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Successive magnetic phase transitions of a Co vermiculite intercalation compound:
An Ising-like Heisenberg antiferromagnet on a triangular lattice

Itsuko S. SuzuRi and Masatsugu Suzuki
Department of Physics, State University of New York at Binghamton, Binghamton, New York 13902-6016

N. Wada
Department of Mechanical Engineering, Faculty of Engineering, Toyo University, 2100 Kujirai, Kawagoe City,
Saitama, 350-8585 Japan
(Received 24 August 2001; published 26 March 2002

A Co vermiculite intercalation compoun®IC) 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 devi¢8QUID) dc magnetization and SQUID ac magnetic-susceptibility measurements.
This compound undergoes magnetic phase transitiongyat(=16.3 K) and Ty, (=10.7 K), and shows
magnetic anomalies dt,; (=7.7 K), Tp, (=5.9 K), and T3 (=3 K). The c-axis spin order and the in-plane
spin order occur aTy; and Ty,, respectively. The magnetic phase diagramHdc consists of four phases
whose boundaries meet at a multicritical poifit,&12 K,H,,~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 OF Tpy. A superparamagnetic behavior of Arrhenius type is observed artpnd
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[. INTRODUCTION Only the xy interaction is added to the Ising interaction. A
Monte Carlo analysis of the IHAFT predicts successive
In the last two decades, the spin frustration in Ising anti-phase transitions &fy; and Ty, without long-range orders.
ferromagnets on a triangular lattice has been studiedhe value ofTy; increases with increasing, while the
experimentally™* and theoretically~’ The Ising model with  value of Ty, decreases. In the intermediate phase between
antiferromagnetic nearest-neighb®N) interactions is the Ty, andTy,, there is no uniform magnetization along the
simplest spin system, which is totally frustrated. It exhibitsaxis. The spin configuration corresponds to that of either the
no long-range spin order at a finite temperature because D phase or the FR phase with the total of three sublattice
the macroscopic degeneracy of the ground state. An addmagnetizations equal to zero. Beldy, the xy components
tional interaction such as the ferromagnetic next-nearesttart to order. The uniform susceptibilitigs,, xxx, andyyy
neighbor(NNN) interaction or interplanar interaction, which diverge. The divergence of,, and x,, may be attributed to
removes the degeneracy, may assist the system to order. Ttiee effect of a nontrivial degenera¢i{TD) of the ground-
ordering process shows characteristic features: successigeate spin configuration. Namely, infinite numbers of ob-
transitions at Nel temperature¥y; and Ty,. The interme- liquely distorted 120° structure@ype Ill) give the same
diate phase betweeny; and Ty, is a partially disordered ground-state energy. Due to this NTD the ground state can
(PD, denoted by type | for conveniengghase, where two of have thexy component of total magnetizatioi( andM,).
three sublattices are oppositely magnetized and the other one In three dimensions, systems have long-range orders in
remains paramagnetic. The low-temperature phase belowontrast to two dimensions. Thus, the spin configuration can
T2 is a ferrimagnetiqFR, type I) phase where one of the be specified. The corresponding 3D lattice is a layered anti-
three sublattices magnetizes oppositely to the other twderromagnet on a triangular lattigFT), called an Ising-
CsCoC} (Refs. 1-4 and CuFe@ (Refs. 8—10 have been like Heisenberg layered AFTIHLAFT). The spin Hamil-
proven to be typical examples for a three-dimensidB&l)  tonian of this system is described by
realization of an Ising antiferromagnet on the triangular lat-
tice: Ty1=21 K and Ty,=9 K for CsCoC} and Ty,

=14.0 K andTy,=11.0 K for CuFeQ. H=-23> [S'S+S/S +aSiS]—2J' > s-S,,
The phase transition of the Ising-like Heisenberg antifer- (B) (i.k)
romagnet on the triangular latti¢ctHAFT) has been studied @
by Miyashita and Kawamur#,and Miyashita®>!3 The spin
Hamiltonian of this system is described by where(i,k) means NN pairs between layers, and the inter-

planar coupling is isotropic. The NTD in the ground state

_ XX L Yy ez persists just as in the 2D case. According to Monte Carlo
H= _Z‘J(% [S'S+S/Sj+aSS], (D) studies of the IHLAFT by Watarai and MiyashitA’® this

