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Superparamagnetic behavior in a Ni vermiculite intercalation compound
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The Ni vermiculite intercalation compound~VIC! magnetically behaves like a quasi two-dimensional~2D!
Ising-like site-random ferromagnet on the triangular lattice sites, with weak antiferromagnetic interplanar
interactions. The magnetic properties of Ni VIC have been studied using superconducting quantum interference
device~SQUID! DC magnetization and SQUID AC magnetic susceptibility measurements. The 2D ferromag-
netic short-range order of Ni21 spins starts to grow below 45 K. A partially disordered antiferromagnetic phase
is established belowTN(521.0 K), where 2D ferromagnetic Ni clusters are antiferromagnetically coupled
along thec axis. The dispersionxcc8 along thec axis shows a peak around 2–3 K shifting to the low-
temperature side with increasing AC frequency. Temperature dependence of the corresponding average relax-
ation time is well described by a generalized Arrhenius law. The system may be formed of disordered antifer-
romagnetic clusters, exhibiting a superparamagnetic behavior.

DOI: 10.1103/PhysRevB.64.104418 PACS number~s!: 75.50.Lk, 75.40.Gb, 75.40.Cx, 75.70.Cn
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I. INTRODUCTION

Vermiculite intercalation compounds~VIC’s! with mag-
netic species inserted into their gallery space, are consid
to provide a model system for studying two-dimension
~2D! magnetic systems.1–5 The magnetic layers are separat
by insulating host layers, which are about 9.5 Å thick. T
separation distance between the adjacent magnetic laye
on the order of 14.4 Å. To date, however, they have not b
systematically exploited in this perspective. VIC’s are we
characterized expanding layered silicates, where each
silicate layer is composed of two tetrahedral sheets cou
symmetrically to an octahedral sheet. In order to balance
charge deficiency due to isomorphic substitution of Al31 for
Si41 in tetrahedral sheets, the cations are introduced into
interlamellar space between the host silicate layers. Natur
occurring vermiculite has Mg21 ions as cations and is de
noted by Mg VIC. Mg21 ions in the interlamellar space be
tween the host silicate layers can be easily exchanged
various kinds of magnetic ions such as Mn21, Co21, Ni21,
and Cu21, forming magnetic VIC’s.2 The magnetic VIC’s
have three kinds of hydration states~HS! defined by the
number of water layers~WL! in the interlamellar space
zero-, one-, and two-water-layer hydration states.6 In the
one-WL HS the water molecules normally lie in the sam
plane as the cations. In the two-WL HS, the magnetic cati
are usually sandwiched between upper and lower water
ers. The hydration state depends on the water vapor pres
and temperature. The magnetic VIC’s are frequently in
two-WL HS under normal ambient conditions.

There have been several studies on the magnetic pro
ties of magnetic VIC’s. Suzukiet al.2 have measured the DC
magnetic susceptibility of Mn, Co, Ni, and Cu VIC’s wit
two-WL HS in the presence of magnetic fields~H54 kOe,
0163-1829/2001/64~10!/104418~8!/$20.00 64 1044
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11.8 kOe!. They have claimed that these compounds show
magnetic phase transition in the temperature~T! range be-
tween 4.2 and 300 K. The DC magnetic susceptibility obe
the Curie-Weiss law. The Curie-Weiss temperatureQ of Ni
VIC with two-WL HS is positive, indicating that the intra
planar exchange interaction is ferromagnetic. The Cu
Weiss temperature of Mn, Co, and Cu VIC’s with two-W
HS is close to zero but negative. The unit-cell stoichiome
of magnetic VIC’s with two-WL HS has been determine
from DC magnetic susceptibility and thermogravimet
measurements.2 The number of cations in the unit cell wa
determined asu50.7660.08 for Mn, Co, and Ni VIC’s and
u51.1260.07 for Cu VIC. Zhouet al.4 have also reported
the results of DC magnetic susceptibility for Mn, Co, Ni, an
Cu VIC’s having zero- and two-WL HS in the temperatu
range between 2 and 300 K. They have shown that~i! only
Ni VIC with two-WL HS has a positive Curie-Weiss tem
perature~54.13 K!, and that~ii ! Co and Ni VIC’s with zero-
WL HS undergo antiferromagnetic phase transitions at 5
and 3 K respectively. Nishiharaet al.3 have measured the
field ~H! dependence of magnetization for Ni VIC wit
two-WL HS at 4.2 K in the presence ofH along thec axis up
to 270 kOe. They have shown that the high-field magneti
tion in Ni VIC with two-WL HS is well described by a
model of quasi-2D magnetic system with predominant fer
magnetic intraplanar exchange interaction and weak ant
romagnetic interplanar exchange interaction. Wadaet al.1

