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Successive magnetic phase transitions of a Co vermiculite intercalation compound:
An Ising-like Heisenberg antiferromagnet on a triangular lattice
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A Co vermiculite intercalation compound~VIC! magnetically behaves as an Ising-like Heisenberg antifer-
romagnet on a triangular lattice. Magnetic properties of a Co VIC have been studied using superconducting
quantum interference device~SQUID! dc magnetization and SQUID ac magnetic-susceptibility measurements.
This compound undergoes magnetic phase transitions atTN1 ~516.3 K! and TN2 ~510.7 K!, and shows
magnetic anomalies atTp1 ~57.7 K!, Tp2 ~55.9 K!, andTp3 ~'3 K!. Thec-axis spin order and the in-plane
spin order occur atTN1 andTN2, respectively. The magnetic phase diagram forHic consists of four phases
whose boundaries meet at a multicritical point (Tm'12 K,Hm'25 kOe). The freedom of rotation around an
axis perpendicular to the spin plane where three sublattice-magnetization vectors lie could be frozen out below
Tp1 or Tp2. A superparamagnetic behavior of Arrhenius type is observed aroundTp3.

DOI: 10.1103/PhysRevB.65.134438 PACS number~s!: 75.50.Lk, 75.40.Gb, 75.40.Cx, 75.70.Cn
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I. INTRODUCTION

In the last two decades, the spin frustration in Ising an
ferromagnets on a triangular lattice has been stud
experimentally1–4 and theoretically.5–7 The Ising model with
antiferromagnetic nearest-neighbor~NN! interactions is the
simplest spin system, which is totally frustrated. It exhib
no long-range spin order at a finite temperature becaus
the macroscopic degeneracy of the ground state. An a
tional interaction such as the ferromagnetic next-near
neighbor~NNN! interaction or interplanar interaction, whic
removes the degeneracy, may assist the system to order
ordering process shows characteristic features: succe
transitions at Ne´el temperaturesTN1 and TN2. The interme-
diate phase betweenTN1 and TN2 is a partially disordered
~PD, denoted by type I for convenience! phase, where two o
three sublattices are oppositely magnetized and the other
remains paramagnetic. The low-temperature phase be
TN2 is a ferrimagnetic~FR, type II! phase where one of th
three sublattices magnetizes oppositely to the other t
CsCoCl3 ~Refs. 1–4! and CuFeO2 ~Refs. 8–10! have been
proven to be typical examples for a three-dimensional~3D!
realization of an Ising antiferromagnet on the triangular l
tice: TN1521 K and TN259 K for CsCoCl3 and TN1
514.0 K andTN2511.0 K for CuFeO2.

The phase transition of the Ising-like Heisenberg antif
romagnet on the triangular lattice~IHAFT! has been studied
by Miyashita and Kawamura,11 and Miyashita.12,13 The spin
Hamiltonian of this system is described by

H522J(
^ i , j &

@Si
xSj

x1Si
ySj

y1aSi
zSj

z#, ~1!

whereJ,0 anda.1, ^ i , j & means NN pairs, anda51 for the
Heisenberg model anda5` for the Ising model. No NNN
ferromagnetic interaction is included in this Hamiltonia
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Only the xy interaction is added to the Ising interaction.
Monte Carlo analysis of the IHAFT predicts success
phase transitions atTN1 andTN2 without long-range orders
The value ofTN1 increases with increasinga, while the
value of TN2 decreases. In the intermediate phase betw
TN1 andTN2, there is no uniform magnetization along thez
axis. The spin configuration corresponds to that of either
PD phase or the FR phase with the total of three sublat
magnetizations equal to zero. BelowTN2 thexy components
start to order. The uniform susceptibilitiesxzz, xxx , andxyy
diverge. The divergence ofxxx andxyy may be attributed to
the effect of a nontrivial degeneracy~NTD! of the ground-
state spin configuration. Namely, infinite numbers of o
liquely distorted 120° structures~type III! give the same
ground-state energy. Due to this NTD the ground state
have thexy component of total magnetization (Mx andM y).

