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A topotactic ion-exchange reaction of a layered perovskite RbSr2Ta3O10 with NiCl2 yielded a
novel two-dimensional nickel-oxyhalide (NiCl)Sr2Ta3O10, the first S= 1 compound among related
series of metal-oxyhalides. The room temperature structure is isostructural with (CuCl)Ca2Nb3O10

adopting the space group P4/mmm. We found a possible structural transition at 230 K that does not
lead to drastic changes in magnetic character such as nickel clustering. Despite a large Weiss
temperature of θ=-125 K, magnetic long-range order is significantly suppressed down to TN1≈ 50 K
because of two-dimensionality and strong frustration. The magnetically ordered state below TN1 has
a partial volume fraction coexisting with a paramagnetic component, followed by complete long-
range ordering below TN2 = 20 K. The reaction process and requirement will also be discussed.

Introduction

Topotactic low-temperature reactions such as (de)inter-
calation and ion-exchange reactions provide a rational
preparation of structures of nonmolecular solids that are
not accessible by conventional high-temperature solid-
state reactions.1,2 Among candidate materials used as a
precursor for such reactions, the most intensively studied
system is the Dion-Jacobson (DJ) type layered perovskite
expressed as A�[An-1BnO3nþ1], where A� is an alkali metal
(K, Rb, ...), A is an alkaline earth or rare earth metal (Sr,
La, ...), B is a tetra- or penta-valent d0 transition metal (Ti,
Nb, Ta, ...), and n is the number of perovskite layers
(2, 3, ...).2 Here, highly reactive alkali metal ions at the
A� site afford versatile modification of the composition and
stoichiometry, while retaining the structural feature of the
chemically inert perovskite unit [An-1BnO3nþ1]. By exploit-
ing such a synthetic process, a wide variety of new or
improved chemical and physical functionalities including

(photo)catalysis,3 ionic conductivity4 and superconducti-
vity5 have been developed.
About a decade ago, J. B. Wiley and his collaborators

demonstrated the ion-exchange reaction of the n=2 and
3 DJ phases with CuX2 (X = Cl, Br) to yield new
metastable compounds (CuX)þ[An-1BnO3nþ1]

-, where
the Cu2þ ions are octahedrally coordinated, bridging
between two apical oxygen ions from the perovskite
blocks and surrounded by four halogen ions that share
edges with neighboring CuO2X4 octahedra, forming a
S = 1/2 square lattice.6 These cupric halides can be
regarded as good two-dimensional (2D) quantum spin
magnets because the magnetic CuX layers are separated
by the nonmagnetic perovskite blocks with a distance of
12 Å and 16 Å for n = 2 and 3, respectively. Indeed,
intriguing quantum phenomena have been reported, for
example, a spin-disordered ground state and field-
induced magnetic order in (CuCl)LaNb2O7,
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magnetic order in (CuBr)LaNb2O7,
8 a 1/3 magnetization

plateau in (CuBr)Sr2Nb3O10,
9 and quantum phase se-

paration in the solid solution (CuCl)La(Nb, Ta)2O7.
10

However, little is understood about the physics behind
these observations.
This synthetic strategy was then extended to the other

3d transition metals, yielding a series of new materials
(MCl)LaNb2O7 (M = Mn2þ, Fe2þ, etc.) and (FeCl)Ca2-
Ta3O10,

11-14 which provides an opportunity for system-
atically tuning the magnetism as a function of spin quan-
tum number (S= 3/2 for V2þ and Co2þ, S= 2 for Cr2þ

and Fe2þ, S=5/2 for Mn2þ). Because of the more classi-
cal nature of the spins, these compounds are known to
undergo rather conventional antiferromagnetic order at
relatively high ordering temperatures, for example,
TN = 54 K for (MnCl)LaNb2O7 and TN = 78 K for
(FeCl)LaNb2O7.

12,13 Thus it would be interesting to
investigate the S= 1 system because a substantial quan-
tum effect is expected and also because it may bridge the
gap between well-understood classical spin systems and
far-less understood S = 1/2 quantum spin systems. An
attempt to prepare (NiCl)LaNb2O7 having S = 1 by the
reaction of RbLaNb2O7 with NiCl2 at 325 K resulted in
Ni0.5LaNb2O7.

