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Abstract. Stage-2 NiG} GIC is a quasi-two-dimensionalY -like ferromagnet with very weak
antiferromagnetic interplanar exchange interaction. This compound undergoes two magnetic
phase transitions &af,, (=20.5+ 0.2 K) and 7,; (=17.2 K). BetweenT,, and T,; a two-
dimensional long range spin order is established within each island in the intercalate layers.
Below T, 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 dispersigri and absorptiony” acquired using an AC SQUID
magnetometer. The absorptigrf shows a complicated frequency dependence figarand

T.;, suggesting two kinds of relaxation time associated with intraisland fluctuatjgh gnd
interisland fluctuationt,,,): .., is much longer than;,.

1. Introduction

Stage-2 NiC] 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 neighbous Mi@rs

in a periodic arrangement along theaxis. 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 transitiofig, @nd7,;. The values off,,

andT, are different depending on its definition and method of measurenignt= 20.2 K

andT, = 181 K (Karimov et al [1]), 7., = 19.40 K andT,; = 17.3 K (Suzuki and Ikeda

[7]), T., = 213 Kand T, = 180 K (Suzukiet al [9]), T., = 220 KandT, = 175 K
(Suematset al [11]) T, = 21+1 Kand7,, = 19+ 1 K (Wiesleret al [14]) andT,, = 21 K

andT, = 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 interagtion
between spins over the in-plane spin correlation lerggtin adjacent magnetic intercalate
layers is described by, = J'(&,/a)?, where J' is the interplanar exchange interaction
anda is the in-plane lattice constant. The growth&fis limited by the island size as the
temperature is decreased. Suppression of the increakg ifeads to the realization of 2D
spin ordering betweeff,, and T,;. Below T, there occurs a 3D spin ordering where the
2D ferromagnetic layers are antiferromagnetically stacked along &xés. Experimentally
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this has been revealed through magnetic neutron scattering along thes, wherec*

(lc*| = 2 /d) is the reciprocal lattice vector parallel to thexxis andd is the c-axis repeat
distance. Belowrl; the antiferromagnetic Bragg peaks appear at the scattering wave vector
Q =tc*with¢ =1/2, 3/2,5/2 and 72, showing the antiferromagnetic spin ordering along
the ¢ axis. Betweerl,, and T, a smooth magnetic ridge appears along ¢halirection,
showing the 2D ferromagnetic spin ordering in thelane [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
dispersiony’ and absorptiory” are measured as a function of temperature and frequency
with and without an external magnetic field, using an AC SQUID magnetometer. Between
T., (=172 K) and T,; (=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 ¢;,) and interisland fluctuationz{,). The relaxation timer,,, is assumed
to be much longer than the relaxation timg. The contribution of the intraisland and
interisland fluctuations tg” may be observed separately jf' is measured at different
frequencies. In fact we show that the complicated frequency dependencé aliserved
nearT,, and T, can be explained in terms of a simple model that both intraisland and
interisland fluctuations have relaxation of Debye type with relaxation tigmeand t,,,,
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 Ni£GIC with spinS (=1) can be described by [13]
H=-2])8;-S;+D) (5)°-2/') 8-S, (1)
) i (i,m)

(i.j
where thez axis coincides with the axis, J (>0) is the ferromagnetic intraplanar exchange
interaction,D (>0) is the single ion anisotropy term, add (<0) is the antiferromagnetic
interplanar exchange interaction. For convenience the equivalent interaction fields at
0 K are defined a#H{" = DS/gcus, Hr = 27'|J'|S/gats, Hp = 22JS/g.up and
Hsr = [2H!"H,]¥? where g, and g. are theg values along ther plane andc axis
(go = 2.156+£0.002 andg. = 2.096+0.002 at 300 K [13]).H is the intraplanar exchange
field, H, the interplanar exchange field/sr the spin flop field,H}" the anisotropy field
in the ¢ plane, H{"" the anisotropy field along the axis andz and z' the numbers of
interacting neighbours in and between thplane, respectivelyz(= z’ = 6).

