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Superparamagnetic behavior in a Ni vermiculite intercalation compound
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The Ni vermiculite intercalation compouri®IC) magnetically behaves like a quasi two-dimensioi24)
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 Rli spins starts to grow below 45 K. A partially disordered antiferromagnetic phase
is established below \(=21.0K), where 2D ferromagnetic Ni clusters are antiferromagnetically coupled
along thec axis. The dispersiory.. 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.
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[. INTRODUCTION 11.8 kOe¢. They have claimed that these compounds show no
magnetic phase transition in the temperat(Fe range be-

Vermiculite intercalation compoundd/IC’s) with mag-  tween 4.2 and 300 K. The DC magnetic susceptibility obeys
netic species inserted into their gallery space, are considergde Curie-Weiss law. The Curie-Weiss temperat@ref Ni
to provide a model system for studying two-dimensionalVIC with two-WL HS is positive, indicating that the intra-
(2D) magnetic systems.” The magnetic layers are separatedplanar exchange interaction is ferromagnetic. The Curie-
by insulating host layers, which are about 9.5 A thick. TheWweiss temperature of Mn, Co, and Cu VIC’s with two-WL
separation distance between the adjacent magnetic layersHs is close to zero but negative. The unit-cell stoichiometry
on the order of 14.4 A. To date, however, they have not beenf magnetic VIC's with two-WL HS has been determined
systematically exploited in this perspective. VIC’s are well-from DC magnetic susceptibility and thermogravimetric
characterized expanding layered silicates, where each hosteasurementsThe number of cations in the unit cell was
silicate layer is composed of two tetrahedral sheets coupledetermined asi=0.76*0.08 for Mn, Co, and Ni VIC’s and
symmetrically to an octahedral sheet. In order to balance thg=1.12+0.07 for Cu VIC. Zhouet al* have also reported
charge deficiency due to isomorphic substitution ot'Afor  the results of DC magnetic susceptibility for Mn, Co, Ni, and
Si** in tetrahedral sheets, the cations are introduced into th€u VIC’s having zero- and two-WL HS in the temperature
interlamellar space between the host silicate layers. Naturallyange between 2 and 300 K. They have shown (habnly
occurring vermiculite has Mg ions as cations and is de- Ni VIC with two-WL HS has a positive Curie-Weiss tem-
noted by Mg VIC. Md@" ions in the interlamellar space be- perature(=4.13 K), and that(ii)) Co and Ni VIC'’s with zero-
tween the host silicate layers can be easily exchanged byL HS undergo antiferromagnetic phase transitions at 5 K
various kinds of magnetic ions such as ¥MnCc?*, Ni?",  and 3 K respectively. Nishiharat al® have measured the
and C@", forming magnetic VIC'S. The magnetic VIC’s field (H) dependence of magnetization for Ni VIC with
have three kinds of hydration statédS) defined by the two-WL HS at 4.2 K in the presence bf along thec axis up
number of water layersWL) in the interlamellar space; to 270 kOe. They have shown that the high-field magnetiza-
zero-, one-, and two-water-layer hydration stdtds. the tion in Ni VIC with two-WL HS is well described by a
one-WL HS the water molecules normally lie in the samemodel of quasi-2D magnetic system with predominant ferro-
plane as the cations. In the two-WL HS, the magnetic cationgnagnetic intraplanar exchange interaction and weak antifer-
are usually sandwiched between upper and lower water layomagnetic interplanar exchange interaction. Wasdal !
ers. The hydration state depends on the water vapor pressuniave reported a preliminary result on AC magnetic suscepti-
and temperature. The magnetic VIC's are frequently in thebility of Ni VIC with two-WL HS, indicating some evidence
two-WL HS under normal ambient conditions. for magnetic phase transitions at 2.3 and 3.4 K.

