K [13]).HE is the intraplanar exchange
field, H ′E the interplanar exchange field,HSF the spin flop field,Hin

A the anisotropy field
in the c plane,Hout

A the anisotropy field along thec axis andz and z′ the numbers of
interacting neighbours in and between thec plane, respectively (z = z′ = 6).

In terms of the spin Hamiltonian (1) the magnetic susceptibility at 0 K can be derived
asχa = NA(gaµB)2/4z′|J ′| andχc = NA(gcµB)2/(2D+4z′|J ′|). Then characteristic mag-
netic fieldHc

0 is defined asHc
0 = 2[Hout

A +(ga/gc)H ′E ] where the magnetizationMc = χcH
is equal to the saturation magnetizationMs

c (=NAgcµBS). Similarly the characteristic
magnetic fieldHa

0 is defined asHa
0 = 2H ′E where the magnetizationMa = χaH is equal to

the saturation magnetizationMs
a (=NAgaµBS). SinceH ′E is assumed to be much smaller

thanHout
A , Hc

0 is approximately equal toHc
0 ≈ 2Hout

A .
For comparison the magnetic properties of the pristine NiCl2 are presented here. It

undergoes an antiferromagnetic phase transition at the Néel temperatureTN = 52.3 K [18].
The spin Hamiltonian is also given by (1). The ferromagnetic intraplanar interactionJ and
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the effective magnetic momentPeff are estimated asJ = 8.53 K andPeff = 3.30µB from
Curie–Weiss temperature2 = 68.2 K and Curie–Weiss constantC = 1.36 emu K mol−1

[19]. The values ofD and J ′ are determined asD = 0.40 K and J ′ = −0.78 K
from the antiferromagnetic resonance [20] and magnetic susceptibility [21]. From the
in-plane spin wave dispersion relation, Lindgårdet al [22] deduce the ferromagnetic nearest
neighbour (n.n.) and antiferromagnetic next nearest neighbour (n.n.n.) intraplanar exchange
interactionsJn.n. = 10.85 K andJn.n.n. = −2.425 K in our definition of spin Hamiltonian,
which correspond to one-half of those originally reported by Lindgård et al [22]. Note that
the sum (Jn.n. + Jn.n.n. = 8.425 K) is close to the value ofJ derived from2. Thus we can
estimateD/J = 4.78× 10−2, Hout

A = 2.84 kOe andH ′E = 63.8 kOe.

3. Experimental procedure

A sample of stage-2 NiCl2 GIC was prepared from single crystal of kish graphite (SCKG)
by vapour reaction of anhydrated NiCl2 in a chlorine atmosphere with a gas pressure of
≈740 Torr. The reaction was continued at 560◦C for one month. The stage structure of
this compound was confirmed from (00l) x-ray diffraction to be well defined stage 2: the
c-axis repeat distance is 12.78±0.02 Å. The NiCl2 layer forms a triangular lattice with the
in-plane lattice constant 3.46± 0.01 Å close to that for the pristine NiCl2 (3.465Å) [14].
The NiCl2 layer is incommensurate with the graphite layer and is rotated by 30◦ with respect
to the graphite layer. The stoichiometry was determined from a weight uptake measurement
as C8.33±0.02NiCl2. The ideal stoichiometry is estimated as C7.91NiCl2. Therefore the filling
factor is estimated as 97% if the sample has no stage mixture. The sample used in the
present work has a rectangular form of 3× 3× 0.2 mm3.

The AC magnetic susceptibility and DC magnetization were measured using a SQUID
magnetometer (Quantum Design, MPMS XL-5) with an ultra-low field capability option.

(i) AC magnetic susceptibility. The sample was cooled from 298 K to 8 K in a zero
magnetic field (less than 3 mOe). Then the temperature(T ) dependence of dispersionχ ′

and absorptionχ ′′ was measured between 8 K and 25 K in the absence and presence of
external magnetic field (H ). The amplitude of AC magnetic fieldh is 50 mOe and the
frequency (f ) range is between 0.02 Hz and 1 kHz.

(ii) DC magnetization. The sample was cooled from 298 K to 1.9 K in a zero magnetic
field. Then an external magnetic fieldH (=1 Oe) is applied at 1.9 K. The zero field cooled
(ZFC) magnetization was measured with increasing temperature from 1.9 K to 30 K and
the field cooled (FC) magnetization was measured with decreasing temperature from 30 K
to 1.9 K.