15 It was discussed that the insertion of
0.5Ni(II) instead of Ni(II)Cl is due to a low vapor pressure
of NiCl2. In the course of study to search for new n = 3
materials, we succeeded in synthesizing (NiCl)Sr2Ta3O10. In
the paper, we report on the synthesis, structure, and mag-
netic properties of the new nickel oxychloride.

Experimental Section

Synthesis.TheparentmaterialRbSr2Ta3O10was synthesizedby

conventional high-temperature solid-state reaction as reported in

the literature.9 Starting reagents Rb2CO3 (>99.99%), SrCO3

(>99.99%), and Ta2O5 (>99.99%) were weighed and ground

together with an agate mortar in an argon-filled glovebox. Here, a

25% excess of Rb2CO3 was used to compensate the loss due to its

volatilization. Then the mixture was placed in an alumina crucible

and heated in air under ambient pressure at 850 �C for 12 h and at

1100 �C for 24 h with intermediate grinding. The product was

washed thoroughly with distilled water to remove the excess alka-

line carbonate and dried overnight at 120 �C. Subsequently,

RbSr2Ta3O10 was thoroughly ground with 2-fold molar excess of

NiCl2 (99.99%) in the argon-filled glovebox andwas hand-pressed

into a pellet. The pellet was transferred to a vacuum line without

exposure to air, sealed in an evacuated Pyrex tube (<1 � 10-3

Torr), and then heated for 7 days at 340 �C.The obtainedmaterial,

light green in color, was isolated by washing with distilled water to

eliminate the byproduct RbCl and the unreacted NiCl2, and dried

overnight at 120 �C.
We also examined ion-exchange reactions with NiCl2 using

other precursors RbCa2B3O10 (B=Nb and Ta), RbSr2Nb3O10,

and CsPb2Nb3O10 and CsBa2B3O10 (B = Nb and Ta) in a

temperature range of 340-400 �C. However, no reactions

occurred even after 14 days; the powder X-ray diffraction

(XRD) patterns after the reactions showed no change in com-

parison with the corresponding parent compounds.

Characterization. Powder XRD data were collected on a

M18XHF diffractometer (Mac Science) with a graphite mono-

chromator using CuKR radiation. The final product was in-

vestigated also by powder synchrotron XRD using the large

Debye-Scherrer camera installed on BL02B2 at SPring-8 with

λ = 0.42293 Å, where the sample was sealed in a glass capillary

with 0.2 mm diameter. The synchrotron XRD data were analyzed

by the Rietveld technique, using the program RIETAN2000.16

Profile refinements utilized thepseudo-Voigt function.Theweight-

ing R factor (Rwp) and the Bragg R factor (RI) are defined as the

following profile, Rwp = [Σi wi(yio-yic)
2/Σi wiyio

2]; and RI = Σk
|Iko-Ikc|/Σk Iko, where yio and yic are the observed and calculated

intensities, wi is the weighting factor, and Iko and Ikc are the

observed and calculated integrated intensities.

Themagnetic susceptibility of the final product wasmeasured

in an applied magnetic field of H = 1 T over the temperature

range of T=2-350 K using a SQUID magnetometer (Quan-

tum Design, MPMS). High-field magnetization measurements

were conducted at 1.3 K up to 55 T using an induction method

with a multilayer pulse magnet installed at Institute for Solid

State Physics, The University of Tokyo. Specific heat measure-

ments were performed using a relaxation technique with a

physical property measurement system (Quantum Design,

PPMS) from 1.8 to 280 K in zero field. A hand-pressed pellet

was mounted on an alumina plate with grease for better thermal

contact.

Muon spin relaxation (μSR) measurements were carried out

on the M20 surface muon beamline at TRIUMF in Vancouver.