There have been several studies on the magnetic proper- In this paper we have undertaken an extensive study on
ties of magnetic VIC’s. Suzulét al? have measured the DC the magnetic properties of Ni VIC with two-WL HS using
magnetic susceptibility of Mn, Co, Ni, and Cu VIC’s with superconducting quantum interference dewis®UID) DC
two-WL HS in the presence of magnetic fielld=4 kOe,  magnetization and SQUID AC magnetic susceptibility. This
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Ni VIC Bragg peaks appear at the wave numbers givenQuy
10° e e =(0.4385-0.0002 A" 1)n with n=1,2, ...,18. Thec-axis
- Tg repeat distancel was determined ad=14.330-0.007 A,
d _f which is close to that reported by Zheet al. (d=14.36
., | EeBez Ni +0.01A)*
10% |

The DC magnetization and AC magnetic susceptibility of
Ni VIC and Mg VIC were measured using a SQUID magne-
tometer(Quantum Design, MPMS XLJwith an ultralow-

AT : field capability option.

LU R L I E E (i) SQUID DC magnetizationBefore setting up a sample

SRR & A ] at 298 K, a remanent magnetic field in the superconducting
magnet was reduced to less than 3 mOe using an ultralow-
field capability option. For convenience, hereafter this rem-
anent field is noted as the staie= 0. The sample was cooled
from 298 to 1.9 K atH =0. After an external magnetic field
(H=1 Oe) was applied at 1.9 K, the zero-field cooled mag-
netization Mzzc) was measured with increasifigfrom 1.9
to 50 K. The sample was heated up to 80 K and annealed at
80 K for 20 mins. Subsequently the field-cooled magnetiza-
Q_ (A" tion (Mgc) was measured with decreasifigrom 50 to 1.9
K in presence of the sanmé. The DC magnetic susceptibility

FIG. 1. (00L) x-ray diffraction pattern of Ni VIC with two-WL  was also measured between 2 and 298 K in the presence of
HS. The inset shows the schematic structure of Ni VIC composeqy (=10 kOa.

of two tetrahedral sheets and one octahedral sheet. The locations of (i) SQUID AC magnetic susceptibilityy=x’+ix"). A

N_i2+ (0)_and Fe(X) are shown in the inset. The-axis repeat sample was cooled from 298 to 1.9 KHt=0. Then bothy’
distance isd=14.330~0.007 A. and " were simultaneously measured with increasifig
) ] ) . from 1.9 to 30 K in the absence o&f, where the frequency
compound magnetically behaves like a quasi-2D Ising-likegq amplitude of the AC magnetic field wefe=0.07 Hz
site-random ferromagnet with a very weak antiferromagnetic_{ k47 andh=1-2 Oe respectively. The measuremént
interplanar exchange interaction. The spin easy axis i€the _1 gnq 10 Hz was also carried out in the presence of vari-
axis. This compound shows an antiferromagnetic phase trany,s H with increasingT from 1.9 to 30 K, whereH was
sition at Ty(=21.0K). The dispgrs_iorxéc along thec axis changed at 1.9 K before each measurement.
s_hows'a p_eak arc_)und 2-3 K, shifting to the low-temperature Tphe magnetic field was applied to either thaxis or any
side with increasing an AC frequenéyThe average relax- girection perpendicular to theaxis. For convenience, here-
ation timeris estimated whey. is assumed to show a peak after we use the word & axis” for any direction in thec

at wr=1, whereo(=2=f) is the angular frequency of AC plane since there may be no magnetic anisotropy in the
magnetic field. We will show that the temperatdfe depen- ¢ plane.
dence ofris well described in terms of a generalized Arrhen-

ius law. IIl. RESULT
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A. Magnetic susceptibility for Ni VIC and Mg VIC
IIl. EXPERIMENTAL ) )
Figure 2 shows th& dependence of DC magnetic suscep-