(iii) The DC magnetic susceptibility was also measured while the sample was cooled
from 300 K to 2 K in thepresence ofH (=1 kOe).

4. Results

Figure 1(a) shows theT -dependence of DC magnetic susceptibilityχa (=Ma/H ) andχc
(=Mc/H ) atH = 1 kOe for stage-2 NiCl2 GIC, whereMa andMc are the magnetizations
along thec plane and thec axis. The deviation ofχa from χc occurs at least below 60 K,
suggesting that short range spin order appears below this temperature. The susceptibility
χc shows a peak around 18 K, whileχa increases with decreasing temperature.

The DC magnetic susceptibilityχa and χc obey a Curie–Weiss law in theT range
between 150 and 300 K. The least squares fit of the data to the Curie–Weiss law yields the
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Figure 1. (a) T dependence ofχa (H ⊥ c) andχc (H ‖ c) for stage-2 NiCl2 GIC.H = 1 kOe.
(b) T dependence of reciprocal susceptibility (χi−χ0

i )
−1 for i = a (•) andc (◦). H = 1 kOe.

The straight line denotes a least squares fit of the data to the Curie–Weiss law. (c)H dependence
of Ma (H ⊥ c) andMc (H ‖ c) at T = 1.9 K. The inset shows theH dependence ofMa/H .

Curie–Weiss temperature2a = 58.07± 0.38 K and Curie–Weiss constantCa = 1.419±
0.008 emu K mol−1 for thec plane and2c = 55.66±0.36 K andCc = 1.456±0.008 emu
K mol−1 for the c axis. Figure 1(b) shows theT dependence of reciprocal susceptibility
(χi−χ0

i )
−1 for i = a andc, whereχ0

i is a temperature-independent susceptibility determined
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Figure 1. (Continued)

from the least squares fit. Our value of2a is a little smaller than that previously reported:
2a = 70±1 K (Suematsuet al [11]) and2a = 65 K (Flandroiset al [6]) for stage-2 NiCl2
GIC and2a = 60 K (Flandroiset al [23]) for stage-1 NiCl2 GIC. The intraplanar exchange
interactionJ is estimated asJ = 32a/[2zS(S+1)] = 7.26±0.05 K. The effective magnetic
moment is calculated asP aeff = 3.369 µB , which is almost the same as those previously
reported:Peff = 3.3 µB (Flandroiset al [6]) and Peff = 3.29 µB (Suematsuet al [11]).
The value ofPeff is a little larger than the theoretical value for complete orbital quenching
(=2.83 µB). Ni ions exist as divalent ions in the NiCl2 intercalate layer.

Figure 1(c) shows theH dependence of magnetizationMa and Mc at 1.9 K. The
magnetizationMa drastically increases with increasing field and reaches a saturated value
Ms
a (=1.204×104 emu mol−1) at relatively low fields. Here we note that the measurement

of Mc againstH was made at 1.9 K withH varied from 0 to 5 kOe after the measurement
of χc againstH was made atH = 1 kOe withT varied from 298 to 1.9 K. Therefore the
value ofMc at H = 0 in figure 1(c) corresponds to a remanent magnetization. We also
notice a slight kink inMa aroundH = 500 Oe, which is of the same order as the critical
fieldH ′E for stage-1 NiCl2 GIC [23, 24]. This may suggest that slight stage-1 fractions exist
in our sample, in spite of the fact that our sample was confirmed to be well defined stage 2
from the (00l) x-ray diffraction measurement. The value ofMc is smaller than that ofMa

for 0 < H 6 5 kOe, indicating that spins lie in thec plane. The values ofHout
A andH ′E

can be derived from these data. As described in section 2, the fieldsHa
0 (Hc

0 ) are defined
as the fields where the tangential line of the magnetization–H curve atH = 0 intersects
the lineM = Ms

a (Ms
c ). In figure 1(c) we can estimateHa

0 ≈ 100 Oe andHc
0 = 4 kOe,

leading toH ′E = 50 Oe andHout
A = 2 kOe. These values are in good agreement with those