In three dimensions, systems have long-range order
contrast to two dimensions. Thus, the spin configuration
be specified. The corresponding 3D lattice is a layered a
ferromagnet on a triangular lattice~AFT!, called an Ising-
like Heisenberg layered AFT~IHLAFT !. The spin Hamil-
tonian of this system is described by

H522J(
^ i , j &

@Si
xSj

x1Si
ySj

y1aSi
zSj

z#22J8(
^ i ,k&

Si•Sk ,

~2!

where^ i ,k& means NN pairs between layers, and the int
planar coupling is isotropic. The NTD in the ground sta
persists just as in the 2D case. According to Monte Ca
studies of the IHLAFT by Watarai and Miyashita,14,15 this
system exhibits similar transitions as in the case of
IHAFT but with a definite long-range order. AtTN1 the sys-
tem undergoes a change from the paramagnetic~PM! phase
to the FR phase~type II!. The order of thexy components
©2002 The American Physical Society38-1
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appears belowTN2, resulting in the obliquely distorted 120
structure ~type III! characterized by two anglesw and u.
Here w is the angle between thez axis and the direction o
sublattice magnetizationA, and 2u is the angle between
the directions of sublattice magnetizationsB and C, where
cosu5a/~a11!. The ground-state energy of the type-III sp
structures is independent ofw.

A Co vermiculite intercalation compound~VIC! provides
a candidate for the IHLAFT. This system is one of magne
VIC’s ~Refs. 16–18! with well-characterized expanding lay
ered silicates. The Co VIC is frequently in the two-wate
layer hydration state~2-WLHS! under normal ambient con
ditions, where Co21 ions are sandwiched between upper a
lower water layers in the interlamellar space. In this pa
we have undertaken an extensive study of the magnetic p
erties of a Co VIC with a 2-WLHS using superconducti
quantum interference device~SQUID! dc magnetization and
SQUID ac magnetic susceptibility. We show that this co
pound undergoes at least two magnetic phase transition
TN1 ~516.3 K! andTN2 ~510.7 K!. These phase transition
are discussed in association with the two transitions of
IHLAFT model developed by Watarai and Miyashita.14,15

The magnetic phase diagram (H-T) is determined and dis
cussed, whereH is an external magnetic field andT is a
temperature. The irreversible effect of susceptibility, wh
shows steplike changes aroundTN1 andTN2, is discussed in
terms of the random-field effect. A superparamagnetic beh
ior is observed at lower temperatures. The temperature
pendence of a spin relaxation time is discussed in term
the Arrhenius law.

II. EXPERIMENT

Single crystals of natural vermiculite normally conta
Mg21 ions in the interlamellar space, forming a Mg VIC
Samples used in the present work were prepared from na
vermiculites obtained from Llano, Texas. They were i
mersed in one normal aqueous solution of CoCl2 at 60°C.
Mg21 ions can be replaced by Co21 ions, forming a Co VIC.
The unit-cell stoichiometry of a Co VIC with the 2-WLHS
is given by XCou(H2O)6.10, where X5(Si5.72Al2.28)
(Mg5.88Al0.10Feu8Ti0.02)O20(OH)4 , u8(50.03) is the number
of Fe ions in the octahedral sheet, andu ~50.7660.08! is the
number of Co21 ions in the interlamellar space.16 The total
molar mass of the unit-cell stoichiometry for a Co VIC
estimated asMCo5911 g. It was confirmed from a (00L)
x-ray diffraction at 300 K that our sample had a well-defin
c-axis stacking structure with thec-axis repeat distanced
~514.37760.004 Å! for the 2-WLHS.

The dc magnetization and ac magnetic susceptibility
the Co VIC were measured using a SQUID magnetom
~Quantum Design, MPMS XL-5! with an ultralow-field ca-
pability option. The details of the measurements were
scribed in a previous paper.18 The magnetic field was applie
to either thec axis or any direction perpendicular to thec
axis. For convenience, hereafter we use ‘‘a axis’’ for any
direction in thec plane, since there may be no apprecia
magnetic anisotropy in thec plane.
13443
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III. RESULTS

A. dc magnetic susceptibility

Figure 1 shows theT dependence of dc magnetic su
ceptibility for a Co VIC with a 2-WLHS in the presence ofH
~520 kOe! along thec axis anda axis. The magnetic sus
ceptibility increases with decreasingT, 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 150<T<298 K to the Curie-Weiss form

x i5x i
01

Ci

T2Q i
~3!

( i 5c,a) yields the parameters xc
05(22.5260.09)

31026 emu/g, Cc5(4.6560.04)31023 emu K/g, andQc

528.4360.96 K for the c axis, andxa
05(25.1660.82)

31027 emu/g, Ca5(3.5560.05)31023 emu K/g, andQa
5217.961.2 K for the a axis. Assumingu50.76 andu8
'0, the effective magnetic momentPe f f(Co21) can be es-
timated as 6.6860.03mB for thec axis and 5.8360.03mB for
the a axis, which are comparable with those for Co21 ions
for CsCoCl3 :6.14mB for the c axis and 5.54mB for the a
axis.19 When we use a fictitious spinS51/2 for the lowest
Kramers doublet instead ofS53/2 ~see Sec. IV E!,