Single crystals of natural vermiculite contain Rgions tibility for Ni VIC with two-WL HS in the presence of
in the interlamellar space, forming Mg VIC. Samples used inH (=10 kOe) along the axis anda axis. The magnetic sus-
the present work were prepared from natural vermiculitegeptibility decreases with increasiry obeying the Curie-
obtained from Llano, Texas. They were immersedail N \Weiss law. The susceptibility along theaxis (y.) is larger
agueous solution of nickel chloride at 60 °C. #Mgons can  than that along the axis (y,). The least squares fit of the

be replaced by Ni ions, forming Ni VIC. The unit-cell data for 56 T<298 K to the Curie-Weiss form
stoichiometry of Ni VIC and Mg VIC with two-WL HS is

given by X Niy(H,O)s37 and X Mgg 9dH»0); g1, respec- o. Cg

tively, — where  X=(Sis7Al2.20(MJs gAlo 107 Tio.02 Xo=Xet T g @
O,4(OH),, u’(=0.03) is the number of Fe ions in the octa-

hedral sheet, andi(=0.76+0.08) is the number of N  Yields the parameter5><§=(6-943t 0.068)x 10~ " emu/g,
ions in the interlamellar spacdeThe total molar mass of the Cy=(1.330:0.001)x10 *emuK/g,  and ©=12.33
unit-cell stoichiometry for Ni VIC and Mg VIC is estimated =0.04K for the c axis, and )(8=(-10.73?_F 0.066)

as My;=917 and My,=921g, respectively. Thec-axis X 10 ' emu/g, C4=(1.267+0.001)x 10> emuK/g, and®
stacking structure of Ni VIC with two-WL HS was examined =6.13+0.05K for thea axis.

using(00L) x-ray diffraction. Figure 1 shows tH@0L) x-ray We have also measured the DC magnetic susceptibility of
diffraction pattern of Ni VIC with two-WL HS at 300 K. The the parent Mg VIC with two-WL HS, obeying the Curie-
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FIG. 2. T dependence of DC magnetic susceptibijity(O) and i
Xa (@) for Ni VIC. H=10 kOe. The inset shows the reciprocal 0 L aMg vIG L e
susceptibility — xo) ~* as a function ofT for Ni VIC. The solid 0 5 10 15 20 25 30
lines denote the least-squares fits of the data taBaqwith param- T(K)

eters given in the text.

FIG. 3. T dependence oM ¢ (O) and Mz (@) for Ni VIC.

. . . =1 Oe. (a) Hllc. (b) Hlla. The corresponding data & - (A)
V\(/)elss law. The Corresp_07nd|ng parameters are given b{anMZFC (A) for Mg VIC with two-WL HS are also shown in the
Xg=(—6.223:0.044)<10" “emu/g, C,=(1.278+0.011) ., ic'HZ1 Oe. (@ Hic. (b) Hila.
X 10 *emuK/g, and® = —1.16+0.43 K for thec axis, and

0_ -7 -

Xg~ S— 5.258+£0.057)x 10" " emu/g, Cg_ (1.305+ 0'01,3) B. Mc and Mz along the c axis and a axis
X10 *emuK/g, and®=—-0.99+0.49K for the a axis. _
Since Mg ion has no magnetic moment, the Curie-Weiss _Figure 3a) shows theT dependence d¥l .c andM gz for
susceptibility of Mg VIC with two-WL HS arises from im- Ni VIC in the presence oH(=1 Oe) along the axis. Both
purity F&* or FEé* ions, which exist in the octahedral sheet. Mrc @ndM zec start to increase with decreasimgelow 23.4
scribed by irreversible effect of magnetization. In the inset of Figa)3
for comparison we show thedependence d¥l -c andM z¢¢
for Mg VIC in the presence ofi(=1 Oe) along thes axis.
Both Mg andM ¢ decrease with increasing There is no

appreciable irreversible effect of magnetization. The magni-
with u’=0.03. The effective magnetic moment of Fe ion cantudes ofM - and Mz are much smaller than those of Ni

