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Chromium Acetylide Complex Based Ferrimagnet and Weak Ferromagnet
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The crystal structures and magnetic properties of new molecule-based magnets, [CrCyclam(CtC-3-thiophene)2]-
[Ni(mdt)2] (1) and [CrCyclam(CtC-Ph)2][Ni(mdt)2](H2O) (2) (Cyclam = 1,4,8,11-tetraazacyclotetradecane, mdt =
1,3-dithiole-4,5-dithiolate), are reported. The crystal structures of both compounds are characterized by ferrimagnetic
chains of alternately stacked [CrCyclam(CtC-R)]þ cations and [Ni(mdt)2]

- anions with intrachain exchange
interactions of 2J =-6.1 K in 1 and-5.7 K in 2 (H =-2J

P
i Si 3Siþ1). The material 1 exhibits ferrimagnetic transition

at 2.3 K owing to weak interchain antiferromagnetic interactions between cations and anions. In the case of 2, cations
in adjacent ferrimagnetic chains are bridged by a water molecule, resulting in an interchain antiferromagnetic coupling.
Despite a centrosymmetry of a whole crystal of 2, one bridging water molecule occupies only one of the two
centrosymmetric sites and breaks a local centrosymmetry between adjacent cations. The interchain antiferromag-
netic interaction and Dzyaloshinsky-Moriya interaction originated from the local symmetry breakdown of 2 bring
a weak-ferromagnetic transition at 3.7 K with a coercive force of less than 0.8 mT, followed by the second mag-
netic phase transition at 2.9 K. Below this temperature, the coercive force rapidly increases from 1 to 11.8 mT as
the temperature decreases from 2.9 to 1.8 K, while the remanent magnetization monotonically increases from
0.008 μB at 3.6 K to 0.12 μB at 1.8 K.

Introduction

In the past few decades, there has been an extensive
effort to investigate the area of molecule-based magnetic
materials, and developing new classes of magnetic materials
brings a lot of new findings such as organic ferromagnets,1,2

single-molecule magnets,3,4 single-chain magnets,5-7 magne-
tically controlled conductivities,8-12 chiralmagnets,13-18 and
so forth. Among the large number of building blocks of
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molecule-based magnetic materials, transition metal com-
plexes with a coordinating cyano group have been a
major subject of intensive study.19-25 Nevertheless, in
contrast to the fact that there are a number of reports on
Mnþ(NtC-R)m-type molecule-based magnets, relatively
few studies have been reported regarding their isoelectro-
nic carbon analogues, the transition metal acetylides
Mnþ(CtC-R)m

m-, because most of the transition metal
acetylides are easily decomposed under the existence of
oxygen or water.26-28 Recently, efforts to design new
transition metal acetylides have led to the development of
air- and water-stable paramagnetic acetylides,29-37 where
multidentate ligands protect the complexes from decom-
position. These stable transition metal acetylides show inter-
esting optical and electrochemical properties and strong
intramolecular spin-spin interactions and have consi-
derable promise as molecule-based bulk magnets. However,
to our knowledge, no attempt has succeeded in construct-
ing the molecule-based magnets by using transition metal
acetylides.
In this paper, we report on the preparations, the crystal

structures, and the magnetic properties of the transition
metal acetylide based magnets. Among the several kinds of
stable transition metal acetylides, we employed the chro-
mium complex [CrCyclam(CtC-R)2]

þ (R=3-thiophene,
Ph; Cyclam=1,4,8,11-tetraazacyclotetradecane) as a mag-
netic cation because its large magnetic moment (S=3/2) is
suitable for producing a strong intermolecular exchange
interaction and bringing a magnetic transition. Meanwhile,
the nickel dithiolate [Ni(mdt)2]

- (mdt=1,3-dithiole-4,5-di-
thiolate) was used as a paramagnetic counteranion. Transi-
tion metal dithiolate anions are known to have a large
π-orbital perpendicular to the molecular plane, which en-
hances intermolecular orbital overlaps, resulting in the
strong intermolecular exchange interaction.38 The obtained
new materials, [CrCyclam(CtC-3-thiophene)2][Ni(mdt)2]
(1) and [CrCyclam(CtC-Ph)2][Ni(mdt)2](H2O) (2), are, as
far as the authors know, the first examples of a ferrimagnet

and weak-ferromagnet containing a transition metal
acetylide.