FIG. 1. ~a! T dependence of dc magnetic susceptibilityxc

~closed circles! andxa ~open circles! for a Co VIC with a 2-WLHS,
and xc ~closed diamonds! and xa ~open diamonds! for a Mg VIC
with a 2-WLHS~natural vermiculite!. H520 kOe. The inset shows
the reciprocal susceptibility (x2x0)21 as a function ofT for a Co
VIC. The solid lines denote the least-squares fits of the data to
~3! with parameters given in the text.~b! T dependence ofDx
(5xc-xa) for a Co VIC atH520 kOe.
8-2
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FIG. 2. ~a! and ~b! T dependence ofxFC

~open circles! andxZFC ~closed circles! for a Co
VIC and xFC ~closed diamonds! for a Mg VIC.
H51 Oe.~a! Hic. ~b! Hia. The insets of~a! and
~b! show the T dependence of the differenc
dx i(5xFC

i 2xZFC
i ) for i 5c and a. ~c! T depen-

dence ofxFC
c andxFC

a at H51 Oe. The detail is
shown in the inset. ~d! H dependence of
]MZFC

c /]H at T59 –12 K, where each measure
ment was made after the sample was cooled
H50 from 298 K toT.
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the Lande´ g factor is estimated asgc57.71, which is close to
that (gc57.32) for 1% Co21 ions in CsMgCl3 determined
from electron-spin resonance.19 The negative value ofQ in-
dicates that the NN intraplanar exchange interaction betw
Co21 spins is antiferromagnetic. In Fig. 1~b! we show theT
dependence of the differenceDx(5xc2xa) at H520 kOe.
The differenceDx is always positive for anyT.

Figures 2~a! and 2~b! show theT dependence of field
cooled~FC! susceptibilityxFC

i and zero-field cooled~ZFC!
susceptibilityxZFC

i for i 5c anda, whereH51 Oe. The sus-
ceptibility xZFC

a has small peaks around 4.8, 6.0, and 7.8
while xFC

a has an inflection point around 5.2 K. In the inse
of Figs. 2~a! and 2~b! we show theT dependence of the
irreversibility of susceptibility which is defined bydx i

(5xFC
i 2xZFC

i ). We find that bothdxc anddxa exhibit two
steplike increases at 17.5 and 10.7 K with decreasingT, re-
flecting the disordered nature of this system.

For comparison, in Fig. 2~c! we show theT dependence o
xFC

c and xFC
a at H51 Oe. The susceptibilityxFC

a is larger
thanxFC

c below 10.7 K, suggesting that the low temperatu
phase belowTN2 ~510.7 K! has an antiferromagnetic cha
acter with the easy spin direction along thec axis. The sus-
ceptibility xFC

c is larger thanxFC
a above 15.6 K, which is

consistent with the positive sign ofDx at H520 kOe.
We have measured theH dependence of ZFC magnetiz

tion along thec axis (MZFC
c ) aroundTN2. The magnetization

MZFC
c increases with increasingH for H< 6kOe. In Fig.

2~d! we show the H dependence of]MZFC
c /]H at T

59 –12 K. It exhibits a broad peak aroundH50.1 kOe at
T512 K.
13443
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B. ac magnetic susceptibility

Figures 3~a!–3~d! show theT dependence ofxcc8 andxcc9
for a Co VIC at variousf, whereh52 Oe. The dispersion
xcc8 shows a cusp atTN2, below which it is dependent onf. It
has an inflection point aroundTN1 ~516.3 K!, which is al-
most independent off. In contrast,xcc9 exhibits at least four
peaks at characteristic temperaturesTN1 , Tp1 ~57.7 K!, Tp2

~55.9 K!, andTp3 ('3 K) at f 50.1 Hz. The peak tempera
turesTN1 , Tp1, andTp2 are almost independent off, while
the peak temperatureTp3 increases with increasingf. The f
dependence ofTp3 will be discussed in Sec. IV C. The ab
sorptionxcc9 reduces to zero aroundTN2.

Figures 4~a! and 4~b! show theT dependence ofxaa8 and
xaa9 for a Co VIC at variousf, whereh52 Oe. The disper-
sion xaa8 shows shoulders aroundTN2 and Tp1 and a small
peak atTp2, while xaa9 shows peaks atTp1 and Tp2. No
anomaly is observed aroundTN1 for both xaa8 andxaa9 . The
magnitudes ofxaa8 andxaa9 are much larger than those ofxcc8
andxcc9 , respectively, at the sameT below TN2.