be estimated a®.s (Fe)=5.602+-0.024ug for Hilc and  VIC. Figure 3b) shows theT dependence d¥l zc andM zg¢
5.661+0.028up for Hlla, which is between typical values for Ni VIC in the presence oH(=1 Oe) along thea axis,
of Pey for FE€"(~5.4up) and for Fé*(~5.9ug).” The  which is rather different from that along tieeaxis. M ;¢ has
gram Curie-Weiss constafl, for Ni VIC can be described a peak at 21.0 K, whilM ¢ drastically increases with de-

Cy=U'P%(F&)/8Myq, 2)

by? creasingT below 23 K. For convenience we define aele
temperatureTy as the peak temperature ofl rc: Ty
1 =21.0K. In the inset of Fig. @), for comparison we show
cg:m[upgﬁ([\ji2+)+ u’ pgﬁ( Fe)l, (3) theT dependence dflc and M zec for Mg VIC (Hlla).
whereP4(Ni?") andP4(Fe) are the effective magnetic mo- C. Xeo and xcc at H=0

ments of N¥* in the interlamellar space and the Fe ion inthe Figures 4a) and §a) show theT dependence of for Ni
octahedral sheet. The effective magnetic monfei(Ni?") VIC with various f. The dispersiony,. has a sharp peak
can be estimated as 3.406.003up for Hllc and 3.311 below 3.3 K. The peak shifts to the loWside with decreas-
+0.002ug for Hlla, which are slightly larger than a typical ing f: 2.0 K atf=0.07 Hz and 3.30 K at=1 kHz [see Fig.
value of P for Ni2* (~3.2ug).” The positive value 0® in  5(a)]. Thef dependence of the peak temperature will be dis-
Ni VIC indicates that the nearest-neighbor exchange interaccussed in Sec. IV C. There are two anomalous behaviors at
tion between Ni* spins is ferromagnetic. high T: shoulders around 22.2 and 13.8[8ee the inset of
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FIG. 4. T dependence ofa) x.. and (b) xc. for Ni VIC at
variousf: f=1 (@), 10(O), 100 (A), and 1000 HZA). h=2 QOe.
H=0. The corresponding data gf . for Mg VIC are also shown in
(a): f=1Hz (@).

X', (10° emu/g)

%', (10 emu/g)

FIG. 5. T dependence ofa) x.. and (b) xc. for Ni VIC at
variousf (0.07<f=<1000 Hz).h=2 Oe.hllc. H=0. The solid lines
are guides to the eye.
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FIG. 6. T dependence ofa) x4, and (b) xaa for Ni VIC at
variousf: f=1 (@), 10 (O), 100(A), and 1000 HAA). h=2 Oe.
hila. H=0. In (a) the corresponding data af;, for Mg VIC are
also shownf=1 Hz (@).

Fig. 4@)]. In Fig. 4@, for comparison we show th€& de-
pendence of,. for Mg VIC at f =1 Hz.
Figures 4b) and gb) show theT dependence of;, for

Ni VIC with variousf. The absorptiory,. has a sharp peak
at low T. It shifts to the lowT side with decreasing:2.0 K
at 3 Hz and 2.75 K at 1 kHisee Fig. Bb) for the detai]. The
absorptiony. exhibits a broad peak at high&r The peak
shifts to the lowT side with decreasin§(6.08 K at 0.07 Hz
and 9.1 K at 1 kHgz Note thaty;. also shows a kink around
16.2 K and reduces to zero around 23.Qd¢€e the inset of

Fig. 4(b)].