Experimental Section

Synthesis. [CrCyclam(CtC-Ph)2]OTf (OTf = trifluoro-
methanesulfonate) and (C4H9)4N[Ni(mdt)2] were prepared
according to literature methods.35,39-41 [CrCyclam(CtC-3-
thiophene)2]OTf 3H2O was synthesized by the same method
where 3-ethynylthiophene was used rather than phenylace-
tylene (yield: 55%, anal. calcd for C23H32Cr1F3N4O4S3: C,
43.59; H, 5.09; N, 8.84; S, 15.18%, Found: C, 43.22; H, 5.07;
N, 8.69; S, 14.99%). Thin plate crystals of 1 and small needle
crystals of 2 were precipitated by mixing a solution of
[CrCyclam(CtC-3-thiophene)2]OTf 3H2O or [CrCyclam-
(CtC-Ph)2]OTf (40 mg) in 1,2-dichloroethane (30 mL) with
a solution of (C4H9)4N[Ni(mdt)2] (40 mg) in chlorobenzene
(25 mL) within a day, where solvents were used without any
purification. In the case of 2, the yield can be increased by
adding a small portion of water, while the crystal size
becomes smaller. Typical crystal sizes are ca. 0.15 � 0.15 �
0.005 mm3 for 1 and 0.4 � 0.04 � 0.005 mm3 for 2.

Single-Crystal X-ray Diffraction. X-ray diffraction measure-
ments were carried out on a Rigaku AFC-7R four-circle dif-
fractometer (fine focus type) with aMercury CCD area detector
at 293K, usingMoKR radiation (λ=0.7107 Å). The structures
were solved using direct methods (SIR2004)42 then refined with
a full-matrix least-squares method (SHELXL-97).43 An absorp-
tion correction based on Ψ-scan was introduced. All non-
hydrogen atoms were refined anisotropically, while hydrogen
atomswere placed in their calculated positions and refined using
the riding model. Crystallographic data are summarized in
Table 1. Full bond lengths and bond angles, atomic coordinates,
and complete crystal structure results are provided as Support-
ing Information.

Magnetic SusceptibilityMeasurements.DC andACmagnetic
susceptibilities were measured using a Quantum-Design
MPMS-XL7 SQUID magnetometer for randomly oriented
single crystals encapsulated in aluminum capsules. Diamagnetic
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corrections were estimated from Pascal’s constants as -443 �
10-6 (1) and -460 � 10-6 (2) cm3mol-1.

Results and Discussion

Crystal Structure of 1. ORTEP44 drawings of the
molecular structure with the atomic numbering scheme
and selected bond distances and bond angles for 1 are
shown in Figure 1a and Table 2, respectively. The asym-
metric unit of 1 consists of half a cation and half an anion,
where cations show a static flip disorder of the thiophene
ring. A disorder of this kind is often observed in the case
of monosubstituted thiophenes.45 In the present case,
approximately one-third of the thiophene rings are
flipped (S5B-C8B). The Cr-N and Cr-C distances
(average values: 2.067(3) and 2.073(4) Å) are identical
with those of [CrCyclam(CtC-Ph)2]

þ 34 (2.065(4) and
2.077(3) Å), while the Ni-S and C-C distances (2.156(1)
and 1.352(6) Å) are in good agreement with the values of
[Ni(mdt)2]

- (2.162(2) and 1.361(10) Å).41 The unit cell of
1 contains two [CrCyclam(CtC-3-thiophene)2][Ni-
(mdt)2] molecules, and the crystal structure is character-
ized by a two-dimensional sheet of cations and anions on
the bc plane, in which there are five short intermolecular
contacts, as shown in Figure 1b. The short contacts r1 and
r4 connect the coordinating atoms of a cation (N1, N2)
and anions (S1). Because a spin distribution on the
coordinating atoms is, in general, significantly higher
than that on other parts of the ligand, these two contacts
probably work as principal paths of intermolecular
spin-spin interactions. In particular, the shorter distance
of r1 (3.575(4) Å) compared to that of r4 (3.764(3) Å)
suggests that r1 plays the most important role in inter-
molecular spin-spin interactions. Despite the smaller
spin density on the thiophene ring, a shorter interatomic
distance of r5 (3.459(4)) than the van der Waals distance
can enhance the intermolecular exchange interaction.

Among the short contacts, r3 and r6 connect the sulfur
atoms of the thiophene ring and the anion, implying that
the exchange interactions through these paths are largely
affected by the flip disorder of the thiophene ring.