Figures 5~a! and 5~b! show theT dependence ofxcc8 for a
Co VIC at variousH along thec axis, whereh52 Oe and
f 5100 Hz. A shoulder aroundTN2 at H50 disappears
above 700 Oe, while a broad peak appears at 6.9 K abov
kOe, shifting to the high-T side with increasingH. For more
details the same measurement was taken one year later
the measurement of Fig. 5 was taken. Figure 6 shows thT
dependence ofxcc8 at variousH thus obtained. The peak tem
perature ofxcc8 in Fig. 6 is higher than that in Fig. 5~b! at the
sameH, partly because of a possible change in the quality
the sample such as the water hydration state. In spite of
8-3
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FIG. 3. T dependence of~a! xcc8 and ~b! xcc9
for a Co VIC at variousf (1.9<T<13 K). h
52 Oe. hic. H50. The detail of xcc8 vs T
aroundTN2 is shown in the inset.T dependence
of ~c! xcc8 and ~d! xcc9 for a Co VIC at variousf
(13<T<19 K).
rv
K

A
0

we use the peak temperatures ofxcc8 in Fig. 6 for the discus-
sion of the magnetic phase diagram~Sec. IV B!. Figure 7
shows theT dependence ofxcc9 for a Co VIC at variousH
along thec axis. Both peaks atTp1 andTp2 are sensitive toH
and disappear above 25 Oe. Although no peak is obse
aroundTN2 at H50, a field-induced peak appears at 11.2
just aboveTN2 for 0.3 kOe<H<5 kOe. This peak slightly
shifts to the high-T side with increasingH. Above 10 kOe

FIG. 4. T dependence of~a! xaa8 and ~b! xaa9 for a Co VIC at
variousf. h52 Oe.hia. H50. The inset of~a! shows the detail of
xaa8 vs T aroundTN2.
13443
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xcc9 increases with decreasingT. The magnitude ofxcc9 dras-
tically increases with increasingH at the sameT. In contrast,
the peak atTN1 at H50 slightly decreases with increasingH
and disappears above 150 Oe. Figure 8~a! shows theT de-
pendence ofxaa8 for a Co VIC at variousH along thea axis,
where h52 Oe andf 5100 Hz. The shoulders atTp1 and
Tp2 are very sensitive toH and disappear above 100 Oe.
small shoulder aroundTN2 at H50 disappears above 10
Oe. Figure 8~b! shows theT dependence ofxaa9 for a Co VIC

FIG. 5. ~a! and~b! T dependence ofxcc8 for a Co VIC at various
H. Hic. hic. f 5100 Hz. h52 Oe.
8-4
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SUCCESSIVE MAGNETIC PHASE TRANSITIONS OF A . . . PHYSICAL REVIEW B65 134438
at variousH along thea axis. Both peaks atTp1 and Tp2

aresensitive toH and disappear above 60 Oe. The peak
Tp1 shifts to the lowT side with increasingH. A shoulder
aroundTN2 remains atH up to 150 Oe. The magnetic phas
diagrams forHic andHia will be discussed in Sec. IV B.

FIG. 6. T dependence ofxcc8 for a Co VIC at variousH. Hic.
hic. f 5100 Hz. h52 Oe. These data were taken as a part of
reexamination of theH-T diagram one year later after the data
Fig. 5~b! were taken. A slight change of the data from Fig. 5~b! is
seen partly because of a possible change in the quality of the sa
such as a change of hydration state.

FIG. 7. ~a! and~b! T dependence ofxcc9 for a Co VIC at various
H. Hic. hic. f 5100 Hz. h52 Oe.
13443
t

IV. DISCUSSION

A. Nature of phase transitions atTN1 and TN2

The experimental results on the phase transitions atTN1

andTN2 are summarized as follows.~i! xcc9 shows a peak a
TN1 for H50. This peak is very sensitive to the applicatio
of H along thec axis and disappears above 100 Oe.~ii ! xcc9
shows no peak atTN2 for H50. A field-induced peak ap-
pears atT just aboveTN2 for 0.3 kOe<H<5 kOe.~iii ! xcc8
shows a small cusp atTN1 and a shoulder atTN2 for H50.
~iv! Both xaa8 andxaa9 show a small cusp atTN2. No appre-
ciable anomaly is observed atTN1. These results indicate tha
the phase transitions atTN1 andTN2 are mainly owing to the
orderings of thez component and thexy components of the
spins, respectively. These phase transitions can be expla
in terms of the model of the IHLAFT developed by Watar
and Miyashita.14 At TN1 the system changes from the P
phase to the FR phase~type II!. The low-temperature phas
below TN2 is characterized by the order of thexy compo-
nents of spins, which grows on the order of thez component
of spins that is already built in. The most favorable sp
configuration is the obliquely distorted 120° structure~type
III ! characterized byw50 and u, where cosu5a/~a11!.
The value ofa ~or u! can be estimated as follows. Miyashi
and Kawamura11 have discussed the values ofTN1 andTN2
as a function of parametera on the basis of the IHAFT
model. The value ofTN1 increases proportionally witha for
a.1, while the value ofTN2 decreases with increasinga.
The ratio R(5TN1 /TN2) is approximated byR52.512a
21.965. Using our values ofTN1 ~516.3 K! and TN2