Spin-polarized positive muons were implanted in the powder

samples, and the time histograms of the forward-backward

asymmetry of the decay positrons were recorded. Details of the

μSR methods are described elsewhere in the literature.17

Results and Discussion

Synthesis and Structure. The laboratory XRD study
confirmed the crystallization of RbSr2Ta3O10 having
tetragonal cell parameters of a = 3.8926(7) Å and c =
15.2531(2) Å; these are consistent with the results
reported in ref 9. The laboratory XRD patterns of the
final product were readily indexed on the tetragonal cell
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without any extinction conditions. The obtained lattice
parameters, a=3.895(2) Å and c=16.100(3) Å are close
to those for (CuX)Sr2Ta3O10 (X = Cl and Br).9,18 The
nearly unchanged in-plane axes and the significantly
elongated out-of-plane axis relative to the precursor are
reminiscent of what have been found in related metal-
halide compounds and are in sharp contrast to the case of
Ni0.5LaNb2O7, where the c axis contracts through the
Rbþ-to-Ni2þ0.5 exchange. These observations strongly
suggest the ion-exchange between Rbþ and [Ni2þ-Cl-],
namely, the successful formation of (NiCl)Sr2Ta3O10.
The synchrotron XRD data of the final product, per-

formed at room temperature, confirmed the tetragonal
structure without any additional reflections; this is
consistent with the result of the laboratory XRD. The
structural refinement assuming the structure of (CuCl)-
Ca2Nb3O10 with the space group of P4/mmm9 gave

reasonably small R factors of Rwp = 6.63% and RI =
1.86%. However, the as-refined isotropic displacement
parameter for the nickel site was extraordinary large (Uiso

=0.094(1) Å2), implying that the nickel ions shouldmove
off the 1b site (0 0 1/2). Therefore, several models invol-
ving disorder of the nickel site were examined. Among
them, themodel in which the nickel ions occupy the 4o site
(x, 0, 0.5) resulted in the best fit; the position of the Ni
atom was slightly shifted to x = 0.096(3), the site occu-
pancy factor (sof) for Ni was 0.240(4), being close to the
full stoichiometry of 0.25, the Uiso(Ni) dropped to a
reasonable value of 0.027(5) Å2, and the reliability factors
Rwp and RI slightly decreased to 6.38% and 1.42%. We
also examined several models where the chlorine site is
disordered, but the chlorine atoms hardly moved off the
original position 1d (0.5, 0.5, 0.5) indicating that no disorder
occurs for the chlorine site. Observed, calculated, and
difference plots are shown in Figure 1 and the structural
parameters and selected bond lengths are listed in Tables 1
and 2. The crystal structure and the coordination environ-
ment around the nickel atom are illustrated in Figure 2.
We would like to note that, in common with quasi-

isostructural ion-exchanged systems, a lattice mismatch
between the host perovskite block and the inserted transi-
tion-metal halide array leads to the off-centering of either
halide or transition-metal ions. The former occurs in
M=Cu,6,9 whereas the latter occurs inM=Fe12 and the
present-case Ni. For (MnCl)LaNb2O7, the disorder was
suggested to occur for bothMn and Cl.13 It is not clear at
this stage why the metal-halide layer has so much variety
in the site-occupations. Orbital states in the transition
metal may be related to the modulating manner in the
metal-halide layer. Also of interest is to check a super-
structure formation, whichwas indeed found by the TEM
(transmission electron microscopy) measurements for
(CuCl)LaNb2O7.

19

Figure 1. Rietveld refinement of the synchrotron XRD pattern for
(NiCl)Sr2Ta3O10 measured at room temperature: observed pattern
(crosses), calculated pattern (solid line), difference curve (bottom solid
line), and Bragg positions (tick marks).

Table 1. Crystallographic Data for (NiCl)Sr2Ta3O10
a

atom site x y z sofb Uiso(Å
2)

Ni 4o 0.096(3) 0 0.5 0.240(4) 0.027(5)
Cl 1d 0.5 0.5 0.5 1.00(2) 0.029(3)
Sr 2h 0.5 0.5 0.1401(2) 1 0.0069(4)
Tal 1a 0 0 0 1 0.0036(4)
Ta2 2g 0 0 0.2740(1) 1 0.0019(3)
O1 2 f 0 0.5 0 1 0.07(1)
O2 2g 0 0 0.122(1) 1 0.008(4)
O3 4i 0 0.5 0.251(1) 1 0.003(2)
O4 2g 0 0 0.373(1) 1 0.004(4)

a Space group P4/mmm, a=3.90185(4) Å, c=16.1521(4) Å. Rwp =
6.38%, R1 = 1.42%. b sof = site occupancy factor.