have reported a preliminary result on AC magnetic susce
bility of Ni VIC with two-WL HS, indicating some evidence
for magnetic phase transitions at 2.3 and 3.4 K.

In this paper we have undertaken an extensive study
the magnetic properties of Ni VIC with two-WL HS usin
superconducting quantum interference device~SQUID! DC
magnetization and SQUID AC magnetic susceptibility. Th
©2001 The American Physical Society18-1
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compound magnetically behaves like a quasi-2D Ising-l
site-random ferromagnet with a very weak antiferromagn
interplanar exchange interaction. The spin easy axis is thc
axis. This compound shows an antiferromagnetic phase t
sition atTN(521.0 K). The dispersionxcc8 along thec axis
shows a peak around 2–3 K, shifting to the low-temperat
side with increasing an AC frequencyf. The average relax
ation timet is estimated whenxcc8 is assumed to show a pea
at vt51, wherev(52p f ) is the angular frequency of AC
magnetic field. We will show that the temperature~T! depen-
dence oft is well described in terms of a generalized Arrhe
ius law.

II. EXPERIMENTAL

Single crystals of natural vermiculite contain Mg21 ions
in the interlamellar space, forming Mg VIC. Samples used
the present work were prepared from natural vermicul
obtained from Llano, Texas. They were immersed in a 1 N
aqueous solution of nickel chloride at 60 °C. Mg21 ions can
be replaced by Ni21 ions, forming Ni VIC. The unit-cell
stoichiometry of Ni VIC and Mg VIC with two-WL HS is
given by X Niu~H2O!6.37 and X Mg0.93~H2O!7.81, respec-
tively, where X5(Si5.72Al2.28!~Mg5.88Al0.10Feu8Ti0.02!
O20~OH!4, u8(50.03) is the number of Fe ions in the oct
hedral sheet, andu(50.7660.08) is the number of Ni21

ions in the interlamellar space.2 The total molar mass of the
unit-cell stoichiometry for Ni VIC and Mg VIC is estimate
as MNi5917 and MMg5921 g, respectively. Thec-axis
stacking structure of Ni VIC with two-WL HS was examine
using~00L! x-ray diffraction. Figure 1 shows the~00L! x-ray
diffraction pattern of Ni VIC with two-WL HS at 300 K. The

FIG. 1. ~00L! x-ray diffraction pattern of Ni VIC with two-WL
HS. The inset shows the schematic structure of Ni VIC compo
of two tetrahedral sheets and one octahedral sheet. The locatio
Ni21 ~d! and Fe~3! are shown in the inset. Thec-axis repeat
distance isd514.33060.007 Å.
10441
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Bragg peaks appear at the wave numbers given byQc
5(0.438560.0002 Å21)n with n51,2, . . . ,18. Thec-axis
repeat distanced was determined asd514.33060.007 Å,
which is close to that reported by Zhouet al. (d514.36
60.01 Å).4

The DC magnetization and AC magnetic susceptibility
Ni VIC and Mg VIC were measured using a SQUID magn
tometer~Quantum Design, MPMS XL-5! with an ultralow-
field capability option.

~i! SQUID DCmagnetization. Before setting up a sampl
at 298 K, a remanent magnetic field in the superconduc
magnet was reduced to less than 3 mOe using an ultra
field capability option. For convenience, hereafter this re
anent field is noted as the stateH50. The sample was coole
from 298 to 1.9 K atH50. After an external magnetic field
(H51 Oe) was applied at 1.9 K, the zero-field cooled ma
netization (MZFC) was measured with increasingT from 1.9
to 50 K. The sample was heated up to 80 K and anneale
80 K for 20 mins. Subsequently the field-cooled magneti
tion (MFC) was measured with decreasingT from 50 to 1.9
K in presence of the sameH. The DC magnetic susceptibility
was also measured between 2 and 298 K in the presenc
H(510 kOe!.