e

ple

FIG. 8. T dependence of~a! xaa8 and ~b! xaa9 for a Co VIC at
variousH. Hia. hia. f 5100 Hz. h52 Oe.
8-5
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~510.7 K!, the parametera is estimated asa51.39, or
2u5108.8°. In the IHLAFT model,15 both of the transitions
at TN1 andTN2 belong to the universality class of a 3DXY
model. The transition atTN1 seems to be equivalent to that
the six-state clock model since the ferrimagnetic spin
rangements can appear in six different ways over the sub
tices such that uSASBSC&5u112&, u121&, u211&,
u221&, u212&, andu122&. At TN2, the degree of freedom
of the rotation around thez axis is symmetry breaking. We
find it difficult to determine the critical exponents of susce
tibility at TN1 and TN2 from our results, which could be
compared with the exponent predicted by Watarai a
Miyashita.15

B. H -T phase diagram

Figure 9 shows the magnetic phase diagram of a Co V
for Hic andHia. Here only the peak temperatures ofxcc8 ,
xcc9 , andxaa9 in Figs. 5–8 are plotted as a function ofH. The
magnetic phase diagram forHic consists of five lines de
noted byHN1 , HN2 , H0 ~or H08), Hp1, andHp2. The lines
Hp1 andHp2 exist only forH,10 Oe. The lineHN1 exists
for 0<H<100 Oe and the lineHN2 exists for 0.3<H
<5 kOe. The origin of the lineH0 derived from Fig. 6 is the
same as that of the lineH08 from Fig. 5~b!. For comparison

FIG. 9. Magnetic phase diagram of a Co VIC where the pe
temperatures of data shown in Figs. 5–8 are plotted as a functio
H. xcc8 ~closed circles and crosses! andxcc9 ~open circle! for Hic.
xaa9 ~closed triangles! for Hia. Possible phase boundaries are d
noted byH0 ~or H08), HN1 , HN2 , Hp1, andHp2. The lineH0 is from
Fig. 6 and the lineH08 is from Fig. 5~b!. The difference between th
lines H0 andH08 is due to the change of the quality of the samp
such as the water hydration state. In spite of this fact, the lineH0 is
used for the discussion of the magnetic phase diagram. Two do
lines for possible extensions of the linesHN1 and HN2 are guides
for the eye. A dotted straight line is an extrapolation of the bou
ary H0 @SF-PM#. A point Cp is a multicritical point.
13443
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these two lines are plotted in Fig. 9. The lineH08 appears for
H>15 kOe, while the lineH0 appears forH>4 kOe. We use
the lineH0 rather than the lineH08 for further discussion. The
line HN1 slightly decreases with increasingT, while the line
HN2 increases with increasingT. The lineH0 increases with
increasingT at low T. It is proportional toT above 12 K.
Notice that the extrapolation of this straight line toT below
12 K crosses theH50 axis atTp2 ~see Fig. 9!. In spite of the
lack in data at highH, the extensions of the linesHN1 and
HN2 may meet at the pointCp (Tm'12 K and Hm
'25 kOe) along dotted lines shown in Fig. 9. If this is tru
our H-T phase diagram is very similar to that of an Ising-lik
Heisenberg antiferromagnet CsNiCl3 ~Refs. 20–23! for H
along thec axis. In CsNiCl3, magnetic ions form a linea
chain along thec axis, where the intrachain coupling is an
tiferromagnetic. These chains are coupled antiferromagn
cally, forming a triangular lattice in the basala-b plane. The
spin easy axis is thec axis. In this sense the magnetic pro
erty of CsNiCl3 is similar to those of a Co VIC. It may be
concluded from the analogy of CsNiCl3 that our magnetic
phase diagram consists of four phases, a PM phase, a
flop ~SF! phase, a FR~type-II! phase, and an obliquely dis
torted 120° structure~type III!. One line of first-order tran-
sition @H0(SF-III)# and three lines of second-order transitio
@H0(SF-PM), HN1(PM-II), and HN2(II-III) # intersect at the
multicritical pointCp . This type of multicritical point is pre-
dicted by an analysis of Landau-type free energy.22,23