Crystal Structure of 2. The centrosymmetric unit cell
of 2 contains one [CrCyclam(CtC-Ph)2][Ni(mdt)2]

Table 1. Crystal Data and Structure Refinement for 1 and 2

1 2

mol formula C28H34Cr1N4Ni1S10 C32H40Cr1N4Ni1O1S8
fw 857.95 863.91
temp/K 293(2) 293(2)
radiation, λ/Å 0.71073 0.71073
cryst syst monoclinic triclinic
space group P21/c (No. 14) P1 (No. 2)
a/Å 12.217(2) 8.3836(5)
b/Å 12.4180(18) 11.1713(5)
c/Å 13.358(2) 12.4272(7)
R/deg 90 63.993(10)
β/deg 116.752(4) 72.577(12)
γ/deg 90 70.708(12)
V/Å3 1809.6(5) 970.76(9)
Z 2 1
dcalcd/g cm-3 1.574 1.478
no. of reflns collected 4904 4676
no. of ind reflns 4697 4676
I > 2σI 3287 2903
final R1a, wR2b 0.0552, 0.1543 0.0650, 0.1932

aR=
P

)Fo|- |Fc )/
P

|Fo|.
bwR2={

P
[w(Fo

2-Fc
2)2]/

P
[w(Fo

2)2]}1/2.

Figure 1. (a) ORTEP diagramwith 50% probability level and the atom
numbering scheme for 1. (b) Two-dimensional sheet structure of 1 onto
the bcplane.The dashed lines ri indicate the short intermolecular contacts.
r1 (red): N1(H1)-S1, 3.575(4) Å. r2 (green): C9-C2, 3.494(6) Å. r3 (blue):
S5A-S4, 3.795(3) Å. r4 (brown): N2(H2)-S1, 3.764(3) Å. r5 (black):
C7-S2, 3.459(4) Å. (c) The interlayer stacking of 1 viewed along the b
axis. Interlayer short contact r6 (purple): S5A-S4, 3.547(3) Å.

(44) Burnett, M. N.; Johnson, C. K. ORTEP-III; Oak Ridge National
Laboratory Report ORNL-6895, Oak Ridge National Laboratory: Oak Ridge, TN,
1996.

(45) Wagner, P.; Officer D. L.; Kubicki M. Acta Crystallogr., Sect. E
2006, 62, o5745-o5747 and references therein.
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molecule and one disordered crystal water molecule, as
shown in Figure 2. The crystal shows no structural change,
at least down to100K.TheCr-NandCr-Cdistancesof a
cation (average values: 2.065(5), 2.073(5) Å) andNi-S and
C-C distances of an anion (average values: 2.158(2),

1.35(1) Å) are identical with those of 1 (Table 3). In the
crystal of 2, there are two intermolecular short contacts:
r1 between a cation and an anion and r2 between anions.
The distance between coordinating atoms S2 and N1
(3.790(4) Å) is slightly longer than that of 1. However, in
the present case, the π orbital of the S2 atom is directed to
the N1 atom, bringing the enhancement of the intermole-
cular exchange interaction. On the other hand, though
r2 connects outside sulfur atoms having small spin densi-
ties, there is a possibility that r2works as an important path
of exchange interaction thanks to its remarkably shor-
ter distance (3.327(2) Å) than the van der Waals distance
(3.7 Å). The water molecules in the crystal bridge cations
with hydrogen bonds r3 and r4 along the a axis. Because the
watermolecules are enclosedby the cations and the anions,
they cannot escape from the crystal even under vacuum
conditions. Although the crystal of 2 is centrosymmetric as
a whole, each water molecule occupies either of the neigh-
boring crystallographically equivalent sites, resulting in the
local breakdown of the inversion symmetry. This symme-
try breakdown plays an important role in the magnetism,
as shown later.

Magnetic Properties of 1. The temperature dependence
of the χT of 1measured under an external field of 50mT is
shown in Figure 3a, where χ is the molar magnetic

Figure 2. (a) ORTEP diagram at the 50% probability level with atom
numbering scheme for 2. (b) The crystal structure of 2. The dashed lines
r1 and r2 indicate the short intermolecular contacts. r1 (red): N1(H1)-S2,
3.790(4) Å. r2 (green): S4-S4, 3.327(2) Å. (c) The bridgingwatermolecule
between adjacent cations translated by one unit cell along the a axis. The
watermolecule occupies either of the crystallographically equivalent sites.
The blue and dark red dashed lines indicate NH-O hydrogen bonds.
r3: N2H2-O90, 2.94(2) Å. r4: N2H2-O90, 3.22(1) Å.

Figure 3. (a) The temperature dependence of the χT value of 1. Solid
green and red lines are the curves fitted by using eq 1 (isolated ferrimag-
netic chain, intrachain interaction 2J/kB =-7.2 K) and eq 6 (ferri-
magnetic chains with the mean field approximation, 2J/kB=-6.1 K
and interchain interaction 2zJ0/kB=þ0.52 K), respectively (see text).
(b) The magnetization curve of 1 measured at 1.8 K.