~ii ! SQUID AC magnetic susceptibility (x5x81 ix9). A
sample was cooled from 298 to 1.9 K atH50. Then bothx8
and x9 were simultaneously measured with increasingT
from 1.9 to 30 K in the absence ofH, where the frequency
and amplitude of the AC magnetic field weref 50.07 Hz
21 kHz andh51 – 2 Oe, respectively. The measurement~f
51 and 10 Hz! was also carried out in the presence of va
ous H with increasingT from 1.9 to 30 K, whereH was
changed at 1.9 K before each measurement.

The magnetic field was applied to either thec axis or any
direction perpendicular to thec axis. For convenience, here
after we use the word ‘‘a axis’’ for any direction in thec
plane since there may be no magnetic anisotropy in
c plane.

III. RESULT

A. Magnetic susceptibility for Ni VIC and Mg VIC

Figure 2 shows theT dependence of DC magnetic susce
tibility for Ni VIC with two-WL HS in the presence of
H(510 kOe) along thec axis anda axis. The magnetic sus
ceptibility decreases with increasingT, obeying the Curie-
Weiss law. The susceptibility along thec axis (xc) is larger
than that along thea axis (xa). The least squares fit of th
data for 50<T<298 K to the Curie-Weiss form

xg5xg
01

Cg

T2U
, ~1!

yields the parametersxg
05(6.94360.068)31027 emu/g,

Cg5(1.33060.001)31023 emu K/g, and Q512.33
60.04 K for the c axis, and xg

05(210.73760.066)
31027 emu/g, Cg5(1.26760.001)31023 emu K/g, andQ
56.1360.05 K for thea axis.

We have also measured the DC magnetic susceptibilit
the parent Mg VIC with two-WL HS, obeying the Curie

d
of
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Weiss law. The corresponding parameters are given
xg

05(26.22360.044)31027 emu/g, Cg5(1.27860.011)
31024 emu K/g, andQ521.1660.43 K for thec axis, and
xg

05(25.25860.057)31027 emu/g, Cg5(1.30560.013)
31024 emu K/g, andQ520.9960.49 K for the a axis.
Since Mg21 ion has no magnetic moment, the Curie-We
susceptibility of Mg VIC with two-WL HS arises from im
purity Fe21 or Fe31 ions, which exist in the octahedral shee
The gram Curie-Weiss constantCg of Mg VIC can be de-
scribed by

Cg5u8Peff
2 ~Fe!/8MMg , ~2!

with u850.03. The effective magnetic moment of Fe ion c
be estimated asPeff (Fe)55.60260.024mB for Hic and
5.66160.028mB for Hia, which is between typical value
of Peff for Fe21('5.4mB) and for Fe31('5.9mB).7 The
gram Curie-Weiss constantCg for Ni VIC can be described
by2

Cg5
1

8MNi
@uPeff

2 ~Ni21!1u8Peff
2 ~Fe!#, ~3!

wherePeff(Ni21! andPeff~Fe! are the effective magnetic mo
ments of Ni21 in the interlamellar space and the Fe ion in t
octahedral sheet. The effective magnetic momentPeff(Ni21)
can be estimated as 3.40660.003mB for Hic and 3.311
60.002mB for Hia, which are slightly larger than a typica
value ofPeff for Ni21('3.2mB).7 The positive value ofQ in
Ni VIC indicates that the nearest-neighbor exchange inte
tion between Ni21 spins is ferromagnetic.