The magnetic phase diagram forHia is rather different
from that for Hic. It consists of two lines denoted byHp1
and Hp2. The lineHp1 exists for 0<H<4 Oe and the line
Hp2 exists for 0<H<40 Oe. The values ofHp1 and Hp2
decrease with increasingT. Note that no line is observed
concerning the linesHN1 andHN2. Our magnetic phase dia
gram is quite different from that of CsNiCl3 where the lines
HN1 andHN2 increase with increasingT.21 The origin for the
lines Hp1 andHp2 for Hia may be qualitatively understoo
as follows. Theoretically the ground-state energy of the ty
III spin structure characterized byw andu is invariant under
the rotation ofw aroundw50. This freedom of rotation may
be frozen out belowTp1 or Tp2, leading to a spin structure
denoted by type III withw50. Similar behavior is observed
around 3 K below TN2 ~54.3 K! in CsNiCl3 from 133Cs
nuclear magnetic resonance,24 although the heat capacit
shows no anomaly around 3 K.

C. Superparamagnetic behavior

From the measurement ofxcc9 vs T at variousf @see Fig.
4~b!#, we examine thef dependence of the peak temperatu
Tp1 , Tp2, and Tp3. The values ofTp1 and Tp2 are almost
independent off, while the value ofTp3 increases with in-
creasingf. The latter implies that the characteristic relaxati
time t of the system aroundTp3 is on the order of the ob-
servation timetobs(52p/v), wherev(52p f ) is the angu-
lar frequency of the ac field. If the relaxation of spin fluctu
tions is of the Debye type with a single relaxation timet,
xcc9 has a peak atvt51. Figure 10 shows theT dependence
of t thus obtained. The relaxation time divergingly increas
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SUCCESSIVE MAGNETIC PHASE TRANSITIONS OF A . . . PHYSICAL REVIEW B65 134438
with decreasingT. The most likely source of such a dramat
divergence oft is a thermally activated relaxation used for
superparamagnet,25

t5t0exp~Ea /kBT!, ~4!

whereEa is an energy barrier separating the states andt0 is
a microscopic limiting relaxation time. The least-squares
of the datat vs T as shown in Fig. 10 to Eq.~4! yields t0
5(7.361.0)310211 sec andEa /kB576.064.1 K for 3.3
<T<5.1 K. The blocking temperatureTB is defined as a
temperature below whicht is larger than tobs. If tobs
51 sec,TB is on the order ofEa/23kB ~53.3 K!. Below TB
the system would appear blocked in one of the states.

The possibility of spin-glass-like behaviors is ruled o
for the same reasons which are described for a Ni VIC.18 The
relaxation time for the droplet model25 is given by ln(t/t0)
}1/T11cn, wherecn is a critical exponent. The least-squar
fit of the datat vs T in Fig. 10 to the above form yieldst0
53.5310224 sec and 11cn50.3860.90 for 3.3<T<5.1 K.
The value oft0 is too short andcn becomes negative, whic
is inconsistent with the assumption ofcn>0. In contrast, the
relaxation time for the critical slowing down model26 is
given byt5t0* (T/T* 21)2x, wherex is the dynamic critical
exponent,T* is the spin-freezing temperature, andt0* is the
characteristic relaxation time. The least-squares fit of
datat vs T in Fig. 10 to the above form yieldsx59.561.0
and t0* 52.431022 sec. The value ofx is larger than that
predicted for the 3D (6J) Ising spin-glass model (x57.9
61.0).27 The value oft0* is unphysically large.

Thus it is concluded that a superparamagnetic beha
occurs atTp3. The T dependence oft aroundTp3 is well
described by the Arrhenius law. So far theT dependence oft
is discussed only from the data ofxcc9 . The magnitude ofxaa9

FIG. 10. T dependence of average relaxation timet obtained
from the peak temperature vsf in xcc9 . The solid line denotes a
least-squares fit of the data to Eq.~4! with the parameters given in
the text.
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is much larger than that ofxcc9 at the sameT below Tp3,
indicating that the transverse fluctuations are much stron
than the longitudinal fluctuations. The absorptionxaa9 is
strongly dependent onf and increases with decreasingT be-
low Tp3. Nevertheless we cannot use the data ofxaa9 to de-
termine theT dependence oft. The Debye assumption for
single relaxation time is not satisfied forxaa9 because there is
no peak inxaa9 at Tp3. The system may be a superparamag
consisting of small magnetic clusters. Spins inside each c
ter have the type-III spin structure withw50 andu, where
the spin planes lie in thez axis and in an arbitrary direction
in the xy plane. The spin planes are different for differe
clusters, giving rise to the enhanced transverse spin fluc
tions. Since there is no interaction between magnetic c
ters, no long-range order is established.