In terms of the spin Hamiltonian (1) the magnetic susceptibilit) & can be derived
asys = Na(gamp)?/4z'|1J'| and x. = Na(gep)?/ (2D +47'|1J’|). Then characteristic mag-
netic field H§ is defined agf§ = 2[H{"' + (g./8.) H;] where the magnetizatioM, = x.H
is equal to the saturation magnetizatidofy (=Nag.upS). Similarly the characteristic
magnetic fieldH is defined agf§ = 2H where the magnetizatioW, = x,H is equal to
the saturation magnetizatialf] (=Nag.uS). Since Hy is assumed to be much smaller
than H$", H{ is approximately equal téf§ ~ 2H".

For comparison the magnetic properties of the pristine N#Bk presented here. It
undergoes an antiferromagnetic phase transition at #ed témperaturdy = 52.3 K [18].
The spin Hamiltonian is also given by (1). The ferromagnetic intraplanar interaétenm
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the effective magnetic mome®, are estimated a$ = 8.53 K andP,;; = 3.30 13 from
Curie—Weiss temperatur® = 68.2 K and Curie-Weiss constagt = 1.36 emu K mot?

[19]. The values ofD and J’ are determined a® = 0.40 K andJ’ = —-0.78 K

from the antiferromagnetic resonance [20] and magnetic susceptibility [21]. From the
in-plane spin wave dispersion relation, Liridd et al [22] deduce the ferromagnetic nearest
neighbour (n.n.) and antiferromagnetic next nearest neighbour (n.n.n.) intraplanar exchange
interactionsJ/,,,, = 10.85 K and J,,,. = —2.425 K in our definition of spin Hamiltonian,
which correspond to one-half of those originally reported by Lérdgt al [22]. Note that

the sum (... + J,..... = 8.425 K) is close to the value of derived from®. Thus we can
estimateD/J = 4.78 x 1072, H{"' = 2.84 kOe andH,, = 63.8 kOe.

3. Experimental procedure

A sample of stage-2 NiGIGIC was prepared from single crystal of kish graphite (SCKG)
by vapour reaction of anhydrated NjGh a chlorine atmosphere with a gas pressure of
~740 Torr. The reaction was continued at 5@0for one month. The stage structure of
this compound was confirmed from (X-ray diffraction to be well defined stage 2: the
c-axis repeat distance is B+ 0.02 A. The NiCl, layer forms a triangular lattice with the
in-plane lattice constant.8 + 0.01 A close to that for the pristine Nigl(3.465A) [14].
The NiCl, layer is incommensurate with the graphite layer and is rotated byBh respect
to the graphite layer. The stoichiometry was determined from a weight uptake measurement
as G33+002NiClo. The ideal stoichiometry is estimated aggeNiCl,. 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 ok3 x 0.2 mn?.

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 susceptibilityThe sample was cooled from 298 K 8 K in a zero
magnetic field (less than 3 mOe). Then the temperat@inedependence of dispersion
and absorptiory” was measured betwee8 K and 25 K in the absence and presence of
external magnetic fieldH). The amplitude of AC magnetic field is 50 mOe and the
frequency () range is between 0.02 Hz and 1 kHz.

(i) DC magnetization The sample was cooled from 298 K to 1.9 K in a zero magnetic
field. Then an external magnetic fiekd (=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.

(iif) The DC magnetic susceptibility was also measured while the sample was cooled
from 300 K b 2 K in thepresence off (=1 kOe).

4. Results

Figure 1(a) shows th&-dependence of DC magnetic susceptibility (=M,/H) and x.
(=M./H) at H = 1 kOe for stage-2 NiGIGIC, whereM, and M, are the magnetizations
along thec plane and the axis. The deviation of, from x. occurs at least below 60 K,
suggesting that short range spin order appears below this temperature. The susceptibility
x. Shows a peak around 18 K, whijg increases with decreasing temperature.