' system exhibits similar transitions as in the case of an
whereJ<0 anda>1, (i,j) means NN pairs, and=1 for the  IHAFT but with a definite long-range order. Ay, the sys-
Heisenberg model and=« for the Ising model. No NNN tem undergoes a change from the paramagrieid) phase
ferromagnetic interaction is included in this Hamiltonian. to the FR phasétype Il). The order of thexy components
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appears belowr y,, resulting in the obliquely distorted 120° Co VIC
structure (type 1ll) characterized by two angleg and 6. LA
Here ¢ is the angle between theaxis and the direction of
sublattice magnetizatio®\, and 2 is the angle between
the directions of sublattice magnetizatioBsand C, where
cosf=al(a+1). The ground-state energy of the type-Ill spin
structures is independent ¢f

A Co vermiculite intercalation compour@IC) provides
a candidate for the IHLAFT. This system is one of magnetic
VIC’s (Refs. 16—18with well-characterized expanding lay-
ered silicates. The Co VIC is frequently in the two-water- S
layer hydration staté2-WLHS) under normal ambient con- 0B
ditions, where C&" ions are sandwiched between upper and 16
lower water layers in the interlamellar space. In this paper 14
we have undertaken an extensive study of the magnetic prop- 12
erties of a Co VIC with a 2-WLHS using superconducting
guantum interference devid&QUID) dc magnetization and 10
SQUID ac magnetic susceptibility. We show that this com-
pound undergoes at least two magnetic phase transitions at
Ty (=16.3 K) and Ty, (=10.7 K). These phase transitions
are discussed in association with the two transitions of the
IHLAFT model developed by Watarai and Miyashtfa®
The magnetic phase diagrarfl{T) is determined and dis- i o T
cussed, whered is an external magnetic field anflis a 0 50 100 150 200 250 300
temperature. The irreversible effect of susceptibility, which TH

shows steplike changes arouifig, and Ty, is discussed in FIG. 1. (8 T dependence of dc magnetic susceptibiljty

terms of the random-field effect. A superparamagnetic behav(dosed circlesandy, (open circlesfor a Co VIC with a 2-WLHS,

ior is observed at lower temperatures. The temperature demd y, (closed diamondsand x, (open diamondsfor a Mg VIC

pendence of a spin relaxation time is discussed in terms afith a 2-WLHS (natural vermiculitg: H=20 kOe. The inset shows

the Arrhenius law. the reciprocal susceptibilityy(— xo) ~* as a function ofT for a Co
VIC. The solid lines denote the least-squares fits of the data to Eq.
(3) with parameters given in the textb) T dependence of\y

Il. EXPERIMENT (=Xc=xa) for a Co VIC atH =20 kOe.
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Single crystals of natural vermiculite normally contain Ill. RESULTS
Mg?* ions in the interlamellar space, forming a Mg VIC.
Samples used in the present work were prepared from natural
vermiculites obtained from Llano, Texas. They were im- Figure 1 shows thél dependence of dc magnetic sus-
mersed in one normal aqueous solution of Go&tl 60°C.  ceptibility for a Co VIC with a 2-WLHS in the presence ldf
Mg?" ions can be replaced by €bions, forming a Co VIC. (=20 k08 along thec axis anda axis. The magnetic sus-
The unit-cell stoichiometry of a Co VIC with the 2-WLHS ceptibility increases with decreasing obeying the Curie-
is given by XCo,(H,0)g10, Where X=(Sis75Al5 59 Weiss law. The susceptibility along tleeaxis (x.) is larger
(Mgs Al g.10€, Tig.09 Oo(OH)4, U’ (=0.03) is the number than that along tha axis (y5). The least-squares fit of the
of Fe ions in the octahedral sheet, ang=0.76+-0.08 isthe  data for 156 T<298 K to the Curie-Weiss form
number of C8" ions in the interlamellar spac@ The total
molar mass of the unit-cell stoichiometry for a Co VIC is 0 Ci
estimated asM,=911 g. It was confirmed from a (Q) Xi=xit T-0, ®
x-ray diffraction at 300 K that our sample had a well-defined ) 0
c-axis stacking structure with the-axis repeat distancd  (i=c.a) yields the parameters y.=(—2.52£0.09)
(=14.377-0.004 A for the 2-WLHS. X 10" ® emu/g, C.=(4.65+0.04)x 10 % emuK/g, and®,