FIG. 2. T dependence of DC magnetic susceptibilityxc ~s! and
xa ~d! for Ni VIC. H510 kOe. The inset shows the reciproc
susceptibility (x2x0)21 as a function ofT for Ni VIC. The solid
lines denote the least-squares fits of the data to Eq.~1! with param-
eters given in the text.
10441
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B. M FC and M ZFC along the c axis and a axis

Figure 3~a! shows theT dependence ofMFC andMZFC for
Ni VIC in the presence ofH(51 Oe) along thec axis. Both
MFC andMZFC start to increase with decreasingT below 23.4
K. MFC becomes larger thanMZFC below 23.0 K, showing an
irreversible effect of magnetization. In the inset of Fig. 3~a!
for comparison we show theT dependence ofMFC andMZFC
for Mg VIC in the presence ofH(51 Oe) along thec axis.
Both MFC andMZFC decrease with increasingT. There is no
appreciable irreversible effect of magnetization. The mag
tudes ofMFC and MZFC are much smaller than those of N
VIC. Figure 3~b! shows theT dependence ofMFC andMZFC
for Ni VIC in the presence ofH(51 Oe) along thea axis,
which is rather different from that along thec axis.MZFC has
a peak at 21.0 K, whileMFC drastically increases with de
creasingT below 23 K. For convenience we define a Ne´el
temperatureTN as the peak temperature ofMZFC: TN
521.0 K. In the inset of Fig. 3~b!, for comparison we show
the T dependence ofMFC andMZFC for Mg VIC (Hia).

C. xcc8 and xcc9 at HÄ0

Figures 4~a! and 5~a! show theT dependence ofxcc8 for Ni
VIC with various f. The dispersionxcc8 has a sharp peak
below 3.3 K. The peak shifts to the low-T side with decreas-
ing f: 2.0 K at f 50.07 Hz and 3.30 K atf 51 kHz @see Fig.
5~a!#. The f dependence of the peak temperature will be d
cussed in Sec. IV C. There are two anomalous behavior
high T: shoulders around 22.2 and 13.8 K@see the inset of

FIG. 3. T dependence ofMFC ~s! and MZFC ~d! for Ni VIC.
H51 Oe. ~a! Hic. ~b! Hia. The corresponding data ofMFC ~n!
andMZFC ~m! for Mg VIC with two-WL HS are also shown in the
insets.H51 Oe. ~a! Hic. ~b! Hia.
8-3
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FIG. 4. T dependence of~a! xcc8 and ~b! xcc9 for Ni VIC at
variousf: f 51 ~d!, 10 ~s!, 100 ~m!, and 1000 Hz~n!. h52 Oe.
H50. The corresponding data ofxcc8 for Mg VIC are also shown in
~a!: f 51 Hz ~d!.

FIG. 5. T dependence of~a! xcc8 and ~b! xcc9 for Ni VIC at
variousf (0.07< f <1000 Hz).h52 Oe.hic. H50. The solid lines
are guides to the eye.
10441
Fig. 4~a!#. In Fig. 4~a!, for comparison we show theT de-
pendence ofxcc8 for Mg VIC at f 51 Hz.

Figures 4~b! and 5~b! show theT dependence ofxcc9 for
Ni VIC with various f. The absorptionxcc9 has a sharp peak
at low T. It shifts to the low-T side with decreasingf :2.0 K
at 3 Hz and 2.75 K at 1 kHz@see Fig. 5~b! for the detail#. The
absorptionxcc9 exhibits a broad peak at higherT. The peak
shifts to the low-T side with decreasingf ~6.08 K at 0.07 Hz
and 9.1 K at 1 kHz!. Note thatxcc9 also shows a kink around
16.2 K and reduces to zero around 23.0 K@see the inset of
Fig. 4~b!#.

D. xaa8 and xaa9 for HÄ0

Figure 6~a! shows theT dependence ofxaa8 for Ni VIC
with variousf. The dispersionxaa8 shows a peak at 21.1 K
This peak temperature is independent off for 1< f
<1000 Hz, while the magnitude of the peak increases w
decreasingf. In contrast toxcc8 , below 21.1 K,xaa8 increases
with decreasingT and does not show any anomaly. For com
parison we also show theT dependence ofxaa8 for Mg VIC at
f 51 Hz. The value ofxaa8 is much smaller than that for N
VIC. Figure 6~b! shows theT dependence ofxaa9 for Ni VIC
with variousf. The absorptionxaa9 has a sharp peak at 21.0
for f 51 and 10 Hz and at 21.2 K forf 5100 and 1000 Hz.
The absorptionxaa9 also has a broad peak at 13.6 K forf
51 Hz and 14.4 K forf 510 Hz, and a sharp peak that shif
to the lowT side with decreasingf ~2.08 K at f 51 Hz and
2.8 K at 1 kHz!.