previously reported by Suzuki and Ikeda [7]. In the inset of figure 1(c) we show the plot of
Ma/H at 1.9 K as a function ofH . It has a peak aroundH = 100 Oe, suggesting thatH ′E
is of the order of 50 Oe. Then the parametersD andJ ′ are determined asD = 0.28 K and
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J ′ = −6× 10−4 K for z′ = 6 andH ′E = 50 Oe. The ratioD/J is estimated as 3.86× 10−2

close to that (4.78× 10−2) for pristine NiCl2.
Figure 2 shows theT dependence of FC magnetizationMFC

a and ZFC magnetization
MZFC
a in the presence ofH = 1 Oe along thec plane. The magnetizationMZFC

a has a
broad peak at 18.5 K, whileMFC

a drastically increases with decreasing temperature. The
deviation ofMZFC

a from MFC
a occurs belowTf = 21.8 K, indicating that an irreversible

effect of magnetization occurs belowTf .

Figure 2. T dependence ofMFC
a (◦) andMZFC

a (•). H ⊥ c. H = 1 Oe.

Figures 3(a) and (b) show theT dependence of dispersionχ ′aa and absorptionχ ′′aa for
various frequencies atH = 0, respectively. The dispersionχ ′aa has a single broad peak at
18.8 K. This peak temperature does not change with frequency, while the magnitude ofχ ′aa
is dependent on frequency. The absorptionχ ′′aa has a broad peak at 17.2 K and a shoulder
around 20.5 K forf = 0.02 Hz. The broad peak shifts to the high temperature side with
increasing frequency (17.8 K forf = 1 kHz). The magnitude ofχ ′′aa between 17.2 K and
20.5 K is strongly dependent on frequency. These results are similar to those of stage-2
CoCl2 GIC [25]. (i) The absorptionχ ′′aa of stage-2 CoCl2 GIC has two peaks at 6.9 and
8.9 K at f = 0.1 Hz, which are defined as critical temperaturesTcl andTcu, respectively.
(ii) The critical temperatureTcl slightly increases with increasing frequency, whileTcu
remains unchanged. (iii) The dispersionχ ′aa has a peak at 8.4 K betweenTcl andTcu. Since
the magnetic phase transitions of stage-2 NiCl2 GIC are similar to those of stage-2 CoCl2

GIC, it is reasonable to defineTcl and Tcu as Tcl = 17.2 K and Tcu = 20.5± 0.2 K for
stage-2 NiCl2 GIC. Note that the uncertainty ofTcu arises partly from that in the temperature
for the shoulder inχ ′′aa.

Figures 4(a) and (b) show theT dependence ofχ ′cc andχ ′′cc for various frequencies at
H = 0, respectively. Here we show only the data for 0.1 6 f 6 3 Hz. A sample holder
used for the measurement ofχ ′cc andχ ′′cc has an appreciable frequency-dependent baseline
to the AC susceptibility forf > 10 Hz. The dispersionχ ′cc has a single broad peak at
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Figure 3. T dependence of (a)χ ′aa and (b)χ ′′aa at various frequencies.h = 50 mOe.h ⊥ c.

18.9 K, independent of frequency for 0.1 6 f 6 1000 Hz. The absorptionχ ′′cc has two
peaks at 17.1 K and 19.3 K forf = 0.1 Hz, which approximately coincide withTcl and
the peak temperature ofχ ′aa, respectively.

Figure 5 shows thef dependence of peak temperaturesTp for χ ′aa, χ
′′
aa, χ

′
cc andχ ′′cc,

where the temperature for the shoulder ofχ ′′aa is not included. The peak temperature ofχ ′′aa
andχ ′′cc corresponding toTcl slightly increases with increasing frequency. This feature is
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Figure 4. T dependence of (a)χ ′cc and (b)χ ′′cc at various frequencies.h = 50 mOe.h ‖ c.

common to spin glass behaviours. The peak temperature ofχ ′′cc betweenTcu andTcl slightly
shifts to the low temperature side with increasing frequency, while the peak temperature of
χ ′aa andχ ′cc betweenTcu andTcl remains almost unchanged with frequency.