The DC magnetic susceptibility, and x. obey a Curie-Weiss law in th& 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 of, (H L ¢) andy. (H | c) for stage-2 NiG} GIC. H = 1 kOe.
(b) T dependence of reciprocal susceptibilify XI.O)*l fori =a (®)andc (O). H =1 kOe.
The straight line denotes a least squares fit of the data to the Curie-Weiss lavdépendence
of M, (H Lc)andM, (H || ¢) atT = 1.9 K. The inset shows thé& dependence o#,/H.

Curie—Weiss temperatur®@, = 58.07 + 0.38 K and Curie-Weiss constan}, = 1.419+
0.008 emu K mot? for the ¢ plane and®, = 55.66+ 0.36 K andC, = 1.456-+ 0.008 emu

K mol~! for the ¢ axis. Figure 1(b) shows the dependence of reciprocal susceptibility
(xi—x2~1fori = a andc, wherey? is a temperature-independent susceptibility determined
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Figure 1. (Continued)

from the least squares fit. Our value @f, is a little smaller than that previously reported:
®, = 70+ 1 K (Suematswet al [11]) and®, = 65 K (Flandroiset al [6]) for stage-2 NiC}

GIC and®, = 60 K (Flandroiset al [23]) for stage-1 NiCJ] GIC. The intraplanar exchange
interactionJ is estimated ag = 30,/[2zS(S+1)] = 7.26+0.05 K. The effective magnetic
moment is calculated aB?, = 3.369 up, which is almost the same as those previously
reported: Py = 3.3 up (Flandroiset al [6]) and P,;; = 3.29 up (Suematsiet al [11]).

The value ofP, is a little larger than the theoretical value for complete orbital quenching
(=2.83 up). Niions exist as divalent ions in the NiCintercalate layer.

Figure 1(c) shows thed dependence of magnetizatiol, and M. at 1.9 K. The
magnetizationM, drastically increases with increasing field and reaches a saturated value
M¢ (=1.204x 10* emu mot?) at relatively low fields. Here we note that the measurement
of M, againstH was made at 1.9 K witlH varied from 0 to 5 kOe after the measurement
of x. againstH was made aff = 1 kOe with T varied from 298 to 1.9 K. Therefore the
value of M. at H = 0 in figure 1(c) corresponds to a remanent magnetization. We also
notice a slight kink inM, aroundH = 500 Oe, which is of the same order as the critical
field H}, for stage-1 NiCJ 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 (0Q) x-ray diffraction measurement. The value M is smaller than that oM,
for 0 < H < 5 kOe, indicating that spins lie in theplane. The values off*' and Hy,
can be derived from these data. As described in section 2, the figldg7;) are defined
as the fields where the tangential line of the magnetizafibrcurve atH = O intersects
the lineM = M} (M?). In figure 1(c) we can estimatdg =~ 100 Oe andH§ = 4 kOe,
leading toH;, = 50 Oe andH "' = 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
M,/H at 1.9 K as a function off. It has a peak arounff = 100 Oe, suggesting tha&f,
is of the order of 50 Oe. Then the parametBrandJ’ are determined a® = 0.28 K and
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J' = —6x10"*K for 7 = 6 andH}, = 50 Oe. The ratid>/J is estimated as.86 x 102
close to that (48 x 10-2) for pristine NiCb.

Figure 2 shows thd dependence of FC magnetizatiofy© and ZFC magnetization
MZF€ in the presence off = 1 Oe along ther plane. The magnetizatioh "¢ has a
broad peak at 18.5 K, whilaZ¢ drastically increases with decreasing temperature. The

deviation of MZFC from MIFC occurs belowl; = 21.8 K, indicating that an irreversible
effect of magnetization occurs belofy.
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Figure 2. T dependence a#/f¢ (O) and MZ¥C (®). H L c. H =1 Oe.