FIG. 6. T dependence of~a! xaa8 and ~b! xaa9 for Ni VIC at
variousf: f 51 ~d!, 10 ~s!, 100 ~m!, and 1000 Hz~n!. h52 Oe.
hia. H50. In ~a! the corresponding data ofxaa8 for Mg VIC are
also shown:f 51 Hz ~d!.
8-4
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SUPERPARAMAGNETIC BEHAVIOR IN A Ni . . . PHYSICAL REVIEW B 64 104418
E. xcc8 , xcc9 , xaa8 , and xaa9 at HÅ0

Figure 7~a! shows theT dependence ofxcc8 at variousH
along thec axis, wheref 510 Hz andh52 Oe. The disper-
sion xcc8 shows a peak at 2.5 K forH50, which does not
shift with H at least up to 700 Oe. Similar behavior is o
served inxcc9 : the peak at 2.1 K forH50 does not shift with
H at least up to 500 Oe. These results suggest that the
around 2–3 K may have nothing to do with a possible s
order in Ni21. Figure 7~b! shows theT dependence ofxaa8 at
variousH along thea axis, wheref 51 Hz andh52 Oe. The
peak shifts to the low-T side with increasingH, suggesting
the antiferromagnetic nature of phase transition atTN .

IV. DISCUSSION

A. Short-range spin order aboveTN

We discuss a possibility of short-range spin order in
paramagnetic phase aboveTN . Figure 8 shows theT depen-
dence of the difference betweenMFC along thec axis and
MFC along thea axis for Ni VIC, defined byDMFC5MFC

c

FIG. 7. ~a! T dependence ofxcc8 for Ni VIC at various H.
Hihic. f 510 Hz. h52 Oe. ~b! T dependence ofxaa8 for Ni VIC at
variousH. Hihia. f 51 Hz. h52 Oe.
10441
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2MFC
a , whereH51 Oe. The differenceDMFC is positive

for any T, showing that the spin easy direction is thec axis.
It decreases with increasingT, except for the local maximum
nearTN(521.0 K) ~see the inset of Fig. 8!. Figure 9 shows
theT dependence of the difference betweenxc andxa for Ni
VIC, defined byDx5xc2xa , whereH510 kOe. The dif-
ferenceDx, which is positive for anyT, decreases with in-
creasingT. Unlike DMFC, there is no anomaly inDx around
TN . Nagataet al.8 have predicted the following equation fo
a system with an uniaxial spin symmetry referred to thec
axis

S kBT

mB
D 2Fxc

gc
22

xa

ga
2G5(

j ,l
(
k,m

~K jl
cc2K jl

aa!

3^Sj
cSl

c~Sk
cSm

c 2Sk
aSm

a !&, ~4!

FIG. 8. T dependence ofDMFC(5MFC
c 2MFC

a ) at H51 Oe for
Ni VIC. The detail nearTN is shown in the inset.

FIG. 9. T dependence ofDx(5xc2xa) at H510 kOe for Ni
VIC. The inset shows the plot ofDx as a function ofT22. The solid
line denotes the least-squares fit of the data to Eq.~5! with param-
eters given in the text.
8-5
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where K jl represents the anisotropic exchange interac
and magnetic dipole-dipole interaction between spinsSj and
Sl , and ^¯& refers to a thermal average inH50. If the
short-range order effect is negligible in the paramagn
phase, the differenceDx must be proportional toT22 be-
cause of the isotropicg factor. In the inset of Fig. 9, we show
Dx for Ni VIC as a function ofT22. The differenceDx is
well described by

xc2xa5a11a2 /T2, ~5!

with a15(1.93760.002)31026 emu/g and a25(1.507
60.002)31022 emu K2/g for 70<T<298 K. The deviation
of Dx from Eq. ~5! is clearly observed below 45 K, sugges
ing the 2D short-range order persists up to'2TN .