The dc magnetization and ac magnetic susceptibility of= —8.43+0.96 K for the c axis, andya=(—5.16+0.82)
the Co VIC were measured using a SQUID magnetometeK 10”7 emu/g, C,=(3.55+0.05)x 10 3 emuK/g, and®,
(Quantum Design, MPMS XLJwith an ultralow-field ca- =-17.9-1.2 K for thea axis. Assumingu=0.76 andu’
pability option. The details of the measurements were de=0, the effective magnetic momemR(Co**) can be es-
scribed in a previous pap&tThe magnetic field was applied timated as 6.68 0.03ug for the ¢ axis and 5.83 0.03ug for
to either thec axis or any direction perpendicular to tike the a axis, which are comparable with those for®Coions
axis. For convenience, hereafter we use dxis” for any  for CsCoC}k:6.14up for the c axis and 5.54p for the a
direction in thec plane, since there may be no appreciableaxis® When we use a fictitious spi=1/2 for the lowest
magnetic anisotropy in the plane. Kramers doublet instead ofS=3/2 (see Sec. IVE

A. dc magnetic susceptibility
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the Landeg factor is estimated ag.= 7.71, which is close to B. ac magnetic susceptibility

that (g.=7.32) for 1% C38" ions in CsMgC} determined Figures 3a)—-3(d) show theT dependence of/ and y/.

from electron-spin resonané&The negative value o® in- for a Co VIC at various, whereh=2 Oe. The dispersion

dicates that the NN intraplanar exchange interaction between, C
C&** spins is antiferromggnetic. In Fig%ti) we show theT ~ X¢c shows a cusp dly,, below which it is dependent dnlt

dependence of the differencey(= xo— x.) at H=20 kOe. has an inflection point arountly; (T16.3_ K) which is al-
. . " most independent df In contrast,y. exhibits at least four
The differenceA y is always positive for any.

Figures 2a) and 2b) show theT dependence of field peaks at characteristic temperatulf, Tp; (=7.7 K), Ty,
N . (=5.9K), andT,; (=3 K) atf=0.1 Hz. The peak tempera-
cooled(FC) susceptibility ygc and zero-field cooledZFC) P . .
tibilityx ... for i = ¢ anda, whereH=1 Oe. The sus- turesTys, Tp1, and Ty, are almost independent &f while
suscep! aXZFC ’ : the peak temperatur€y; increases with increasing The f
Cept'b'l';y Xzrc has small peaks around 4.8, 6.0, and 7.8 K,yehandence 0T 3 will be discussed in Sec. IV C. The ab-
while g has an inflection point around 5.2 K. In the insets

- sorption y,. reduces to zero arountl,.
of Figs. 2a) and 2Zb) we show theT dependence of the Figures 4a) and 4b) show theT dependence of ., and
irreversibility of susceptibility which is defined byy; p : _ as.
0 : 4 Xaa for a Co VIC at varioud, whereh=2 Oe. The disper-
(= Xrc— Xzrc)- We find that bothdx. and Sy, exhibit two

steplike increases at 17.5 and 10.7 K with decreaSing- SI0N Xa, Shows ;hoquers arourty, and Tp, and a smal
flecting the disordered nature of this system. peak atTpy, while x5, shows peaks alp; and Tp,. No

For comparison, in Fig.(2) we show theT dependence of 210Maly is observed arourid,, for both Xaa @ndxa,- The
Xic and x3. at H=1 Oe. The susceptibility 2 is larger magnitudes ofy}, and %, are much larger than those gf .

than xgc below 10.7 K, suggesting that the low temperature

and x... respectively, at the samebelow Ty;.
phase belowly, (=10.7 K) has an antiferromagnetic char- Figures %a) and 3b) show theT dependence of;.. for a
acter with the easy spin direction along thexis. The sus-

Co VIC at variousH along thec axis, whereh=2 Oe and
ceptibility g is larger thany2. above 15.6 K, which is f=100 Hz. A shoulder around'y, at H=0 disappears
consistent with the positive sign dfy at H=20 kOe.