Figures 3(a) and (b) show tHe dependence of dispersigyf, and absorptiory,, for
various frequencies & = 0, respectively. The dispersioy], has a single broad peak at
18.8 K. This peak temperature does not change with frequency, while the magnityfle of
is dependent on frequency. The absorptigh 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 fof = 1 kHz). The magnitude of/, between 17.2 K and
20.5 K is strongly dependent on frequency. These results are similar to those of stage-2
CoCk GIC [25]. (i) The absorptiory,, of stage-2 CoGl GIC has two peaks at 6.9 and
8.9 K at f = 0.1 Hz, which are defined as critical temperatutgsand 7., respectively.

(i) The critical temperaturel,; slightly increases with increasing frequency, whilg,
remains unchanged. (iii) The dispersigf), has a peak at 8.4 K betwedp and7,,. Since
the magnetic phase transitions of stage-2 WNiGIC are similar to those of stage-2 CgCl
GIC, it is reasonable to definE; andT,, asT,; = 172 K and 7., = 20.5+ 0.2 K for
stage-2 NiCJ GIC. Note that the uncertainty @f, arises partly from that in the temperature
for the shoulder iny.,.

Figures 4(a) and (b) show tHe dependence of,. and x.. for various frequencies at
H = 0, respectively. Here we show only the data fot & f < 3 Hz. A sample holder
used for the measurement gf. and x.. has an appreciable frequency-dependent baseline
to the AC susceptibility forf > 10 Hz. The dispersiory,. has a single broad peak at
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Figure 3. T dependence of (g),, and (b)x., at various frequencies: = 50 mOe.h L c.

18.9 K, independent of frequency forlo< f < 1000 Hz. The absorption. has two
peaks at 17.1 K and 19.3 K fof = 0.1 Hz, which approximately coincide wit,;, and
the peak temperature of , respectively.

Figure 5 shows thef dependence of peak temperatui@sfor x,,, x.,, x.. andx.,

where the temperature for the shoulderygf is not included. The peak temperaturexgf
and x/. corresponding td,; slightly increases with increasing frequency. This feature is
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common to spin glass behaviours. The peak temperatuxg. dfetween?,, andT, slightly
shifts to the low temperature side with increasing frequency, while the peak temperature of
x., and /. betweenT,, and T, remains almost unchanged with frequency.
Figure 6(a) shows th& dependence of,, at variousH along thec plane. At fields
lower thanH (=50 Oe) the peak temperatuf,, of x,, changes with magnetic field in
a rather complicated manner. Abo¥E; the peak shifts to the high temperature side with
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further increasing field. This implies that the in-plane ferromagnetic order is apparently
enhanced by the application &f. The relations off,,,, againstd andy,,,, againstH for

70 < H < 1000 Oe can be well described By, (H) — T,,.(0) ~ H* and x},,. ~ H™*,
respectively, with the exponents = 0.62 4+ 0.02 and.x = 0.68+ 0.03, whereT,,,,(0) is
treated as an unknown parameter in the least squares fit.

Figure 6(b) shows thaf’ dependence of, at various magnetic fields along the
plane. The shoulder arourid, at H = 0 disappears even at 1-5 Oe, suggesting that the
anisotropy field in the: plane H{" is of the order of 5 Oe. At fields betwedi!" and H,
the peak ofy., at T.; observed aff = O shifts with magnetic field in a rather complicated
manner.