The T dependence ofDx for Mg VIC is rather different
from that for Ni VIC. The sign ofDx changes from positive
to negative at 5.7 K asT increases. It exhibits a negativ
local minimum around 10–11 K, increasing with further i
creasingT. The susceptibilityDx for Mg VIC is also well
described by Eq. ~5! with a15(21.04760.003)
31027 emu/g and a25(21.63260.011)31024 emu K2/g
for 70<T<298 K. These results suggest that the spin e
direction is in thec plane for Fe ions in the octahedral she
in Mg VIC at highT. The spin symmetry of Fe ions chang
from XY-like to Ising-like below 5.7 K. The dipole-dipole
interaction between Ising Ni21 spins and Ising Fe spins ma
favor a ferromagnetic spin alignment for them in Ni VIC.

B. Nature of antiferromagnetic phase transition atTN

We determine the value ofu for Ni VIC from the value of
the saturation magnetizationMs :Ms516 emu/g along thec
axis for Ni VIC with two-WL H5,3 The saturation magneti
zationMs ~emu/g! in Ni VIC is described by

Ms ~emu/g!

55584.9@ugc~Ni!S~Ni!1u8gc~Fe!S~Fe!#/MNl , ~6!

wheregc( i ) and S( i ) are theg factor along thec axis and
spin for i 5Ni and Fe,gc~Ni!52.38,9 u850.03, andMNi
5917. The value ofu can be estimated asu51.04 for Fe31

with S(Fe31)5 5
2 and gc(Fe31)'2, and asu51.05 for the

case of Fe21 with S(Fe21)52 andgc(Fe21)'2. These val-
ues ofu are relatively larger than our result obtained in t
previous work (u50.76).2

In the previous work2 we have discussed the in-plan
structure of magnetic VIC’s in light of a mixed phase form
of possible commensurate structures withu52, 4

3, 1, and 2
3,

whereu is the number of magnetic ions per a rectangular u
cell of (a3b) with a55.34 Å and b59.30 Å. We have
claimed that the in-plane structure of Ni21 in VIC is formed
of the combination of commensurate structures withu51
and 2

3 type of in-plane structures at the ratio of 0.28:0.7
This model may not be appropriate for the explanation of
intraplanar exchange interaction observed in Ni VIC: the d
tance between N21 ions may be too large for the supere
change interaction mechanisms. What is a suitable in-p
10441
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structure model for Ni VIC? Figure 10 shows the in-pla
structure model of magnetic VIC’s withu52. The magnetic
ions may sit overm1 or m2 . Them1 andm2 sites are located
between those triangular groups of surface oxygens form
the bases of the SiO2 and AlO4 tetrahedrons. The magneti
ions for u52 form an isosceles triangular lattice with on
side a55.34 Å and two sidesa85(a21b2)1/255.36 Å.
Since the value ofu(50.76) for Ni VIC is smaller than that
in Mg VIC (u50.93), there is a possibility that a part o
Mg21 ions may not be replaced by Ni21 ions, probably due to
slow diffusion. We also note that from a viewpoint of ma
netic properties, vacant sites are equivalent to sites occu
by nonmagnetic Mg21 ions. For the Ni concentrationc
5u/2,1, a part of Ni21 ions are randomly replaced by va
cant sites or Mg21 ions, forming a diluted site-random Isin
ferromagnetic system.

Since the ferromagnetic intraplanar exchange interactioJ
is dominant over the antiferromagnetic interplanar excha
interactionsJ8, Ni VIC is regarded as a 2D site-random fe
romagnetic system on the triangular lattice site. The perc
tion thresholdcp is predicted to be 0.5.10 Belowcp there is no
long-range spin order at any finiteT. For u50.76, the Ni
concentrationc(5u/250.38) is lower thancp

2D(50.5), sug-
gesting no occurrence of long-range spin order in each
layer. Foru51.05 obtained from the saturation magnetiz
tion measurement, the Ni concentration (c5u/250.525) is a
little higher thancp

2D , suggesting the possibility of long
range spin order.

How can we explain the antiferromagnetic phase tran
tion at TN in Ni VIC? First we consider an ideal case (c

FIG. 10. Commensurate in-plane structure model for Ni V
with u52. a55.34 Å andb59.30 Å. See Ref. 2 for the detail o
structure.
8-6
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SUPERPARAMAGNETIC BEHAVIOR IN A Ni . . . PHYSICAL REVIEW B 64 104418
5u/251), where all the triangular lattice sites in the N
layer are occupied by Ni ions. The nature of magnetic ph
transition may be very similar to that of Ni~OH!2.