Table 2. Selected Bond Lengths for (NiCl)Sr2Ta3O10

bond length (A)

Ni-Cl � 2 2.506(8)
� 2 3.037(1)
Ni-O4 2.08(2)
Tal-O1 1.9509(1)
Tal-O2 1.97(2)
Ta2-O2 2.42(2)
Ta2-O3 1.986(2)
Ta2-O4 1.59(2)

Figure 2. (a) Schematic crystal structure of (NiCl)Sr2Ta3O10. Octahe-
dron represents TaO6. Black, small dark-gray, and large light-gray
spheres represent chlorine, nickel, and strontium, respectively. The Ni
ions are displaced to the 4o site. (b)The nickel-chlorine array viewedalong
[001]. (c) Local environment around the nickel ion that has two short and
two long bonds with chlorines. The Ni is tetrahedrally coordinated with
two oxygen atoms (white sphere) and two chlorine atoms.
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Physical Properties. Let us hereafter assume the stoi-
chiometric composition (NiCl)Sr2Ta3O10 since the re-
fined value of sof for Ni, 0.240(4), is nearly close to the
ideal one. Figure 3 shows the temperature dependence of
the molar magnetic susceptibility χraw(T) and its inverse
1/χraw(T). There was no difference between zero-field
cooling and field-cooling processes. A paramagnetic beha-
vior observed above T = 230 K, was analyzed by the
Curie-Weiss law including a T-independent term χ0,
which gave the Curie-constant C = 1.14(5) emu K/mol,
Weiss temperature θ = -144.0(1) K and χ0 = 4.6(5) �
10-4 emu K/mol. The value of C corresponds to that
expected from 1mol of Ni2þ ions with g=2.14, support-
ing once again completion of the ion-exchange reaction.
The large negative θ suggests strong antiferromagnetic
interactions in the NiCl layer, a distinct feature diffe-
rent from Ni0.5LaNb2O7 which exhibits a paramagnetic
behavior down to 3 K with a small Weiss temperature
of θ=-3.5K.15 Thismeans that theCl ions in (NiCl)Sr2-
Ta3O10 provide significant Ni-Cl-Ni superexchange
pathways.
Interestingly, when temperature was further decreased,

an anomaly appeared at around 230 K, which is likely to
be a structural phase transition. As shown in Figure 4, the
specific heat exhibited a hump at aroundTs= 230K, and
this anomaly is more clearly seen when one plots Cp/T
againstT. This structural transitionmay be accounted for
by octahedral rotation of the Sr2Ta3O10 blocks, leading to
a superstructure, as typically seen in perovskite related

materials. Thus, we performed powder synchrotronXRD
measurements at 100 K (<Ts), using the BL02B2 beam
port in SPring-8. However, we could not observe any
additional peaks associated with a superstructure forma-
tion and the Rietveld refinement provided essentially the
same structure as that at room temperature. This experi-
mental result is possibly due to the use of polycrystalline
sample. In addition, because octahedral rotation in
the perovskite blocks, if it happens at Ts, is related to
displacement of oxygen sites, high-resolution neutron
diffraction measurements should be more suitable, which
will be performed in the near future. Ordering of nickel
atoms in the NiCl layer may be an alternative origin
of the structural transition. In this case, however, we see
that the slope of 1/χraw does not essentially change upon
this transition: the curve with C = 1.14 emu K/mol and
θ = -125(5) K, χ0 = 4.6 � 10-4 emu K/mol well-
reproduces the experimental curve, although it is difficult
to perform the Curie-Weiss fitting given a short range of
temperature having a straight slope. It follows that the
compound stays in a paramagnetic state below Ts and
that even if nickel atoms become ordered, it does not
lead to any clustering of magnetic atoms such as tetra-
mering and trimering as found in La4Cu3MoO12 does not
occur because otherwise the slope in 1/χ would become
steeper.20

Figure 3. (a) TheT dependence of themagnetic susceptibility atH=1T
for (NiCl)Sr2Ta3O10. The closed circles, open circles, and dotted line
represent χraw, χspin, and χimp, respectively. The solid line on the data
points between 50 and 200K is a fit to anS=1Heisenberg square-lattice
model (2D HSLM) obtained by high-temperature series expansion.
(b) The inverse susceptibility vs T plot where the solid lines represent
Curie-Weiss fits.