Figures 7(a) and (b) show thH dependence of,, and x, at variousT when the
magnetic field is applied along the plane. The absorptiory,, has three peaks &
(~4 Oe), H,1 (=20 Oe) andH,, (=35 Oe) at 14 K, while the dispersiorf,, has only two
peaks atH., and H.1. Figure 7(c) shows th& dependence ofi.o, H.; and H.,. The field
H,o reduces to zero between 17 and 18 K, while the fiélds and H., tend to reduce to
zero around 21 K. The magnetic fieldt,, H.; and H.; at 0 K correspond td—Ij;", Hgr
and Hy,, respectively: H" ~ 6 Oe, Hsr ~ 22 Oe andH, ~ 40 Oe. In fact the value of
H}, thus determined is almost the same as that derived from figure 1(c). The vakig of
is of the same order as that{0 Oe) reported by Karimoet al [1]. The value ofHgr
coincides with that estimated from the relatiéhr = [ZHQ”H[E]l/Z. Note that the ratio
H.,/H. is 1.82 for stage-2 NiGIGIC, which is comparable to that=@.05) for stage-1
NiCl, GIC whereH,.; = 380 Oe andH,., = 780 Oe [24].

Figures 8(a) and (b) show the dependence of,, at various temperatures. It is found
that x/, can be well described by a power-law forpy ( ~ »~) over the whole frequency
range used in the present work. In figure 8(c) we show a plot of the expanasta
function of temperature. The exponents positive and very close to zero. It may provide
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an appropriate method to defiig, and 7,;: it exhibits local maxima at 16.5 K just below
T, and at 21.1 K just abovE&,,. Note that such a behaviour efis also observed ned,
(=6.9-7.1 K) andT,, (=8.9 K) in stage-2 CoGIGIC [25].

Figures 9(a), (b), (c), (d) and (e) show tlfedependence of,, at variousT. The f
dependence of,, for f < 20 Hz is rather different from that fof > 20 Hz depending
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Figure 7. H dependence of (a},, and (b)x., at various temperatures. (&) dependence of

critical fields H.o, H.1 and H., determined from the data ¢f’ againstH (®, A, H) and x/,
againstH (O, A).

on temperature. Theg dependence of,’ for f < 20 Hz is summarized as follows.

(i) For T < 16 K x., decreases with increasing frequency except for small peaks around
f =0.2 Hz and 2 Hz. (ii) Around 16.6-16.8 K just beldly, x/, is almost independent of
frequency. (iii) For 17< T < 19.8 K x/, increases with increasing frequency except for a
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Figure 7. (Continued)

broad peak around 5 Hz. (iv) Arourii, ., becomes constant. (v) Fa@r > 20.6 K x/,
decreases with increasing frequency. In contrast,fttdependence of,, for f > 20 Hz

is summarized as follows. The absorptigr, increases with increasing frequency for
T < 21 K and decreases with increasing frequencyffag 21.3 K.

5. Discussion

5.1. Model: relaxation due to intraisland and interisland fluctuations

Here we present a simple model [25] which may explainftdependence of/, andy,’ in
stage-2 NiCJ GIC. The magnetization of each island fluctuates with characteristic relaxation
times 1;, and 1,,, associated with intraisland and interisland correlations, respectively.
Correspondingly the characteristic frequencjgs and f,,, are defined by ®1t;,)~* and
(2nt,.,) "1, respectively. When the relaxation of these fluctuations is of Debye type, the
dispersiony/, and absorptiory/, may be described by

1

) 1
’ _ in -0 out -0 2
Xaa (C()) Xaa (Q )1 4 (a).cm)z + Xaa (Q )1 =+ (U)'Cgu[)z ( )
and
) WT: wT,
Y _ in -0 in out =0 —out 3
Xaa (w) Xaa (Q ) 1 + (CL)Tin)z * Xaa (Q ) 1 + (51)7:(»1[)2 ( )

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

1

Xioa(@Q) = (S5t = 0)S (1 = 0))i, & (@ -G.21 e e (4)
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Figure 8. (a) and (b) f dependence of,, at various temperatures. (d) dependence of

exponentx wherey,, is described by a power law forix,, ~ »*) over the whole frequency
range.