D. x4, and xi, for H=0

Figure §a) shows theT dependence of,, for Ni VIC
with variousf. The dispersiony,, shows a peak at 21.1 K.
This peak temperature is independent bffor 1<f
<1000 Hz, while the magnitude of the peak increases with
decreasind. In contrast toy/., below 21.1 K,x/, increases
with decreasindg and does not show any anomaly. For com-
parison we also show thedependence of;, for Mg VIC at
f=1Hz. The value ofy;, is much smaller than that for Ni
VIC. Figure @b) shows theT dependence of., for Ni VIC
with variousf. The absorptiory}, has a sharp peak at 21.0 K
for f=1 and 10 Hz and at 21.2 K fdr=100 and 1000 Hz.
The absorptiony;, also has a broad peak at 13.6 K fbr
=1 Hz and 14.4 K foif = 10 Hz, and a sharp peak that shifts
to the low T side with decreasin§ (2.08 K atf=1 Hz and
2.8 K at 1 kHa2.
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FIG. 7. (@ T dependence of,. for Ni VIC at various H. MB /) | Gc gi T I
Hilhlic. f=10Hz.h=2 Oe.(b) T dependence of;, for Ni VIC at . cec
variousH. Hilhlla. f=1 Hz. h=2 Oe. X(S{S/(SSn—SkSw) (4)
E. Xém ch' Xéa’ and)(,a,a atH#0 Ni VIC
Figure 7a) shows theT dependence of/. at variousH Fre T 5 IR
along thec axis, wheref =10Hz andh=2 Oe. The disper- s % . i ]
sion x.. shows a peak at 2.5 K fad =0, which does not F Y3 ]
shift with H at least up to 700 Oe. Similar behavior is ob- s Y 24y .
served iny,.: the peak at 2.1 K foH =0 does not shift with § \ 2 F
H at least up to 500 Oe. These results suggest that the peak e 4t £ 3t ]
around 2—3 K may have nothing to do with a possible spin z 2
order in N?*. Figure 7b) shows theT dependence of., at = 5 ‘ , , {
variousH along thea axis, wheref =1 Hz andh=2 Oe. The S 02 1o (10.4 K12~;> 2]
peak shifts to the loviF side with increasindgd, suggesting .
the antiferromagnetic nature of phase transitiofl at L H=10kOe
2 t P TR L
IV. DISCUSSION 50 100 150 200 250 300
A. Short-range spin order aboveTy

TK

We discuss a possibility of short-range spin order in the G, 9. T dependence oA y(= x.— x.) at H=10kOe for Ni
paramagnetic phase aboVg. Figure 8 shows th& depen-

VIC. The inset shows the plot dfy as a function off 2. The solid
dence of the difference betwednh: along thec axis and

line denotes the least-squares fit of the data to(Bqwith param-
Mgc along thea axis for Ni VIC, defined byAMgc=Mg.  eters given in the text.
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where K;; represents the anisotropic exchange interaction
and magnetic dipole-dipole interaction between s@@nand

S, and{---) refers to a thermal average iH=0. If the
short-range order effect is negligible in the paramagnetic
phase, the differencAy must be proportional ta 2 be-
cause of the isotropig factor. In the inset of Fig. 9, we show
Ay for Ni VIC as a function of T~ 2. The differenceAy is
well described by

Xc_Xa:al+a2/T21 5

with  a;=(1.937+0.002)x 10 ®emu/g and a,=(1.507
+0.002)X 10" 2 emu K?/g for 70<T<298 K. The deviation
of Ay from Eq.(5) is clearly observed below 45 K, suggest-
ing the 2D short-range order persists up~@T) .

The T dependence oAy for Mg VIC is rather different b
from that for Ni VIC. The sign ofAy changes from positive
to negative at 5.7 K a3 increases. It exhibits a negative
local minimum around 10-11 K, increasing with further in-
creasingT. The susceptibilityAy for Mg VIC is also well
described by Eq. (5) with a;=(—1.047=0.003)
X10 "emul/g and a,=(—1.632-0.011)x 10" *emu K?/g
for 70=sT=<298K. These results suggest that the spin easy
direction is in thec plane for Fe ions in the octahedral sheet e 3a .
in Mg VIC at highT. The spin symmetry of Fe ions changes
from XY-like to Ising-like below 5.7 K. The dipole-dipole FIG. 10. Commensurate in-plane structure model for Ni VIC
interaction between |Sing Rﬁ Spins and |Sing Fe Spins may with u=2.a=5.34 A andb=9.30A. See Ref. 2 for the detail of
favor a ferromagnetic spin alignment for them in Ni VIC.  Structure.