Figure 4. (a) The temperature dependence of the total heat capacity Cp

at zero magnetic field. The bottom-right and top-left insets are Cp/T in
160<T<280KandCp in 2<T<30K, respectively. (b) Themagnetic
heat capacity Cm/T and the magnetic entropy Sm. The inset shows the
temperature dependences of Cp/T and the lattice contribution based on
the Debye model with β (in βT3) of 9.7 � 10-3 J/(K4 mol).

(20) Azuma, M.; Odaka, T.; Takano, M.; Vander Griend, D. A.;
Poeppelmeier,K.R.;Narumi,Y.;Kindo,K.;Mizuno,Y.;Maekawa,
S. Phys. Rev. B 2000, 62, R3588.
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On further cooling, a deviation from the Curie-Weiss
behavior becomes appreciable, indicative of development of
short-range spin correlations in the NiCl layer. A broad
maximum in χraw at Tχ

max = 70 K is characteristic of low-
dimensional antiferromagnets. The Curie tail below 50 K
should be due to paramagnetic spins associated with small
amount of defects or impurities. However, this component
could not be satisfactorily subtracted using a simple Curie
equation. We therefore estimated this extrinsic term by the
Curie-Weiss equation χimp = Cimp/(T - θimp) as some-
times used in low-dimensional spin systems such as LiV2O5

(-5.1 K),21 SrCu2(BO3)2 (- 2.5 K)22 and InCu2/3V1/3O3

(-10 K).23 A better agreement was obtained for θimp =
-4.8 K and Cimp = 0.055 emu K/mol. The obtained value
of Cimp corresponds to 5.5% of S = 1 spins. Interestingly,
the corrected susceptibility χspin(T), χraw(T) - χimp(T),
showed a tiny kink at 20 K. This temperature coincides
with the temperature, at which a λ-type anomaly in the
specific heat Cp was seen (Figure 4a). As will be confirmed
later, this anomaly can be attributed to magnetic order. A
magnetic heat capacity Cm was estimated by subtracting a
lattice contribution using the Debye model with βT3. Be-
cause there is no isostructural nonmagnetic material cur-
rently available, β=9.7� 10-3 J/(K4mol) obtained for the
triple-layered (CuBr)Sr2Nb3O10 was employed here.9 The
magnetic entropy Sm at 30 K, obtained by T-integrating
Cm/T, is only 30% of the total magnetic entropy Rln 3,
presumably reflecting two-dimensionality and competing
magnetic interactions.
To further characterize the phase transition at 20K, we

conducted μSR measurements, a useful technique to
detect magnetic order with high sensitivity.24 Figure 5
shows the time spectra of zero-field μSR(ZF-μSR) in
(NiCl)Sr2Ta3O10 at low temperatures. The corrected
asymmetry at 1.4 K showed an oscillating behavior,
providing firm evidence for long-range magnetic order.
What is remarkable is that this oscillation retained even
above 20 K (= TN2) (see the 25 and 45 K spectra), the
temperature at which the λ-type anomaly in Cp-T was
detected, indicating persistence of the magnetic order
at temperatures above 20 K. The spectra above 50 K
showed no oscillation, but the fast decay was still present
at 50 K (Figure 5b). No fast decay is seen for the spectra
for T g 60 K. The accurate value of the transition
temperature into a paramagnetic state (= TN1) is diffi-
cult to define: 50 K is the safe lower limit and 60 K is the
upper limit.