Figure 6(a) shows theT dependence ofχ ′aa at variousH along thec plane. At fields
lower thanH ′E (=50 Oe) the peak temperatureTmax of χ ′aa changes with magnetic field in
a rather complicated manner. AboveH ′E the peak shifts to the high temperature side with



Stage-2 NiCl2 GIC 5407

Figure 5. f dependence of peak temperaturesTp in χ ′aa (•), χ ′′aa (◦), χ ′cc (N) andχ ′′cc (M, �).

further increasing field. This implies that the in-plane ferromagnetic order is apparently
enhanced by the application ofH . The relations ofTmax againstH andχ ′max againstH for
706 H 6 1000 Oe can be well described byTmax(H)− Tmax(0) ≈ Hµ andχ ′max ≈ H−λ,
respectively, with the exponentsµ = 0.62± 0.02 andλ = 0.68± 0.03, whereTmax(0) is
treated as an unknown parameter in the least squares fit.

Figure 6(b) shows thatT dependence ofχ ′′aa at various magnetic fields along thec
plane. The shoulder aroundTcu at H = 0 disappears even at 1–5 Oe, suggesting that the
anisotropy field in thec planeHin

A is of the order of 5 Oe. At fields betweenHin
A andH ′E

the peak ofχ ′′aa at Tcl observed atH = 0 shifts with magnetic field in a rather complicated
manner.

Figures 7(a) and (b) show theH dependence ofχ ′aa and χ ′′aa at variousT when the
magnetic field is applied along thec plane. The absorptionχ ′′aa has three peaks atHc0
(≈4 Oe),Hc1 (≈20 Oe) andHc2 (≈35 Oe) at 14 K, while the dispersionχ ′aa has only two
peaks atHc0 andHc1. Figure 7(c) shows theT dependence ofHc0, Hc1 andHc2. The field
Hc0 reduces to zero between 17 and 18 K, while the fieldsHc1 andHc2 tend to reduce to
zero around 21 K. The magnetic fieldsHc0, Hc1 andHc2 at 0 K correspond toHin

A , HSF
andH ′E , respectively:Hin

A ≈ 6 Oe,HSF ≈ 22 Oe andH ′E ≈ 40 Oe. In fact the value of
H ′E thus determined is almost the same as that derived from figure 1(c). The value ofHin

A

is of the same order as that (=10 Oe) reported by Karimovet al [1]. The value ofHSF
coincides with that estimated from the relationHSF = [2Hin

A H
′
E ]1/2. Note that the ratio

Hc2/Hc1 is 1.82 for stage-2 NiCl2 GIC, which is comparable to that (=2.05) for stage-1
NiCl2 GIC whereHc1 = 380 Oe andHc2 = 780 Oe [24].

Figures 8(a) and (b) show thef dependence ofχ ′aa at various temperatures. It is found
thatχ ′aa can be well described by a power-law form (χ ′aa ≈ ω−x) over the whole frequency
range used in the present work. In figure 8(c) we show a plot of the exponentx as a
function of temperature. The exponentx is positive and very close to zero. It may provide
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Figure 6. T dependence of (a)χ ′aa and (b)χ ′′aa at various magnetic fields.H ⊥ c. f = 100 Hz.
h = 50 mOe.

an appropriate method to defineTcu andTcl : it exhibits local maxima at 16.5 K just below
Tcl and at 21.1 K just aboveTcu. Note that such a behaviour ofx is also observed nearTcl
(=6.9–7.1 K) andTcu (=8.9 K) in stage-2 CoCl2 GIC [25].

Figures 9(a), (b), (c), (d) and (e) show thef dependence ofχ ′′aa at variousT . The f
dependence ofχ ′′aa for f < 20 Hz is rather different from that forf > 20 Hz depending
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Figure 7. H dependence of (a)χ ′aa and (b)χ ′′aa at various temperatures. (c)T dependence of
critical fieldsHc0, Hc1 andHc2 determined from the data ofχ ′ againstH (•, N, �) andχ ′aa
againstH (◦, M).

on temperature. Thef dependence ofχ ′′aa for f 6 20 Hz is summarized as follows.
(i) For T < 16 K χ ′′aa decreases with increasing frequency except for small peaks around
f = 0.2 Hz and 2 Hz. (ii) Around 16.6–16.8 K just belowTcl χ ′′aa is almost independent of
frequency. (iii) For 176 T 6 19.8 K χ ′′aa increases with increasing frequency except for a
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Figure 7. (Continued)

broad peak around 5 Hz. (iv) AroundTcu χ ′′aa becomes constant. (v) ForT > 20.6 K χ ′′aa
decreases with increasing frequency. In contrast, thef dependence ofχ ′′aa for f > 20 Hz
is summarized as follows. The absorptionχ ′′aa increases with increasing frequency for
T 6 21 K and decreases with increasing frequency forT > 21.3 K.