D. Random-field effect

So far we assume that all the triangular lattice sites
uniformly occupied by Co21 ions. This is not the case fo
our sample having a stoichiometryXCou(H2O)6.10 with u
50.7660.08. The Co concentrationc is given byc5u/2(0
<c<1).18 When Co21 ions are randomly distributed on th
lattice sites, the Co concentrationc (5u/250.38) of our
system is lower than the percolation thresholdcp

2D ~50.5! for
the 2D triangular lattice,28 implying no occurrence of long-
range spin order in a Co VIC. This result is inconsistent w
our result that the phase transitions occur atTN1 andTN2 for
a Co VIC. Co21 ions may not be randomly distributed on th
lattice sites over the whole system. One possibility is t
small islands are formed inside the Co layers. In each isl
Co21 ions may be uniformly located on the triangular latti
(c51), or randomly distributed on the lattice sites with
concentrationc which is much higher thancp

2D . For the
former case, the system is essentially the same as the
case (c51) with a finite-size effect. For the latter case, t
system is a diluted Ising-like antiferromagnet on the triang
lar lattice. The application of a uniform magnetic field o
such 3D diluted Ising-like antiferromagnets generates an
fective random field which couples to the antiferromagne
order parameter, producing a realization of the random-fi
~RF! model.29 What is the evidence for such a RF effect? A
shown in the insets of Figs. 2~a! and 2~b!, the irreversible
effect of susceptibility shows two steplike changes arou
TN1 and TN2 in dxc and dxa . The magnitude ofdxc is
larger than that ofdxa at the sameT above 9 K. These
anomalies may be related to the RF effect. The ZFC m
surement shows a sharp transition to a long-range ord
state, while the FC procedure causes the system to lose e
librium and enter a metastable, frozen domain state witho
long-range order. Similar behavior is observed in reentr
spin-glass systems NicMg12c(OH)2 (c50.8) ~Ref. 30! and
FecMn12cTiO3 (c50.6).31 The irreversible effect of suscep
tibility exhibits a crossover from a weak irreversibility jus
below the Ne´el temperatureTN(H) to a strong irreversibility
at a reentrant spin-glass~RSG! transition temperature
TRSG(H). Additional possible evidence for the RF effect
that the magnitude ofxcc9 becomes large with increasingH
8-7
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for H>7 kOe, as shown in Fig. 7~b!. Numerical calcula-
tions32–34 based on the molecular-field theory for a 3D d
luted Ising antiferromagnet suggest that a region of anti
romagnetic long-range order and a region of glassy state
ist in theH-T plane. The glassy phase remains restricted
large H, where the strength of the random field varies w
H. Enhancement ofxcc9 at largeH may be related to the
RF-induced glassy phase. A detailed discussion will be gi
elsewhere.

E. Superexchange interaction mechanism

The intraplanar exchange interaction is antiferromagn
in a Co VIC and ferromagnetic in a Ni VIC. What is th
cause of this difference? In aM VIC ~M5Co, Ni!, eachM21

ion is located at them1 sites between triangular groups
surface oxygens forming the bases of the SiO2 and AlO4
tetrahedrons.18 The O22 ions form a 2Dkagome´-like lattice.
The magneticM21 ion at the m1 sites is surrounded by
nearest-neighbor O22 ions in an approximately octahedr
cubic crystal environment with a small trigonal distortio
~along thec axis!. These local structures are similar to tho
of pristineMCl2 whereM is surrounded by six Cl2 ions. As
has been already pointed out by Zhouet al.,17 the intraplanar
exchange interaction betweenM21 ions is probably caused
by the so-called superexchange, which is due to the ove
of the localized orbitals ofM21 ions with those of those o
O22 ions.35 An empirical rule~Goodenough-Kanamori36,37!
is well established for determining the sign of the super
change interaction~ferromagnetic or antiferromagnetic! from
the symmetry relation between the occupiedd orbitals (de
and dg) for the M21 ion and occupiedp orbitals (ps and
pp) for the O22 ion. There are two types of superexchan
depending on the anglef between twoM21O22 bonds in
the M21-O-M21 link: f5180° and 90°.