The time spectra were analyzed by fitting to a combina-
tion of four signals (Figure 5);

GzðtÞ ¼ A1expð- λ1tÞJ0ð2πν1tþjiÞ
þA2expð- λ2tÞJ0ð2πν2tþj2ÞþA3expð- 1=2σ3

2t2Þ
þA4expð- λ4tÞ ð1Þ

whereAi (i=1, 2, 3, 4) is the asymmetry, νi (ν1> ν2) is the
muon spin precession frequency, λi and σ3 are the relaxa-
tion rates, and J0(2πνit þ ji) is a zeroth-order Bessel
function with an initial phase ji which is widely used to
describe an incommensurate spin density wave state.25

The first two terms represent the oscillating components
from muons experiencing static internal fields, the third
term represents aGaussian relaxing signal from a random
static field, and the last term represents signals unin-
volved in the ordered volume fraction, namely, contribu-
tions from both a paramagnetic volume fraction and the
muons stopping at a site where the local static field is
parallel to the initial spin polarization. Figure 6a shows
the presence of two frequencies, ν1 and ν2, likely ascribed
to inequivalent magnetic muon sites. Ai’s are plotted as a
function of temperature in Figure S1 in the Supporting
Information. A1, A2, and A3 associated with magnetic

Figure 5. Time evolution of zero-field μSR asymmetry measured at each
temperature. Note that the time scales in two plots are different between
(a) and (b). Solid curves are the fit to eq 1.
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order grew with decreasing temperature below 50 K.
Shown in Figure 6b is the ordered volume fraction
Vm= (A1þA2þA3)� (3/2)/(A1þA2þA3þA4) (see the
Supporting Information for detail), which exhibited a
characteristic stepwise temperature dependence; with de-
creasing temperature, Vm showed a plateau with 60% of
the full volume fraction, jumps at around TN2, and
saturated to the full volume fraction. The temperature
dependence of σ3 shown in Figure 6c also exhibited a
stepwise increment.
What the intermediate magnetic state looks like?

We consider that some spins in this state can fluctuate
presumably because of spin frustration, as observed
in triangular antiferromagnets CsCoX3 (X=Cl, Br).26

Further experiments using nuclear resonance or neu-
tron scattering are necessary to clarify the nature of
the intermediate as well as the ground state of (NiCl)-
Sr2Ta3O10.
In the case of related cupric chloridematerials, the exis-

tence of competing interactions has been proposed.7-10

The competing magnetic interactions may be also pre-
sent in (NiCl)Sr2Ta3O10 as seen from the unusual
temperature dependence of Vm in the μSR study. It
would be nevertheless helpful to roughly estimate the
magnitude of magnetic interactions using a simple, non-
competing 2D Heisenberg square-lattice model taking
only the nearest neighbor interaction into account. We

employed a high-temperature series expansion to our
susceptibility data,27

Ng2μB
2

χJ
¼ 3ξþ

X6

n¼ 1

Cn

ξn- 1
ð2Þ

where N is the Avogadro constant, J is the nearest-
neighbor exchange constant, kB is the Boltzmann con-
stant, ξ = kBT/JS(Sþ1), the Cn coefficients are C1 = 4,
C2 = 1.834, C3 = 0.445, C4 = 0.224, C5 = 0.132, C6 =
0.019.27 In fitting, aT-independent term, χ0, was included
as diamagnetic and Van Vleck contributions to χ and the
value of g estimated from the Curie-Weiss fit was used.
As shown in Figure 3a, the fitting above 60 K resulted in
J/kB = 39.32(7) K and χ0 = 3.0(1)� 10-4 emu/mol. The
exchange constant can be also estimated using the equa-
tion kBTχ

max/J = 1.12S(S þ 1) in the 2D Heisenberg
square-lattice model,27 which resulted in J/kB= 38 K,
being close to the exchange constant estimated above.
The obtained exchange constant is much stronger than
those in (MCl)LaNb2O7 (J/kB=3.77K forM=Mnand
7.78 K for M = Fe).12,13

Reflecting the substantial antiferromagnetic interac-
tions derived from theWeiss temperature, the magnetiza-
tion M(H) at 1.3 K (Figure 7) grew gradually, reaching
0.6 μB at 55 T, only 30% of the saturation magnetization
of Ni2þ (2 μB). A convex curvature as seen below 3 T
should originate from the paramagnetic impurities. The
linear evolution of themagnetization in the low field range
was followed by the spin-flop transition atHc = 20 T. This
phenomenon is observed for geometrically frustrated anti-
ferromagnets such as CsNiCl3 and K2NiF4 with easy-axis
anisotropy coming from single-ion anisotropy that is allowed
to be nonzero for S>1/2.28-30 Thus, our compound might
experience competing or frustrated interaction as already
pointed out in related oxyhalides.7-10

On the Reaction Mechanism. Some conditions and
mechanisms that allow insertion of metal-halide arrays
in between perovskite layers have been discussed so far.
For example, a faster reaction rate of (CuCl)LaB2O7 with

Figure 7. High-field magnetization of (NiCl)Sr2Ta3O10 measured up to
55 T at 1.3 K.