where S5, is the Fourier transform of spin componesit at the siter;, G, is the in-plane
reciprocal lattice vectory (~0) is a critical exponent of Fisher—Burford agl' is the
intraisland spin correlation length. In contrast, there is no coherency of lattice between
different islands. The wavevector-dependent susceptibififf(Q) related to the interisland
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Figure 8. (Continued)

fluctuations may be described by
1
[QZ + (1/;):;14[)2](2—17’)/2

where 2% is the interisland spin correlation length and(~0) is a critical exponent of
Fisher—Burford. The susceptibility'” (Q) has a peak around each= G, while x“'(Q)

aa

has a peak only af) = 0. The static susceptibilitieg:”(Q = 0) and x2“/(Q = 0) may

diverge atT,, and T, respectively. In the above derivation the following approximation is
used

KQ) = (Sh(t = 08 ot = 0) s ~

®)

(S-0(0)5* g_o(1)) = (Sh_o(0)5* o_o(0)) exp( - %) ©

where t is a characteristic relaxation time. The dispersjgndecreases with increasing
w, being independent of temperature. In contrast the absorptioexhibits maxima at
w1, = 1 andwrt,,;, = 1 depending on temperature.

5.2. f;, and f,,,; estimated from nonlinear susceptibility

What are the orders of;, and f,,, in stage-2 NiCl GIC? The orders off;, and f,,;
have been estimated by Matsuura and Hagiwara [15] and Miyetshl [17] from their
results of nonlinear susceptibility for stage-2 NiGBIC. Their results are summarized
as follows. The nonlinear susceptibility, is defined byx, = —4M; /h* in the limit

of h — 0, whereM}, is the real part of the third harmonic 43 in-phase component
of AC magnetization driven by an external AC magnetic field with angular frequency
(h expiwt)). Matsuura and Hagiwara [15] have shown that the nonlinear susceptjgiléty
low frequencies of 1 mHZ f < 1 Hz has a negative-divergent singularityZat (=21 K)
and an antisymmetric singularity &, (=17 K) where the sign changes from negative
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Figure 9. (a)—(e) f dependence of/, at various temperatures.

aa

to positive as the temperature decreases. The change of signrigflects the breaking
of spatial magnetic symmetry. The singularity gf at 7,; indicates the appearance of
3D antiferromagnetic phase beloly,. Recently Miyoshiet al [17] have measured thE
dependence 0of» in stage-2 NiC} GIC at higher frequencies B< f < 370 Hz). They
have shown that the singularity of, at 7., changes from a negative-divergent one for
f < 0.1 Hz to an antisymmetric one for 3 f < 370 Hz. The change of sign ix, at
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Figure 9. (Continued)

T., indicates the appearance of 2D ferromagnetic phase b&lpwThese results may be
explained as follows. The characteristic frequerfgyrelated to the intraisland fluctuations
is much higher than the characteristic frequengy related to the interisland fluctuations.
The contribution of intraisland fluctuations to the singularityxgfat 7, can be observed
mainly at high frequencies close o= f;,, while the contribution of interisland fluctuation
to the singularity ofy, at T,; can be observed mainly at low frequencies clos¢ te f,,,.
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Figure 9. (Continued)

It is concluded from the above result that fj),, at 7,; is of the order of 0.1 Hz and (ii¥;,
at 7., is at least larger than 37 Hz.

5.3. Frequency dependencedf,

Here we assume that the characteristic frequerigyis much larger thanf,,,. The
frequenciesf;, and f,,, are expected to increase with increasing temperature. As shown in
figure 9 the frequency dependencexdf is separated into two parts: the high frequency part
(f > 20 Hz) and the low frequency parf (< 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 dependenceoffor 0.02 < f < 20 Hz in terms of
the above model. In figure 9(g),, for T < 16 K decreases with increasing frequency.
Since x2“(Q = 0) is larger thany”(Q = 0) below T, x_, is determined mainly by the
second term of (3):x., has a peak abt,,, = 1. The decrease of,, with increasing
frequency suggests thd},, is at least lower than 0.02 Hz. In figures 9(b), (c) and {d),
for 17 < T < 19.8 K increases with increasing frequency except for a broad peak around
5 Hz. BetweenT,; and 7., where x/"(Q = 0) is comparable t?'(Q = 0), x/, (») can
be approximated by