above 700 Oe, while a broad peak appears at 6.9 K above 15
We have measured th¢ dependence of ZFC magnetiza-

kOe, shifting to the highF side with increasindd. For more

details the same measurement was taken one year later after
tion along thec axis (Mzgc) aroundTy,. The magnetization  the measurement of Fig. 5 was taken. Figure 6 showd the
MZgc increases with increasingl for H< 6kOe. In Fig.  dependence of.. at variousH thus obtained. The peak tem-
2(d) we show theH dependence ofdMZcc/dH at T  perature ofy,. in Fig. 6 is higher than that in Fig.(B) at the
=9-12 K. It exhibits a broad peak aroumti=0.1 kOe at sameH, partly because of a possible change in the quality of
T=12 K. the sample such as the water hydration state. In spite of this,
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we use the peak temperaturesy@f in Fig. 6 for the discus-  y” increases with decreasifiy The magnitude of . dras-
sion of the magnetic phase diagrai®ec. IV B. Figure 7 tjcally increases with increasirg at the samd. In contrast,
shows theT dependence of(. for a Co VIC at variousH  the peak affy, atH=0 slightly decreases with increasifty
along thec axis. Both peaks a,; andT, are sensitive ttl ~ and disappears above 150 Oe. Figufa) 8hows theT de-
and disappear above 25 Oe. Although no peak is observegbndence ok, for a Co VIC at variousH along thea axis,
aroundTy, atH=0, a field-induced peak appears at 11.2 Kyyhere h=2 Oe andf=100 Hz. The shoulders a,; and
just aboveTy, for 0.3 kOesH<5 kOe. This peak slightly T , are very sensitive téi and disappear above 100 Oe. A
shifts to the hight side with increasindd. Above 10 kOe  smga|| shoulder aroundy, at H=0 disappears above 100

Oe. Figure &) shows theT dependence of, for a Co VIC
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FIG. 4. T dependence ofa) x,, and(b) x4, for a Co VIC at
variousf. h=2 Oe.h||]a. H=0. The inset ofa) shows the detail of FIG. 5. (a) and(b) T dependence of,, for a Co VIC at various
Xha VS T aroundT . H. H|c. h|c. f=100 Hz.h=2 Qe.
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IV. DISCUSSION
A. Nature of phase transitions atTy; and Ty

The experimental results on the phase transition§at
andTy, are summarized as follow§) x.. shows a peak at
Tyi for H=0. This peak is very sensitive to the application
of H along thec axis and disappears above 100 @®B. x..
shows no peak aty, for H=0. A field-induced peak ap-
pears afl just aboveTy, for 0.3 kOesH=<5 kOe. (jii) x¢.
shows a small cusp aty; and a shoulder aty, for H=0.
(iv) Both x,, and xs, show a small cusp afy,. No appre-
ciable anomaly is observed ;. These results indicate that
the phase transitions @t;; and Ty, are mainly owing to the
orderings of thez component and thgy components of the
spins, respectively. These phase transitions can be explained
in terms of the model of the IHLAFT developed by Watarai
and Miyashita* At Ty; the system changes from the PM
phase to the FR phaggype Il). The low-temperature phase
below Ty, is characterized by the order of tix¢y compo-
nents of spins, which grows on the order of theomponent
of spins that is already built in. The most favorable spin
configuration is the obliquely distorted 120° structdiype
IIl') characterized byp=0 and 6, where co¥=a/(a+1).
The value ofa (or §) can be estimated as follows. Miyashita
and Kawamur#d have discussed the values Bf; and Ty,
as a function of parametex on the basis of the IHAFT
model. The value ofy; increases proportionally witk for
a>1, while the value ofT, decreases with increasing
The ratio R(=Tyn1/Ty2) is approximated byR=2.512
—1.965. Using our values offy; (=16.3 K) and Ty
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. Co VIC these two lines are plotted in Fig. 9. The liHg appears for
610° 100 e ] H=15 kOe, while the lindd, appears foH=4 kOe. We use
] the lineH rather than the linél; for further discussion. The
] line Hy slightly decreases with increasifig while the line
] Hy increases with increasing The lineH, increases with
] o | increasingT at low T. It is proportional toT above 12 K.
o | A Notice that the extrapolation of this straight line Tdelow
. i - 1 12 K crosses thel =0 axis afT, (see Fig. 9. In spite of the
83 ot | o 1012 14 16 CRE B lack in data at highH, the extensions of the lindd,, and
= [ R C <H ] Hy, may meet at the pointC, (T,~12K and H
I ' & ] ~ 25 kOe) along dotted lines shown in Fig. 9. If this is true,
210t | x el i ] ourH-T phase diagram is very similar to that of an Ising-like
i o b ] Heisenberg antiferromagnet CsNiClRefs. 20-23 for H
i e ] along thec axis. In CsNiC}, magnetic ions form a linear
110* |- s Smi o . chain along thec axis, where the intrachain coupling is an-
' ‘H i ] tiferromagnetic. These chains are coupled antiferromagneti-
RO cally, forming a triangular lattice in the basalb plane. The
spin easy axis is the axis. In this sense the magnetic prop-
erty of CsNiC} is similar to those of a Co VIC. It may be
T(K) concluded from the analogy of CsNiCthat our magnetic
phase diagram consists of four phases, a PM phase, a spin-
FIG. 9. Magnetic phase diagram of a Co VIC where the peakflop (SF) phase, a FRtype-ll) phase, and an obliquely dis-
temperatures of.data shown in Figs. 5-8 are pIot'Fed as a function qfrted 120° structurétype 1ll). One line of first-order tran-
H. X (closed circles and crosseand xc. (open circlg for Hllc.  sition [H(SF-II)] and three lines of second-order transition
Xaa (closed trianglesfor H|ja. Possible phase bo_undari_es are de'[HO(SF-PM), Hy(PM-11), and Hy,(11-111) ] intersect at the
noted byH, (0r Ho), Ha, Hiz, Hpr, andH,. The lineHois from o icritical pointC,,. This type of multicritical point is pre-
Fig. 6 and the lindd; is from Fig. 5b). The difference between the dicted by an analysis of Landau-type free enél?g%%
linesHy andH| is due to the change of the quality of the sample The magnetic phase diagram feifa is rather different