_ _ 3 structure model for Ni VIC? Figure 10 shows the in-plane
B. Nature of antiferromagnetic phase transition atTy structure model of magnetic VIC's with=2. The magnetic

We determine the value affor Ni VIC from the value of ~ 10Ns may sit ovem, orm,. Them, andm; sites are located
the saturation magnetizatiovis:M =16 emu/g along the ~ Detween those triangular groups of surface oxygens forming

axis for Ni VIC with two-WL H52 The saturation magneti- the bases of the SiCand AlQ, tetrahedrons. The magnetic
zationM¢ (emu/g in Ni VIC is described by ions foru=2 form an isosceles triangular lattice with one

side a=5.34A and two sidesa’'=(a’+b?)¥?=5.36A.
Since the value ofi(=0.76) for Ni VIC is smaller than that
in Mg VIC (u=0.93), there is a possibility that a part of
=5584.9ug.(Ni)S(Ni)+u'g.(FOS(F& /My, (6) Mg?" ions may not be replaced by Niions, probably due to
slow diffusion. We also note that from a viewpoint of mag-
whereg,(i) andS(i) are theg factor along thec axis and  netic properties, vacant sites are equivalent to sites occupied
spin fori=Ni and Fe,g.(Ni)=2.38% u’=0.03, andM,; by nonmagnetic Mg ions. For the Ni concentratior
=917. The value ofi can be estimated as=1.04 for Fé"  =u/2<1, a part of Nf* ions are randomly replaced by va-
with S(FE")=3 andg.(Fe’*)~2, and asu=1.05 for the  cant sites or M§" ions, forming a diluted site-random Ising
case of F&" with S(F€") =2 andg.(Fe*")~2. These val- ferromagnetic system.

ues ofu are relatively larger than our result obtained in the ~ Since the ferromagnetic intraplanar exchange interadtion
previous work (1=0.76) 2 is dominant over the antiferromagnetic interplanar exchange

In the previous work we have discussed the in-plane interactions)’, Ni VIC is regarded as a 2D site-random fer-
structure of magnetic VIC's in light of a mixed phase formed romagnetic system on the triangular lattice site. The percola-
of possible commensurate structures with 2, 4, 1, and2,  tion thresholcc,, is predicted to be 0.8 Belowc,, there is no
whereu is the number of magnetic ions per a rectangular unilong-range spin order at any finite For u=0.76, the Ni
cell of (axb) with a=5.34A andb=9.30A. We have concentratiorc(=u/2=0.38) is lower thart;°(=0.5), sug-
claimed that the in-plane structure of?Niin VIC is formed  gesting no occurrence of long-range spin order in each Ni
of the combination of commensurate structures withl  layer. Foru=1.05 obtained from the saturation magnetiza-
and § type of in-plane structures at the ratio of 0.28:0.72.tion measurement, the Ni concentratian<u/2=0.525) is a
This model may not be appropriate for the explanation of thdittle higher thancﬁD, suggesting the possibility of long-
intraplanar exchange interaction observed in Ni VIC: the distange spin order.
tance between N ions may be too large for the superex- How can we explain the antiferromagnetic phase transi-
change interaction mechanisms. What is a suitable in-plangon at Ty in Ni VIC? First we consider an ideal case (