Xaa (@) = X4 (Q = 0)(@Tin) + x04" (Q = 0)

WTour

1 + (a)rl)llf)z (7)

since f <« fi,. The increase of/, 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, thiat nearly
equal to 5 Hz. In figure 9(e)/, decreases with increasing frequency for> 20.6 K.
Above T,, wherex/"(Q = 0) is larger thany?“ (Q = 0), ., can be still described by (7).
If the first term of (7) is smaller than the second term becausergf<« 1 andwrt,,, > 1,
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then the decrease ¢f/, with increasing frequency is due to the second term which is
proportional to {t,,,) " .

Next we discuss the frequency dependencegffor 20 < f < 1000 Hz. In figure
9 x/, increases with increasing frequency fbr < 21 K and decreases with increasing
frequency forT > 21.3 K. No peak ofy, is observed for 26< f < 1000 Hz, suggesting
that f;, is much larger than 1 kHz. This result is not inconsistent with the result of Miyoshi
et al [17] that f;, is at least larger than 37 Hz. Sinee,,, > 1 andwt;, < 1, x/ (») can

be approximated by

Xaa(@) = %02 (Q = 0)(wTin) + x4 (Q = 0)(@Tour) ™. (8)

The increase o, with increasing frequency fof' < 21 K is due to the first term of (8),
while the decreases ¢f’, with increasing frequency is due to the second term of (8).

In summary there are two kinds of characteristic frequencies associated with intraisland
fluctuation (f;,) and interisland fluctuationsf{,;). The characteristic frequengy, is higher
than 1 kHz at least fol' < 22 K. The characteristic frequengy,, is around 5 Hz between
T, and T,,, decreases with decreasing temperature and becomes less than 0.02 Hz below
T,. Sincet,, = (2nf,,)"!, the decrease of,,, implies the increase of relaxation time
7,4, NearT,;, which is a feature common to spin glasses near the freezing temperature [26].

5.4. Frequency dependencedf,

We discuss the frequency dependencexff in terms of the above model. Since the
condition wt;, « 1 is satisfied for M2 < f < 1000 Hz, the frequency dependence of
X., s determined mainly by the second term of (2). The absorpfignbelow 7,; is
proportional to {t,,,)? sincewr,,; > 1 and becomes weakly dependent on frequency
with increasing temperature because of the decreasg,irwith temperature. In contrast,
as shown in figure 8(c), the measured exponef,, =~ »*) is much smaller than that
predicted from (2), suggesting that (2) is not a correct expressiogyj oin stage-2 NiCl

GIC at least concerning the frequency dependence. When the power law{frm (o)

is valid for any frequency, the absorptigtf, can be calculated as

" X !
Xaa (@) = 5 Xaa (w)sgnw) (9)
using the Kramers—Kronig relation
" 1 © / 1 / / [o¢]
Xaa(@) = —=—P [ do’ ———[4, (@) — Xgq] (10)
T o0 o —w

where the notation sgn which is 1 far> 0 and—1 for w < 0 is included in (9) because
X, should be an odd function @, and x>° is the complex susceptibility at = oo and
is assumed to be zero here. As shown in figure 8(c) the temperature dependaniz of
similar to that ofx”.. The ratiox. /x., is roughly equal to 21/100 (=0.024) at 18.9 K
for f = 0.02 Hz, which is of the same order a&s:/2 (=0.03 for x = 0.02). Thus these
results are consistent with the predictions from (9). The similarity betwgénand x
suggests a possibility that the critical temperatufgsand 7,; can be determined from the
T dependence of. In fact the exponent has two peaks at 16.5 K and 21.1 K, whj{é,
has a peak af,; (=17.2 K) and a shoulder &, (=20.5+ 0.2 K). Note thatx has a local
minimum at 19.3 K, corresponding to the peak temperaturg’ofit f = 0.1 Hz.
According to the fluctuation—dissipation theorem, the Fourier specSw) of the
time-dependent magnetization fluctuatiovl, (0)M, (7)) is related toy/, (w) by