such as the water hydration state. In spite of this fact, theHipés . .
used for the discussion of the magnetic phase diagram. Two dotteféom that for Hilc. It consists of two lines denoted prl

lines for possible extensions of the linklg; andHy, are guides and Hpo. The I'nerl exists for 0sH<4 Oe and the line

for the eye. A dotted straight line is an extrapolation of the bound-p2 exists for O<H=40 Oe. The values oH; andH,
ary Ho [SF-PM. A point C, is a multicritical point. decrease with increasin@. Note that no line is observed

concerning the linesly; andHy,. Our magnetic phase dia-
(=10.7 K), the parameterr is estimated asv=1.39, or gram is quite different from that of CsNighere the lines
26=108.8°. In the IHLAFT modet® both of the transitions n1 @ndHy; increase with increasing*" The origin for the

at Ty, and Ty, belong to the universality class of a 3oy 1IN€SHpa andH,, for H|la may be qualitatively understood
model. The transition aFy; seems to be equivalent to that of as follows. Theoretically the ground-state energy of the type-

the six-state clock model since the ferrimagnetic spin ar!!! SPin structure characterized iy and ¢ is invariant under

rangements can appear in six different ways over the sublaf€ rotation ofe arounde=0. This freedom of rotation may

tices such that|SxSeSc)=|++—), |[+—+), |—++), e frozen out belovﬂ'p1 or Tyo, .Iegdmg to a spin structure

|——+), |-+, and|+——). At Ty, the degree of freedom denoted by type Il withp=0. Similar behavior is observed
1 1 " 1 _ . . 13

of the rotation around the axis is symmetry breaking. We 2arourd 3 K below Ty, (_:%% K) in CsNiC from **Cs

find it difficult to determine the critical exponents of suscep-nucléar magnetic resonancealthough the heat capacity

tibility at Ty, and Ty, from our results, which could be SNOWs no anomaly around 3 K.

compared with the exponent predicted by Watarai and

Miyashita®®
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C. Superparamagnetic behavior

From the measurement gf . vs T at variousf [see Fig.
) ) ) 4(b)], we examine thé dependence of the peak temperatures