11 Note that
Ni~OH!2 undergoes a 3D Ising antiferromagnet (TN
526.4 K). On approachingTN from the high T side, the
ferromagnetic short-range order grows in each Ni layer. T
effective antiferromagnetic interplanar interaction defined
Jeff8 5J8(jin /a)2 divergingly increases as the in-plane sp
correlation lengthj in increases, wherea is the in-plane lat-
tice constant. BelowTN where the magnitude ofJeff8 is larger
than that ofJ, the 2D ferromagnetic long-range order is e
tablished in each Ni21 layer. Such 2D ferromagnetic layer
are antiferromagnetically coupled along thec axis, forming
an antiferromagnetic order.

According to the percolation theory,10 the Néel tempera-
ture TN decreases with decreasing Ni concentration and
duces to zero belowcp . Since the Ni concentration of N
VIC is c5u/250.38 or 0.525,TN is predicted be close to
0 K, which is inconsistent with our result that Ni VIC
undergoes the antiferromagnetic phase transition
TN(521.0 K). This suggests that Ni21 ions may not be ran-
domly distributed on the lattice sites. One possibility is th
Ni ions may be formed of small islands inside the Ni laye
The Ni ions in each island are uniformly located on the
angular lattice sites. Similar behavior is observed in stag
CoCl2 graphite intercalation compound.12 The diameter of
islands L may be large enough such thatJ'uJ8u(L/a)2.
There is no structural and magnetic correlation between
lands. BelowTN , Ni spins are ferromagnetically ordered in
side islands. These ferromagnetic islands are antiferrom
netically coupled with islands in the other layers, formi
antiferromagnetic clusters. Because the growth of the
plane correlation length is suppressed by the sizeL, the re-
sultant antiferromagnetic clusters do not show any true
long-range order.

C. Superparamagnetic behavior around 2–3 K

As shown in Figs. 5~a! and 5~b! the peaks ofxcc8 andxcc9
around 2–3 K shift to the low-T side with decreasingf. Does
this anomaly suggest an occurrence of reentrant spin-g
~RSG! phase transition as phenomenon as a thermally e
librium state or a manifestation of a superparamagnetic
havior as a thermally nonequilibrium state? TheT depen-
dence of the average relaxation timet provides a key to
determining which mechanism is appropriate. The relaxa
time can be estimated under an assumption that the pea
xcc8 and xcc9 occur whenvt51, wherev(52p f ) is the
angular frequency of the AC field. Figure 11 showst as a
function of T, which is obtained from the data ofxcc8 vs T
and xcc9 vs T with various f, respectively. The relaxation
times divergingly increase with decreasingT. Here we note
thatt derived fromxcc8 is much longer than that fromxcc9 for
the sameT. This discrepancy may be partly due to our a
sumption that the peak ofxcc8 occurs whenvt51. In a
simple Debye-type relaxation with a single-relaxation tim
xcc8 shows no peak at anyvt, while xcc9 shows a peak
at vt51.
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The most likely source of such a dramatic divergence ot
is a thermally activated relaxation over energy barriers. T
basic idea of activated dynamics is to define a droplet in
ground state as the lowest-energy excitation of length s
L.13 The thermal activation over energy barrier heig
B('Lc) is assumed for the droplets that are thermally
tive, wherec is an exponent. The relaxation time for th
droplet withL(5j) is given by a generalized Arrhenius la

t5t0 expS B

TD ,

or

lnS t

t0
D5S b

TD 11cn

, ~7!

where j is the spin correlation length,j'T2n for a zero-
temperature critical point,n is a critical exponent ofj, t0 is
the microscopic single-spin relaxation time, andB
5b11cn/Tcn. A simple Arrhenius law corresponds to th
case ofcn50. As far as we know, no theoretical value ofcn
has been reported. The least-squares fits of the datat vs T as
shown in Fig. 11 to Eq. ~7! yield t05(1.560.4)
310210sec, 11cn51.0960.20, andb536.561.1 K for 2
<T<3.3 K in xcc8 , and t05(1.060.5)310210sec, 11cn
51.0260.49, andb537.060.8 K for 2<T<2.75 K in xcc9 .
The least-squares fitting curves thus obtained, are denote
solid lines in Fig. 11. The values ofcn are close to zero
corresponding to the Arrhenius law. The barrier heig
B(5b11cn/Tcn) is weakly dependent onT and is roughly
estimated as 47 K and 39 K forxcc8 andxcc9 , respectively, at
T52 K near the peak temperatures ofxcc8 andxcc9 .