Mg (emu/g9
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=u/2=1), where all the triangular lattice sites in the Ni
layer are occupied by Ni ions. The nature of magnetic phase
transition may be very similar to that of {@H),.! Note that
Ni(OH), undergoes a 3D Ising antiferromagnefl( 100 |
=26.4K). On approachingy from the highT side, the i
ferromagnetic short-range order grows in each Ni layer. The
effective antiferromagnetic interplanar interaction defined by
Jig=J (&/2)? divergingly increases as the in-plane spin i
correlation lengthé;, increases, whera is the in-plane lat- 102 |
tice constant. Below y where the magnitude df is larger i
than that ofJ, the 2D ferromagnetic long-range order is es-
tablished in each Ni layer. Such 2D ferromagnetic layers
are antiferromagnetically coupled along thexis, forming
an antiferromagnetic order. 104
According to the percolation theot{,the Neel tempera-
ture Ty decreases with decreasing Ni concentration and re-
duces to zero below,. Since the Ni concentration of Ni FIG. 11. T dependence of that is determined from thiedepen-
VIC is ¢=u/2=0.38 or 0.525,T is predicted be close to dence of peak temperature in the dataypf vs T [Fig. 5@)] (O)
0 K, which is inconsistent with our result that Ni VIC andy{.vsT[Fig. 5b)] (®). The solid lines denote the least-squares
undergoes the antiferromagnetic phase transition dits of the data to a generalized Arrhenius law given by &y.The
Tn(=21.0K). This suggests that Ni ions may not be ran- parameters are given in the text.
domly distributed on the lattice sites. One possibility is that
Ni ions may be formed of small islands inside the Ni layers. The most likely source of such a dramatic divergence of
The Ni ions in each island are uniformly located on the tri-is a thermally activated relaxation over energy barriers. The
angular lattice sites. Similar behavior is observed in stage-Rasic idea of activated dynamics is to define a droplet in the
CoCl, graphite intercalation compourt.The diameter of ground state as the lowest-energy excitation of length scale
islands L may be large enough such that|J’|(L/a)2.  L.** The thermal activation over energy barrier height
There is no structural and magnetic correlation between isB(~L") is assumed for the droplets that are thermally ac-
lands. BelowTy, Ni spins are ferromagnetically ordered in- tive, where is an exponent. The relaxation time for the
side islands. These ferromagnetic islands are antiferromaghoplet withL (= ¢) is given by a generalized Arrhenius law
netically coupled with islands in the other layers, forming
antiferromagnetic clusters. Because the growth of the in- _ B
plane correlation length is suppressed by the kizthe re- 7= 7o exp{ ?)’
sultant antiferromagnetic clusters do not show any true 3D
long-range order. or

101

101 L
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109 |
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C. Superparamagnetic behavior around 2-3 K