5. Discussion

5.1. Model: relaxation due to intraisland and interisland fluctuations

Here we present a simple model [25] which may explain thef dependence ofχ ′aa andχ ′′aa in
stage-2 NiCl2 GIC. The magnetization of each island fluctuates with characteristic relaxation
times τin and τout associated with intraisland and interisland correlations, respectively.
Correspondingly the characteristic frequenciesfin and fout are defined by (2πτin)−1 and
(2πτout )−1, respectively. When the relaxation of these fluctuations is of Debye type, the
dispersionχ ′aa and absorptionχ ′′aa may be described by

χ ′aa(ω) = χinaa(Q = 0)
1

1+ (ωτin)2 + χ
out
aa (Q = 0)

1

1+ (ωτout )2 (2)

and

χ ′′aa(ω) = χinaa(Q = 0)
ωτin

1+ (ωτin)2 + χ
out
aa (Q = 0)

ωτout

1+ (ωτout )2 . (3)

Each Ni2+ ion is regularly located on the triangular lattice inside the same island. The
wavevector dependent susceptibilityχinaa(Q) related to the intraisland fluctuations may be
described by

χinaa(Q) = 〈SaQ(t = 0)Sa−Q(t = 0)〉in ≈ 1

[(Q−Ga)2+ (1/ξ ina )2](2−η)/2
(4)
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Figure 8. (a) and (b)f dependence ofχ ′aa at various temperatures. (c)T dependence of
exponentx whereχ ′aa is described by a power law form(χ ′aa ≈ ω−x) over the whole frequency
range.

whereSaQ is the Fourier transform of spin componentSaj at the siterj , Ga is the in-plane
reciprocal lattice vector,η (≈0) is a critical exponent of Fisher–Burford andξ ina is the
intraisland spin correlation length. In contrast, there is no coherency of lattice between
different islands. The wavevector-dependent susceptibilityχoutaa (Q) related to the interisland
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Figure 8. (Continued)

fluctuations may be described by

χoutaa (Q) = 〈SaQ(t = 0)Sa−Q(t = 0)〉out ≈ 1

[Q2+ (1/ξouta )2](2−η′)/2
(5)

whereξouta is the interisland spin correlation length andη′ (≈0) is a critical exponent of
Fisher–Burford. The susceptibilityχinaa(Q) has a peak around eachQ = Ga, while χoutaa (Q)
has a peak only atQ = 0. The static susceptibilitiesχinaa(Q = 0) andχoutaa (Q = 0) may
diverge atTcu andTcl , respectively. In the above derivation the following approximation is
used

〈SaQ=0(0)S
a
−Q=0(t)〉 = 〈SaQ=0(0)S

a
−Q=0(0)〉 exp

(
− t

τ

)
(6)

where τ is a characteristic relaxation time. The dispersionχ ′ decreases with increasing
ω, being independent of temperature. In contrast the absorptionχ ′′ exhibits maxima at
ωτin = 1 andωτout = 1 depending on temperature.

5.2. fin andfout estimated from nonlinear susceptibility

What are the orders offin and fout in stage-2 NiCl2 GIC? The orders offin and fout
have been estimated by Matsuura and Hagiwara [15] and Miyoshiet al [17] from their
results of nonlinear susceptibility for stage-2 NiCl2 GIC. Their results are summarized
as follows. The nonlinear susceptibilityχ2 is defined byχ2 = −4M ′3ω/h

3 in the limit
of h → 0, whereM ′3ω is the real part of the third harmonic (3ω) in-phase component
of AC magnetization driven by an external AC magnetic field with angular frequencyω