Figure 9 shows the magnetic phase diagram of a Co V|CTp1, Tp2, @nd Tps. The values ofT,; and T,, are almost
for Hllc andH|la. Here only the peak temperatures)df.,  independent of, while the value ofT 5 increases with in-
Xec» @ndxg, in Figs. 5-8 are plotted as a functionldf The  creasing. The latter implies that the characteristic relaxation
magnetic phase diagram fot||c consists of five lines de- time 7 of the system around 3 is on the order of the ob-
noted byHy1, Hyz, Ho (0or Hp), Hpy, andHp,. The lines  servation timet,, =27/ w), wherew(=2=f) is the angu-
H,1 andHp, exist only forH<10 Oe. The lineHy; exists  lar frequency of the ac field. If the relaxation of spin fluctua-
for 0<H=100 Oe and the lineHy, exists for 0.3<H tions is of the Debye type with a single relaxation time
=<5 kOe. The origin of the linél, derived from Fig. 6 isthe  x¢. has a peak abr=1. Figure 10 shows th& dependence
same as that of the lind from Fig. 5b). For comparison of 7 thus obtained. The relaxation time divergingly increases

B. H-T phase diagram
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Co VIC is much larger than that of;. at the sameT below T3,

T indicating that the transverse fluctuations are much stronger
than the longitudinal fluctuations. The absorptigt], is
strongly dependent ohand increases with decreasifdge-
low T,3. Nevertheless we cannot use the data/gf to de-
termine theT dependence of. The Debye assumption for a
single relaxation time is not satisfied fgf, because there is
no peak iny,, atTps. The system may be a superparamagnet
consisting of small magnetic clusters. Spins inside each clus-
ter have the type-lll spin structure wiib=0 and 6, where
the spin planes lie in the axis and in an arbitrary direction
in the xy plane. The spin planes are different for different
clusters, giving rise to the enhanced transverse spin fluctua-
tions. Since there is no interaction between magnetic clus-
ters, no long-range order is established.

100 e

101 L

T (sec)

102 |

108 |

10

FIG. 10. T dependence of average relaxation timebtained D. Random-field effect

from the peak temperature ¥sin x;;. The solid line denotes a  gg far we assume that all the triangular lattice sites are
least-squares fit of the data to Hd) with the parameters given in uniformly occupied by C%'" ions. This is not the case for
the text. our sample having a stoichiomet¥Ca,(H,0)g 10 With u

=0.76:0.08. The Co concentrationis given byc=u/2(0
with decreasing’. The most likely source of such a dramatic <c<1).2¥ When C3" ions are randomly distributed on the
divergence ofr is a thermally activated relaxation used for a lattice sites, the Co concentratian (=u/2=0.38) of our
superparamagnéy, system is lower than the percolation threshefl (=0.5) for

the 2D triangular lattic® implying no occurrence of long-

range spin order in a Co VIC. This result is inconsistent with

7= T1oeXP(E,/KpT), (4)  our result that the phase transitions occuf gt and Ty, for
a Co VIC. CG" ions may not be randomly distributed on the

) ) ) , lattice sites over the whole system. One possibility is that
whereE, is an energy barrier separating the states &8 gmg| islands are formed inside the Co layers. In each island
a microscopic limiting relaxamon_ time. The Ieast_—squares fitc2+ ions may be uniformly located on the triangular lattice
of the datar vs -[Ss shown in Fig. 10 to Ed4) yields 7o (c=1), or randomly distributed on the lattice sites with a
=(7.3:1.0)x10 " sec andE,/kg=76.0-4.1 K for 3.3  cqhcentrationc which is much higher tharc;°. For the

<T=<5.1K. The blocking temperaturég is defined as a ¢ mer case, the system is essentially the same as the ideal
temperature_ below whichr is larger thanteps If tops case ¢=1) with a finite-size effect. For the latter case, the
=1 sec,Tg is on the order 0E,/23g (=3.3 K). BelowTg  gystem is a diluted Ising-like antiferromagnet on the triangu-
the system would appear blocked in one of the states. |5 |attice. The application of a uniform magnetic field on
The possibility of spin-glass-like behaviors is ruled outgcn 3p diluted Ising-like antiferromagnets generates an ef-
for the same reasons which are described for a Ni ¥iThe  ¢otive random field which couples to the antiferromagnetic