As shown in Figs. &) and §b) the peaks of(,. andx;.  where ¢ is the spin correlation lengtte~T " for a zero-
around 2-3 K shift to the low-side with decreasinfy Does  temperature critical pointy is a critical exponent of, 7 is
this anomaly suggest an occurrence of reentrant spin-glagee microscopic single-spin relaxation time, andé
(RSQ phase transition as phenomenon as a thermally equi=b*¥*/T¥”. A simple Arrhenius law corresponds to the
librium state or a manifestation of a superparamagnetic becase ofyyv=0. As far as we know, no theoretical value/af
havior as a thermally nonequilibrium state? Thedepen- has been reported. The least-squares fits of thexed as
dence of the average relaxation timeprovides a key to shown in Fig. 11 to Eq.(7) vyield 7,=(1.5+0.4)
determining which mechanism is appropriate. The relaxationk 10 1°sec, 1+ ¢»=1.09+0.20, ando=36.5+1.1K for 2
time can be estimated under an assumption that the peaks &fT<3.3K in .., and 7,=(1.0+0.5)x 10" °sec, 1+ v
Xce @nd xc occur whenwr=1, wherew(=2nf) is the  =1.02+0.49, ancdb=37.0-0.8K for 2<T<2.75K in y/.
angular frequency of the AC field. Figure 11 showss a  The |east-squares fitting curves thus obtained, are denoted by
function of T, which is obtained from the data aftc vs T solid lines in Fig. 11. The values ofv are close to zero
and yg. vs T with variousf, respectively. The relaxation corresponding to the Arrhenius law. The barrier height
times divergingly increase with decreasifigHere we note B(=b'"*"/T"") is weakly dependent off and is roughly
that 7 derived fromy,, is much longer than that fromg; for  estimated as 47 K and 39 K fot,. and x¢., respectively, at
the sameT. This discrepancy may be partly due to our as-T=2 K near the peak temperatures xf, and y% .
sumption that the peak of.. occurs whenwr=1. In a When the Arrhenius lawgv=0) is assumed is equal
simple Debye-type relaxation with a single-relaxation time,to the activation energ¥,(=B) separating the states. For
Xec Shows no peak at anwr, while x;. shows a peak typical systems governed by the Arrhenius layjs consid-
atwr=1. ered to be on the order of 18sec* The blocking tempera-
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ture Tg is considered to be on the order®f/25kg.**Below  1.9-3.3 K to Eq.(8) yields the parameters=8.65+0.85,
Tg, the relaxation time becomes long enough to be observi* =1.42+0.10K, and 7§ =(1.53+0.30)x 10 ®sec. The
able on a laboratory time scale. Our result indicatestha  value of 75 is extremely longer than that7f=1.58
on the order of 10'%sec and thaE,~b=37K. The block- %10 %®sec) for a typical 3D Ising spin glass

ing temperaturel is estimated as 1.5 K using the relation Fg) Mn, TiO5,'° suggesting that the model of critical slow-
Tg~E,/25kg, which is close to the peak temperaturegff  ing down is not appropriate for the present system.

and y¢.. It is experimentally known that the frequency shift ~ As shown in Fig. 4b), we observe a broad peak j{,

of the peak temperaturg, of x’ defined byu (=AT,/T,  around 6-9 K, which shifts to the highside with increas-
per decadew) also provides a criterion for distinguishing ing f. As shown in Fig. @) we also observe a broad peak in
between superparamagnet and spin gtadhe value ofu Xaa around 13.6—14.4 K which slightly shifts to the high-
for superparamagnet is much larger than that for canonicalide with increasing. These anomalies may be related to the
spin glassesu=0.28 for amorphougHo,03)(B,O3) as a  disordered nature of antiferromagnetic phase belByv.

superparamagnet and=0.005 for CuMn as a canonical However, the origin is not fully understood at present.
spin glass. In our system the value@is roughly estimated

as 0.24 for a decade of 100<f<1000Hz, 0.17 for 1&f
<100Hz, and 0.11 for £f<10Hz, whereT,, is assumed V. CONCLUSION

to be 2 K. Such a high ratig supports that Ni VIC shows a Ni VIC with two-WL HS magnetically behaves like a

superparamagnetic behavior around 2-3 K. Thus it can b§iluted site-random spin system with Ising symmetry along
concluded from these results that the peakgQfand xcc  the ¢ axis. This compound undergoes a partially disordered
around_ 2-3 K can be explained in terms of the genera"zeﬁntiferromagnetic phase transition B. A superparamag-
Arrhenius law withyrv~0. The system may be a superpara-petic pehavior around 2—3 K suggests that the system con-
magnet consisting of small magnetic clusters. Spins insidgists of small magnetic clusters antiferromagnetically or-
each cluster are antiferromagnetically ordered. There is Ngered. Magnetic neutron-scattering studies on Ni VIC where
interaction between magnetic clusters. No long-rangey) hydrogen atoms are replaced by deuterium, would be re-

ordered phase exists. quired for further understanding the nature of antiferromag-
We also discuss whether thedependence of for x..  netic clusters.

can be described in terms of a power-law form
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