(h exp(iωt)). Matsuura and Hagiwara [15] have shown that the nonlinear susceptibilityχ2 at
low frequencies of 1 mHz6 f 6 1 Hz has a negative-divergent singularity atTcu (=21 K)
and an antisymmetric singularity atTcl (=17 K) where the sign changes from negative
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Figure 9. (a)–(e)f dependence ofχ ′′aa at various temperatures.

to positive as the temperature decreases. The change of sign inχ2 reflects the breaking
of spatial magnetic symmetry. The singularity ofχ2 at Tcl indicates the appearance of
3D antiferromagnetic phase belowTcl . Recently Miyoshiet al [17] have measured theT
dependence ofχ2 in stage-2 NiCl2 GIC at higher frequencies (3.7 6 f 6 370 Hz). They
have shown that the singularity ofχ2 at Tcu changes from a negative-divergent one for
f < 0.1 Hz to an antisymmetric one for 376 f 6 370 Hz. The change of sign inχ2 at
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Figure 9. (Continued)

Tcu indicates the appearance of 2D ferromagnetic phase belowTcu. These results may be
explained as follows. The characteristic frequencyfin related to the intraisland fluctuations
is much higher than the characteristic frequencyfout related to the interisland fluctuations.
The contribution of intraisland fluctuations to the singularity ofχ2 at Tcu can be observed
mainly at high frequencies close tof = fin, while the contribution of interisland fluctuation
to the singularity ofχ2 at Tcl can be observed mainly at low frequencies close tof = fout .
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Figure 9. (Continued)

It is concluded from the above result that (i)fout at Tcl is of the order of 0.1 Hz and (ii)fin
at Tcu is at least larger than 37 Hz.

5.3. Frequency dependence ofχ ′aa

Here we assume that the characteristic frequencyfin is much larger thanfout . The
frequenciesfin andfout are expected to increase with increasing temperature. As shown in
figure 9 the frequency dependence ofχ ′′aa is separated into two parts: the high frequency part
(f > 20 Hz) and the low frequency part (f < 20 Hz). The high and low frequency parts
may mainly correspond to the contributions from intraisland and interisland fluctuations,
respectively.

First we discuss the frequency dependence ofχ ′′aa for 0.02 < f < 20 Hz in terms of
the above model. In figure 9(a)χ ′′aa for T < 16 K decreases with increasing frequency.
Sinceχoutaa (Q = 0) is larger thanχinaa(Q = 0) below Tcl , χ ′′aa is determined mainly by the
second term of (3):χ ′′aa has a peak atωτout = 1. The decrease ofχ ′′aa with increasing
frequency suggests thatfout is at least lower than 0.02 Hz. In figures 9(b), (c) and (d),χ ′′aa
for 17< T < 19.8 K increases with increasing frequency except for a broad peak around
5 Hz. BetweenTcl andTcu whereχinaa(Q = 0) is comparable toχoutaa (Q = 0), χ ′′aa(ω) can
be approximated by

χ ′′aa(ω) = χinaa(Q = 0)(ωτin)+ χoutaa (Q = 0)
ωτout

1+ (ωτout )2 (7)

sincef � fin. The increase ofχ ′′aa with increasing frequency is due to the first term of (7).
The broad peak around 5 Hz is due to the second term of (7), suggesting thatfout is nearly
equal to 5 Hz. In figure 9(e)χ ′′aa decreases with increasing frequency forT > 20.6 K.
AboveTcu whereχinaa(Q = 0) is larger thanχoutaa (Q = 0), χ ′′aa can be still described by (7).
If the first term of (7) is smaller than the second term because ofωτin � 1 andωτout > 1,



5416 I S Suzuki and M Suzuki

then the decrease ofχ ′′aa with increasing frequency is due to the second term which is
proportional to (ωτout )−1.

Next we discuss the frequency dependence ofχ ′′aa for 20 < f < 1000 Hz. In figure
9 χ ′′aa increases with increasing frequency forT 6 21 K and decreases with increasing
frequency forT > 21.3 K. No peak ofχ ′′aa is observed for 20< f 6 1000 Hz, suggesting
thatfin is much larger than 1 kHz. This result is not inconsistent with the result of Miyoshi
et al [17] thatfin is at least larger than 37 Hz. Sinceωτout � 1 andωτin � 1, χ ′′aa(ω) can
be approximated by

χ ′′aa(ω) = χinaa(Q = 0)(ωτin)+ χoutaa (Q = 0)(ωτout )−1. (8)

The increase ofχ ′′aa with increasing frequency forT 6 21 K is due to the first term of (8),
while the decreases ofχ ′′aa with increasing frequency is due to the second term of (8).