relaxla+tion time for the droplet modglis given by Int/7)  orger parameter, producing a realization of the random-field
o1/, wherey is a critical exponent. The least-squares RF) model?® What is the evidence for such a RF effect? As

fit of the q%flaT vs T in Fig. 10 to the above form yields,  ghown in the insets of Figs.(@ and 2b), the irreversible
=3.5¢10 “"sec and ¢»=0.38+0.90 for 3.3<T<5.1 K. effect of susceptibility shows two steplike changes around
The value ofry is too short and/v becomes negative, which Ty and Ty, in Sx. and Sy,. The magnitude oy, is
is inconsistent with the assumption ##=0. In contrast, the larger than that ofSy, at the sameT above 9 K. These
relaxation time for the critical slowing down modglis anomalies may be reallated to the RF effect. The ZFC mea-
given by 7= 75 (T/T* — 1), wherexis the dynamic critical  syrement shows a sharp transition to a long-range ordered
exponentT* is the spin-freezing temperature, ar§lis the  state, while the FC procedure causes the system to lose equi-
characteristic relaxation time. The least-squares fit of théibrium and enter a metastable, frozen domain state without a
datar vs T in Fig. 10 to the above form yields=9.5-1.0  |ong-range order. Similar behavior is observed in reentrant
and 75 =2.4x 1072 sec. The value ok is larger than that spin-glass systems Mig;_.(OH), (c=0.8) (Ref. 30 and
predicted for the 3D £J) Ising spin-glass modelx=7.9  Fe.Mn,__TiO; (c=0.6) 3 The irreversible effect of suscep-
+1.0)?" The value ofry is unphysically large. tibility exhibits a crossover from a weak irreversibility just
Thus it is concluded that a superparamagnetic behavidpelow the Nel temperaturd y(H) to a strong irreversibility
occurs atTps. The T dependence of aroundT,; is well —at a reentrant spin-glassRSG transition temperature
described by the Arrhenius law. So far thelependence of  Trsd(H). Additional possible evidence for the RF effect is
is discussed only from the data pf.. The magnitude of,, that the magnitude of;. becomes large with increasirig
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for H=7 kOe, as shown in Fig.(B). Numerical calcula- interaction. There is one probability that less than one elec-

tions*?>~3* based on the molecular-field theory for a 3D di- tron is transferred from thp,. orbital of the G~ ion to the

luted Ising antiferromagnet suggest that a region of antiferde orbital of the C" ion because the, orbital forms a

romagnetic long-range order and a region of glassy state expartially covalent bond with thde orbital. The electron left

ist in the H-T plane. The glassy phase remains restricted tdehind on the & ion has its spin parallel to the spin of the

large H, where the strength of the random field varies withCc?* ion. Thep,, orbital of the G~ ion is antiferromagneti-

H. Enhancement of}. at largeH may be related to the cally coupled to thely’ orbital of the other C&" ion, lead-

RF-induced glassy phase. A detailed discussion will be giveing to the antiferromagnetic intraplanar exchange interaction

elsewhere. between C&'" spins. There is another possibility that less

than one electron is transferred from thg orbital of the

O?" ion to thedy orbital of the C8* ion because the,,

) ] o _ _orbital forms a partially covalent bond with they orbital.
The intraplanar exchange interaction is antiferromagnetigne electron left behind on the20 ion has its spin parallel

in a Co VIC and ferromagnetic in a Ni VIC. What is the {5 the spin of the C& ion. Thep, orbital of the G~ ion is

cause of this difference? InM VIC (M=Co, Ni), eachM 2 antiferromagnetically coupled to thke’ orbital of the other

ion is located at then, sites between triangular groups of c?+ jon, leading to the antiferromagnetic intraplanar ex-

surface OoXygens forming the bases of the S#Ed A0, change interaction between ospins. The latter antiferro-

tetrahedronél. The 02 ions form a 2Dkagomelike lattice.  magnetic interaction is stronger than the former one because

The magneticM?" ion at them; sites is surrounded by the de-p., bond is weaker than thdy-p, bond due to a

nearest-neighbor © ions in an approximately octahedral smaller g\,e”ap of wave functiorié. 7

cubic crystal environment with a small trigonal distortion Finally we discuss the effective spin Hamiltonians of a Ni