Saa (@) = /Oc (M, (0)M, (1)) & dr = 2IiLTX!a(w) (11)

0o hw
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where M, (¢) is the time-dependent magnetization along thelane. It is expected from
(9) that, belowT,;, x/, at low frequencies is described by the same power law form as
(x., ~ @=*). Thus S, (w) has the formw=3+9 indicating that(M,(0)M,(t)) varies with

t ast*. In the limit of x — 0, (M,(0)M,(¢)) has a logarithmic time dependence. As shown
in figure 2, at temperatures sufficiently lower than the magnetization/Z*¢ along the

¢ plane is much smaller than the magnetizatidi¢ which is one at thermal equilibrium.
The magnetizatiod2F¢ may increase and readd /¢ with ¢ as In).

In summary the time-dependent magnetization fluctuatign(0) M, (¢)) varies with¢
ast*. The exponenk as a function of temperature clearly shows a very broad pedk, at
and a sharp peak &f;, which may provide a better method for determining the critical
temperatures compared to that gf : x/, has a broad peak &, and a shoulder af,.
The exponenk is very close to zero. The value of= 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 Bglows shown in figure

5, the critical temperaturg,; identified with the peak temperature gf and y/ shifts to

the high temperature side with increasing frequency. This feature, which is common to spin
glass behaviours, suggests that the ordered phase liglomay have the characteristic of a
cluster-glass-like phase. The magnetization of each ferromagnetic islan@ néactuates

with the relaxation timer,,,, 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 befipwvhich is higher tharfy,.

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]
nzgzu%SzL

1244
for the antiferromagnetic alignment, whefeis a diameter of ferromagnetic islands and
also the distance between centres of adjacent islands. The effective interplanar exchange
interaction may be described by [27]

L2

24/3a?
wherea is the in-plane lattice constant apd(0 < p < 1) is the degree of the overlapping

of one ferromagnetic island of diametérin an intercalate layer with another island of

the same diameter in the nearest neighbour adjacent intercalate layers. Here we define the
diameterL. by

Ej" = (12)

T~ J'S(S+Dp

e

(13)

VB &S |J
T Bpa?|JI(S+ 1) |
where the effective interplanar exchange interactldgbq) is of the same order as that of the

dipole—dipole interaction| £77 ). WhenL is much larger thatd., the effective interplanar
interaction dominantly contributes to the frustrated interisland interaction. Whas

(14)
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much smaller tharL., the dipole—dipole interaction dominantly contributes to the frustrated
interisland interaction. The value df. is estimated ad.. ~ 0.096J/J'| (A) = 116 A

for the stage-2 NiGI GIC whereJ = 7.26 K, J' = -6 x 10* K, § = 1, g, = 2.156,

a = 346 A and p = 1/2. This value ofL. is of the same order as the diameter of
small islands £130-170A) 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 bé&lgweading to the 3D
antiferromagnetic order.

6. Conclusion

Stage-2 NiCJ GIC magnetically behaves like a quasi-20Y -like ferromagnet with very
weak antiferromagnetic exchange interaction. The spin Hamiltonian is given by (1) with
J =726+0.05K, D =0.28K andJ’ = —6 x 10* K. The magnetic phase transitions

of stage-2 NiCl GIC have been studied by AC SQUID magnetic susceptibility. This
compound undergoes magnetic phase transitioff 4=17.2 K) and 7., (=20.5+ 0.2 K).
BetweenT,, andT,, a 2D long range order is established within each island in the intercalate
layer. The ordered phase beldyy 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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