In summary there are two kinds of characteristic frequencies associated with intraisland
fluctuation (fin) and interisland fluctuations (fout ). The characteristic frequencyfin is higher
than 1 kHz at least forT < 22 K. The characteristic frequencyfout is around 5 Hz between
Tcl andTcu, decreases with decreasing temperature and becomes less than 0.02 Hz below
Tcl . Sinceτout = (2πfout )−1, the decrease offout implies the increase of relaxation time
τout nearTcl , which is a feature common to spin glasses near the freezing temperature [26].

5.4. Frequency dependence ofχ ′aa

We discuss the frequency dependence ofχ ′aa in terms of the above model. Since the
condition ωτin � 1 is satisfied for 0.02 6 f 6 1000 Hz, the frequency dependence of
χ ′aa is determined mainly by the second term of (2). The absorptionχ ′aa below Tcl is
proportional to (ωτout )−2 sinceωτout � 1 and becomes weakly dependent on frequency
with increasing temperature because of the decrease inτout with temperature. In contrast,
as shown in figure 8(c), the measured exponentx (χ ′aa ≈ ω−x) is much smaller than that
predicted from (2), suggesting that (2) is not a correct expression ofχ ′aa in stage-2 NiCl2
GIC at least concerning the frequency dependence. When the power law form (χ ′aa ≈ ω−x)
is valid for any frequency, the absorptionχ ′′aa can be calculated as

χ ′′aa(ω) ≈
πx

2
χ ′aa(ω)sgn(ω) (9)

using the Kramers–Kronig relation

χ ′′aa(ω) = −
1

π
P

∫ ∞
−∞

dω′
1

ω′ − ω [χ ′aa(ω
′)− χ∞aa ] (10)

where the notation sgn which is 1 forω > 0 and−1 for ω < 0 is included in (9) because
χ ′′aa should be an odd function ofω, andχ∞aa is the complex susceptibility atω = ∞ and
is assumed to be zero here. As shown in figure 8(c) the temperature dependence ofx is
similar to that ofχ ′′aa. The ratioχ ′′aa/χ

′
aa is roughly equal to 2.4/100 (=0.024) at 18.9 K

for f = 0.02 Hz, which is of the same order asπx/2 (=0.03 for x = 0.02). Thus these
results are consistent with the predictions from (9). The similarity betweenχ ′′aa and x
suggests a possibility that the critical temperaturesTcu andTcl can be determined from the
T dependence ofx. In fact the exponentx has two peaks at 16.5 K and 21.1 K, whileχ ′′aa
has a peak atTcl (=17.2 K) and a shoulder atTcu (=20.5± 0.2 K). Note thatx has a local
minimum at 19.3 K, corresponding to the peak temperature ofχ ′′cc at f = 0.1 Hz.

According to the fluctuation–dissipation theorem, the Fourier spectrumSaa(ω) of the
time-dependent magnetization fluctuation〈Ma(0)Ma(t)〉 is related toχ ′′aa(ω) by

Saa(ω) =
∫ ∞
−∞
〈Ma(0)Ma(t)〉 e−iωt dt = 2kBT

h̄ω
χ ′′aa(ω) (11)
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whereMa(t) is the time-dependent magnetization along thec plane. It is expected from
(9) that, belowTcl , χ ′′aa at low frequencies is described by the same power law form asχ ′aa
(χ ′′aa ≈ ω−x). ThusSaa(ω) has the formω−(1+x), indicating that〈Ma(0)Ma(t)〉 varies with
t astx . In the limit of x → 0, 〈Ma(0)Ma(t)〉 has a logarithmic time dependence. As shown
in figure 2, at temperatures sufficiently lower thanTcl the magnetizationMZFC

a along the
c plane is much smaller than the magnetizationMFC

a which is one at thermal equilibrium.
The magnetizationMZFC

a may increase and reachMFC
a with t as ln(t).