Here we consider the origin of the intraplanar interact
in a M VIC by applying the Goodenough-Kanamori rule wi
f590°. The electronic configuration of the lowest orbit
state of theM21 ions which is subject to an octahedral cub
field is (de6)dg2 for a Ni21 ion and (de4)de1dg2 for a
Co21 ion,37 where orbital states in parentheses indic
paired electrons. In the Co21 ion the Coulomb interaction
between the electrons causes a configurational mixing.
origin of ferromagnetic interaction between Ni21 ions in a
Ni VIC is similar to that of pristine NiCl2.37 The O22 ion has
two electrons with spins up and down. There is some pr
ability that less than one electron is transferred from theps

orbital of O22 to the dg orbital of Ni21 because theps

orbital forms a partially covalent bond with thedg orbital.
The electron left behind on the O22 ion has its spin paralle
to the spin of the Ni21 ion. Since theps orbital of the O22

ion is orthogonal to thedg8 orbital of the other Ni21 ion, the
direct exchange interaction between the remaining unpa
spin on the O22 ion and the Ni21 spins is ferromagnetic
This leads to the ferromagnetic exchange interaction betw
Ni21 spins.

What is the origin of the antiferromagnetic intraplan
interaction between Co21 ions in a Co VIC? There are two
possibilities giving rise to the antiferromagnetic intraplan
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interaction. There is one probability that less than one e
tron is transferred from thepp orbital of the O22 ion to the
de orbital of the Co21 ion because thepp orbital forms a
partially covalent bond with thede orbital. The electron left
behind on the O22 ion has its spin parallel to the spin of th
Co21 ion. Thepp orbital of the O22 ion is antiferromagneti-
cally coupled to thedg8 orbital of the other Co21 ion, lead-
ing to the antiferromagnetic intraplanar exchange interac
between Co21 spins. There is another possibility that le
than one electron is transferred from theps orbital of the
O22 ion to thedg orbital of the Co21 ion because theps

orbital forms a partially covalent bond with thedg orbital.
The electron left behind on the O22 ion has its spin paralle
to the spin of the Co21 ion. Theps orbital of the O22 ion is
antiferromagnetically coupled to thede8 orbital of the other
Co21 ion, leading to the antiferromagnetic intraplanar e
change interaction between Co21 spins. The latter antiferro-
magnetic interaction is stronger than the former one beca
the de-pp bond is weaker than thedg-ps bond due to a
smaller overlap of wave functions.37

Finally we discuss the effective spin Hamiltonians of a
VIC and a Co VIC. The lowest orbital state of the free Ni21

ion ~derived from the electronic configuration 3d8) is 3F4.
In a cubic crystal field, the3F4 state is split into two orbital
triplets (3T1 and 3T2) and one orbital singlet (3A2) as a
lowest level.38 Since the orbital angular momentum for th
3A2 state is fully quenched, no additional splitting is done
the spin-orbit interaction and trigonal crystal field. Th
ground state is threefold spin degenerate, leading to the
fective spin Hamiltonian withS51. In contrast, the lowes
orbital state of the free Co21 ion ~derived from the electronic
configuration 3d7) is 4F9/2. In a cubic crystal field, the4F9/2
state is split into two orbital triplets (4T1 and 4T2) and one
orbital singlet (4A2) with the orbital triplet (4T1) lowest.38

The ground orbital triplet is split by the spin-orbit couplin
and trigonal field. The lowest level is a Kramers doubl
leading to the effective spin Hamiltonian with a fictitiou
spin S51/2.

V. CONCLUSION

A Co VIC with a 2-WLHS behaves magnetically as a
Ising-like Heisenberg antiferromagnet on the triangular l
tice. This compound undergoes two magnetic phase tra
tions TN1 ~516.3 K! andTN2 ~510.7 K!. At TN1 the longi-
tudinal (c-axis! spin component orders and a ferrimagne
~type-II! phase is realized forTN2,T,TN1. At TN2 the
transverse component orders and an obliquely distorted 1
spin structure~type III! is stabilized forT,TN2. The mag-
netic phase diagram forHic consists of four phases~II, III,
PM, and SF! whose boundaries would meet at a multicritic
point (Tm'12 K,Hm'25 kOe). The system also show
magnetic anomalies atTp1(57.7 K), Tp2(55.9 K), and
Tp3('3 K). The anomalies atTp1 or Tp2 may be related to
the freezing out of the freedom of rotation around an a
perpendicular to the spin plane. The spin-relaxation time
verges atTp3 according to the Arrehenius law, suggestin
that the system may be a superparamagnet consistin
small magnetic clusters with the type-III spin structures h
8-8
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ing different spin planes. Magnetic neutron scattering o
Co VIC with all hydrogen atoms replaced by deuterium a
magnetic heat capacity would be required for the further
derstanding of the nature of successive phase transitions
the magnetic phase diagram.
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