When the Arrhenius law (cn50) is assumed,b is equal
to the activation energyEa(5B) separating the states. Fo
typical systems governed by the Arrhenius law,t0 is consid-
ered to be on the order of 1029 sec.14 The blocking tempera-

FIG. 11. T dependence oft that is determined from thef depen-
dence of peak temperature in the data ofxcc8 vs T @Fig. 5~a!# ~s!
andxcc9 vsT @Fig. 5~b!# ~d!. The solid lines denote the least-squar
fits of the data to a generalized Arrhenius law given by Eq.~7!. The
parameters are given in the text.
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tureTB is considered to be on the order ofEa/25kB .14 Below
TB , the relaxation time becomes long enough to be obs
able on a laboratory time scale. Our result indicates thatt0 is
on the order of 10210sec and thatEa'b537 K. The block-
ing temperatureTB is estimated as 1.5 K using the relatio
TB'Ea/25kB , which is close to the peak temperatures ofxcc8
andxcc9 . It is experimentally known that the frequency sh
of the peak temperatureTp of x8 defined bym ~5DTp /Tp
per decadev! also provides a criterion for distinguishin
between superparamagnet and spin glass.14 The value ofm
for superparamagnet is much larger than that for canon
spin glasses:m50.28 for amorphous~Ho2O3!~B2O3! as a
superparamagnet andm50.005 for CuMn as a canonica
spin glass. In our system the value ofm is roughly estimated
as 0.24 for a decadev of 100< f <1000 Hz, 0.17 for 10< f
<100 Hz, and 0.11 for 1< f <10 Hz, whereTp is assumed
to be 2 K. Such a high ratiom supports that Ni VIC shows a
superparamagnetic behavior around 2–3 K. Thus it can
concluded from these results that the peaks ofxcc8 and xcc9
around 2–3 K can be explained in terms of the generali
Arrhenius law withcn;0. The system may be a superpar
magnet consisting of small magnetic clusters. Spins ins
each cluster are antiferromagnetically ordered. There is
interaction between magnetic clusters. No long-ran
ordered phase exists.

We also discuss whether theT dependence oft for xcc8
can be described in terms of a power-law form

t5t0* ~T/T* 21!2x, ~8!

wherex5zn* , z is the dynamic critical exponent,n* is the
exponent of the spin correlation length,T* is a finite critical
temperature, andt0* is a characteristic time. The leas
squares fit of the data oft vs T over the temperature range o
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1.9–3.3 K to Eq.~8! yields the parametersx58.6560.85,
T* 51.4260.10 K, and t0* 5(1.5360.30)31023 sec. The
value of t0* is extremely longer than that (t0* 51.58
310213sec) for a typical 3D Ising spin glas
Fe0.5Mn0.5TiO3,

15 suggesting that the model of critical slow
ing down is not appropriate for the present system.

As shown in Fig. 4~b!, we observe a broad peak inxcc9
around 6–9 K, which shifts to the high-T side with increas-
ing f. As shown in Fig. 6~b! we also observe a broad peak
xaa9 around 13.6–14.4 K which slightly shifts to the highT
side with increasingf. These anomalies may be related to t
disordered nature of antiferromagnetic phase belowTN .
However, the origin is not fully understood at present.

V. CONCLUSION

Ni VIC with two-WL HS magnetically behaves like
diluted site-random spin system with Ising symmetry alo
the c axis. This compound undergoes a partially disorde
antiferromagnetic phase transition atTN . A superparamag-
netic behavior around 2–3 K suggests that the system
sists of small magnetic clusters antiferromagnetically
dered. Magnetic neutron-scattering studies on Ni VIC wh
all hydrogen atoms are replaced by deuterium, would be
quired for further understanding the nature of antiferrom
netic clusters.
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