In summary the time-dependent magnetization fluctuation〈Ma(0)Ma(t)〉 varies with t
as tx . The exponentx as a function of temperature clearly shows a very broad peak atTcu
and a sharp peak atTcl , which may provide a better method for determining the critical
temperatures compared to that ofχ ′′aa: χ

′′
aa has a broad peak atTcl and a shoulder atTcu.

The exponentx is very close to zero. The value ofx = 0 has been reported in many spin
glasses [26].

5.5. Origin of cluster-glass-like phase

We have seen that the 3D antiferromagnetic phase appears belowTcl . As shown in figure
5, the critical temperatureTcl identified with the peak temperature ofχ ′′aa andχ ′′cc shifts to
the high temperature side with increasing frequency. This feature, which is common to spin
glass behaviours, suggests that the ordered phase belowTcl may have the characteristic of a
cluster-glass-like phase. The magnetization of each ferromagnetic island nearTcl fluctuates
with the relaxation timeτout , which increases with decreasing temperature. Each island
plays a role of spins in the spin glass behaviour. The spin directions of ferromagnetic
islands may be partly frozen because of frustrated interisland interactions. In figure 2 we
show that an irreversible effect of magnetization occurs belowTf which is higher thanTcl .
This may be further evidence for such a cluster-glass phase.

What is the origin of such frustrated interisland fluctuations causing the cluster-glass-
like phase? It may arise from the competition among the frustrated interisland interactions:
(i) the dipole–dipole interaction between adjacent islands in the same intercalate layer
and (ii) the effective antiferromagnetic interplanar exchange interaction between islands
in different intercalate layers. The dipole–dipole interaction is approximately given by [27]

EAFd =
π2g2µ2

BS
2L

12a4
(12)

for the antiferromagnetic alignment, whereL is a diameter of ferromagnetic islands and
also the distance between centres of adjacent islands. The effective interplanar exchange
interaction may be described by [27]

J ′eff ≈ J ′S(S + 1)p
πL2

2
√

3a2
(13)

wherea is the in-plane lattice constant andp (0< p < 1) is the degree of the overlapping
of one ferromagnetic island of diameterL in an intercalate layer with another island of
the same diameter in the nearest neighbour adjacent intercalate layers. Here we define the
diameterLc by

Lc =
√

3

6pa2

g2
aµ

2
BS

|J |(S + 1)

∣∣∣∣ JJ ′
∣∣∣∣ (14)

where the effective interplanar exchange interaction (|J ′eff |) is of the same order as that of the
dipole–dipole interaction (|EAFd |). WhenL is much larger thanLc, the effective interplanar
interaction dominantly contributes to the frustrated interisland interaction. WhenL is
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much smaller thanLc, the dipole–dipole interaction dominantly contributes to the frustrated
interisland interaction. The value ofLc is estimated asLc ≈ 0.096|J/J ′| (Å) = 116 Å
for the stage-2 NiCl2 GIC whereJ = 7.26 K, J ′ = −6× 10−4 K, S = 1, ga = 2.156,
a = 3.46 Å and p = 1/2. This value ofLc is of the same order as the diameter of
small islands (≈130–170Å) which is determined from neutron small angle scattering by
Flandroiset al [28]. This implies that both the dipole–dipole interaction and the effective
interplanar interaction contribute to the frustrated interisland interaction. The effective
antiferromagnetic interplanar interaction becomes dominant belowTcl , leading to the 3D
antiferromagnetic order.

6. Conclusion

Stage-2 NiCl2 GIC magnetically behaves like a quasi-2DXY -like ferromagnet with very
weak antiferromagnetic exchange interaction. The spin Hamiltonian is given by (1) with
J = 7.26± 0.05 K, D = 0.28 K andJ ′ = −6× 10−4 K. The magnetic phase transitions
of stage-2 NiCl2 GIC have been studied by AC SQUID magnetic susceptibility. This
compound undergoes magnetic phase transitions atTcl (=17.2 K) andTcu (=20.5±0.2 K).
BetweenTcu andTcl a 2D long range order is established within each island in the intercalate
layer. The ordered phase belowTcl is a 3D antiferromagnetic one with the frustrated nature
of cluster-glass-like behaviour. The spin directions of ferromagnetic islands may be partly
frozen because of frustrated interisland interactions.
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