Figure 6. The temperature dependence of (a) the ordered volume
fraction Vm obtained from eq 1. See the Supporting Information
for detail. (b) Temperature dependences of the muon precession
frequencies ν1 and ν2 in the first and second terms, (c) the relaxa-
tion rate σ3 in the third term of eq 1. Solid curves are guides to
the eye.
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LiLaB2O7 than with RbLaB2O7 was attributed to the
mobility of alkali-metal cation (Li > Rb), while the impor-
tance of the interlayer space of the precursor was inferred
from the capability/incapability to prepare (CuBr)LaB2O7

from the RbLaNb2O7/LiLaNb2O7 precursor. In addition,
ion-exchangeability may be influenced by pliability of each
perovskite slab [An-1BnO3nþ1]

- because the ion-exchange
reaction proceeds from the side edge of the particle of the
precursor toward its central part and the reaction involves a
significant increase in the out-of-plane lattice of the order of
1 Å. It is intuitively expected that the [An-1BnO3nþ1]

- blocks
become harder with increasing n, and this feature might
provide apparent explanation of why the triple layer analo-
gues of (MCl)LaNb2O7 (M=V, Cr, Mn, and Co)11 could
not be obtained (not shown).However, it is demonstrated in
the present study that the insertion of NiCl layer does not
occur in double layered system but triple-layered one with
the particular set of A= Sr and B =Ta. This inconsistent
result with the above hypothesis will call for further inspec-
tions of the mechanism of related ion-exchange reaction.
Here we would like to address several points. First, the

low vapor pressure of NiCl2 does not necessarily become
the factor to block the insertion of the “Ni-Cl” layer
instead of the “Ni0.5” layer because the Ni0.5A2B3O10

phase is not formed. Second, the failed insertion of the
NiCl layer for other triple-layered compounds with dif-
ferent sets ofA andB indicates the necessity to look at the
structure in an atomic scale. For example, octahedral
distortions and rotations, generally observed in perov-
skite and its related oxides depending on the size of the
A site, may influence the ability of the perovskite block to
bend, and the difference in the electronegativity between
Nb and Tamight also affect the reactivity withNiCl2. It is
also considered that transient coordination number and
geometry around a Ni atom at the interface between
RbSr2Ta3O10 and (NiCl)Sr2Ta3O10 are likely to be stable,
hence pushing the reaction forward. Investigations of the
precise structure by using (in situ) TEM and single
crystalline XRD and the local coordination during the
reaction are beyond the scope of this study, but such
studies should be important issues for the future.

Conclusion

Using the ion-exchange reaction, we obtained a two-
dimensional S = 1 square-lattice system (NiCl)Sr2Ta3O10,
which is the first example of S = 1 among related layered

systems.Thedisorderof theNi atoms fromthe ideal position
to (x 0 1/2) was inferred from the structural analysis at room
temperature. A structural transition at 230 K might involve
octahedral tilting of perovskite blocks and/or a certain
rearrangement of theNiCl layers. As a characteristic feature
of the two-dimensional quantum antiferromagnet, the mag-
netic susceptibility shows a broad maximum at 70 K. The
μSR measurements evidenced the successive magnetic
phase transitions atTN1=50KandTN2=20K.However,
a partial paramagnetic volume fraction remains in the
intermediate phase. In addition, a spin flop transition at
Hc=20 T was observed in the high-field magnetization
measurements. It is therefore of particular interest to
investigate and compare the magnetic properties of the
whole family (MX)An-1BnO3nþ1 from both experimental
and theoretical points of view.
The previous and present results on the preparation of

layered metal-oxyhalides shed light on the importance of
viewing the reaction process in detail, especially because
those reactions occur at relatively low-temperatures. We
believe that knowledge obtained from such studies is
useful to understand the diffusion process in ion-conduc-
tors and to design other inorganic materials by low-
temperature reactions.
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