(along thec axis). These local structures are similar to thosey;c and a Co VIC. The lowest orbital state of the fre&Ni

of pristineMCl, whereM is surrounded b%/?six Clions. As  jon (derived from the electronic configuratiord® is 3F,.

has been already pointed out by Zhetal,™" the intraplanar | 5 cubic crystal field, théF, state is split into two orbital

exchange interaction betwe@h?* ions is probably caused triplets T, and 3T,) and one orbital singlet®a,) as a

by the so-called superexchgrjg_e, which is due to the overlag,yest level® Since the orbital angular momentum for the

szt_h? Ioc%hzed orbitals oM =" ions with those of thos;a of 3a, state is fully quenched, no additional splitting is done by

O° ions™ An empirical ruIe(Qt_)odenough-Kanaméﬁ ) the spin-orbit interaction and trigonal crystal field. The

is well established for determining the sign of the superexyround state is threefold spin degenerate, leading to the ef-

change interactiotferromagnetic or antiferromagneitom  factive spin Hamiltonian wittS=1. In contrast, the lowest

the symmetry relaztE)r? between the occuptedrbitals e ppital state of the free Go ion (derived from the electronic

anddy) for the M*" ion and occupiedp orbitals (o, and  configuration @7) is “Foy,. In a cubic crystal field, théF ¢,

p~) for the G~ ion. There are two typeszgf ggperexch_angestate is split into two orbital triplets*T, and T,) and one

depenzcimg 0”2+th? anglg between twoM“" O~ bonds in qrpital singlet ¢A,) with the orbital triplet ¢T,) lowest®

the M="-O-M“" link: ¢=180° and 90°. _ ~ The ground orbital triplet is split by the spin-orbit coupling
Here we consider the origin of the intraplanar interactiongnq trigonal field. The lowest level is a Kramers doublet,

in aM VIC by applying the Goodenough-Kanamori rule with |eading to the effective spin Hamiltonian with a fictitious
¢=90°. The electronic configuration of the lowest orbital spin S=1/2.

state of theM?" ions which is subject to an octahedral cubic
field is (de®)dy? for a Ni?* ion and de*)deldy? for a
Co®™ ion*" where orbital states in parentheses indicate
paired electrons. In the €6 ion the Coulomb interaction A Co VIC with a 2-WLHS behaves magnetically as an
between the electrons causes a configurational mixing. Thising-like Heisenberg antiferromagnet on the triangular lat-
origin of ferromagnetic interaction betweenNiions in a  tice. This compound undergoes two magnetic phase transi-
Ni VIC is similar to that of pristine NiGL.>" The @~ ion has  tions Ty; (=16.3 K) and Ty, (=10.7 K). At Ty; the longi-
two electrons with spins up and down. There is some probtudinal (c-axis) spin component orders and a ferrimagnetic
ability that less than one electron is transferred fromphe (type-ll) phase is realized fofl\,<T<Ty;. At Ty, the
orbital of @*~ to the dy orbital of N#* because the, transverse component orders and an obliquely distorted 120°
orbital forms a partially covalent bond with thtey orbital.  spin structureltype Ill) is stabilized forT<Ty,. The mag-
The electron left behind on the?0 ion has its spin parallel netic phase diagram fdi|c consists of four phasedl, 11,
to the spin of the Ni" ion. Since thep, orbital of the G~ PM, and Sk whose boundaries would meet at a multicritical
ion is orthogonal to they’ orbital of the other Ni* ion, the  point (T,~12 K,H,,~25 kOe). The system also shows
direct exchange interaction between the remaining unpairechagnetic anomalies al,;(=7.7 K), T,,(=5.9 K), and
spin on the & ion and the Ni* spins is ferromagnetic. Tp3(~3 K). The anomalies at,; or Ty, may be related to
This leads to the ferromagnetic exchange interaction betweethe freezing out of the freedom of rotation around an axis
Ni2* spins. perpendicular to the spin plane. The spin-relaxation time di-
What is the origin of the antiferromagnetic intraplanarverges atT,; according to the Arrehenius law, suggesting
interaction between G0 ions in a Co VIC? There are two that the system may be a superparamagnet consisting of
possibilities giving rise to the antiferromagnetic intraplanarsmall magnetic clusters with the type-Ill spin structures hav-

E. Superexchange interaction mechanism

V. CONCLUSION
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