Table 2. Bond Lengths (Å) and Angles (deg) for 1

Cr1-N1 2.072(3) Cr1-N2 2.061(3)
Cr1-C4 2.073(4) C4-C5 1.206(6)
Ni1-S1 2.170(1) Ni1-S2 2.142(1)
C1-C2 1.352(6) N1-Cr1-N2 84.9(1)
N1-Cr1-C4 91.2(1) N2-Cr1-C4 87.8(1)
S1-Ni1-S2 92.30(4)

Table 3. Bond Lengths (Å) and Angles (deg) for 2

Cr1-N1 2.063(5) Cr1-N2 2.067(4)
Cr1-C4 2.073(5) C4-C5 1.207(8)
Ni1-S1 2.158(2) Ni1-S2 2.158(2)
C1-C2 1.35(1) N1-Cr1-N2 86.0(2)
N1-Cr1-C4 90.0(2) N2-Cr1-C4 90.3(2)
S1-Ni1-S2 92.94(5)
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susceptibility for the nonoriented crystals after subtract-
ing the contribution of core diamagnetism. The suscept-
ibility roughly obeys the Curie-Weiss law in the high-
temperature region with a Curie constant of 2.26 emu
K mol-1 and a Weiss temperature of -4.3 K. The obser-
ved Curie constant is in good agreement with the sum of
the spin-only values of [CrCyclam(CtC-3-thiophene)2]

þ

(S=3/2) and [Ni(mdt)2]
- (S=1/2). The χT value gradu-

ally decreases as the temperature decreases and takes a
minimumof 1.73 emuKmol-1 at 9K, followed by a rapid
increase which reflects the ferrimagnetic nature of the
material. The observed susceptibility is indeed quantita-
tively consistent with the model of the weakly interacted
[1/2-3/2] ferrimagnetic chains shown below, where it is
surmised that the spin structure of 1 can be characterized
by the strong intrachain and weaker interchain interac-
tions attributed to the short contacts r1 and r4, res-
pectively. First of all, the analytical expression for the
χT value of an isolated [1/2-3/2] ferrimagnetic chain is
given46 as

χ1DT ¼ 0:5756
j2Jj
kBT

� �1:80
þ 2:250 exp -0:882

j2Jj
kBT

� �

ð1Þ
where kB is the Boltzmann constant, and the intrachain
exchange interaction J is defined in the following Hamil-
tonian:

H ¼ -2J
X
i

SiSiþ1 ð2Þ

Then, the interchain interaction is introduced by using a
simple mean field approximation:

χ ¼ ÆMæ
Hex

∼ χ1DðHex þ HeffÞ 1

Hex
ð3Þ

Heff ¼ 2zJ 0

gμBN
� ÆM æ

gμB
ðmean field approximationÞ

¼ 2zJ 0

g2μ2BN
χ1DðHex þ HeffÞ ð4Þ

\Heff ¼
Rχ1D

1- Rχ1D
Hex,R ¼ 2zJ 0

g2μ2BN
ð5Þ

\χT ¼ χ1DT 1þ Rχ1D
1-Rχ1D

� �
ð6Þ

where ÆMæ, Hex, Heff, zJ
0, g, μB, and N are the magneti-

zation of a ferrimagnetic chain, the external field, the
interchain interaction regarded as a mean field, the fitt-
ing parameter representing the number and the strength
of the effective interchain interaction, the g value (g =
2 is used for simplicity), the Bohr magneton, and the

Avogadro constant. On the basis of eqs 1 and 6, the best
fit of the χT value is indistinguishable from the data, as
shown in Figure 3a, with the values of the intrachain
interaction 2J/kB = -6.1 K and interchain interaction
2zJ0/kB = þ0.52 K. Here, it should be noted that J0 does
not indicate the interchain cation-anion interaction di-
rectly because J0 is defined as the interaction between the
“net magnetizations” of the ferrimagnetic chains. For
example, the positive value of 2zJ0 in the present case
means that there is a “local” antiferromagnetic interac-
tion between a cation and an anion in adjacent ferrimag-
netic chains.
Figure 3b shows the magnetization curve of 1 at 1.8 K.

At this temperature, applying the external field substan-
tially increases the magnetization M, and M reaches a
value of 2 μB at around 1 T, corresponding to the
ferrimagnetic [1/2-3/2] system. In the higher-field region,
M exhibits a slight and almost linear increase owing to
the strong intrachain antiferromagnetic interaction.
Although no hysteresis loop was observed at that tem-
perature, we can conclude that the S-shaped magnetiza-
tion curve is in consequence of its ferrimagnetic ground
state evidenced by the AC susceptibility, as shown in
Figure 4. The in-phase (χ0) and out-of-phase (χ00) suscept-
ibilities clearly show frequency-independent peaks at
around 2.3 and 2.2 K, respectively, corresponding to the
magnetic phase transition of 1. In this report, we define
the transition temperature as a peak top of χ0. Despite the
stronger intra- and interchain interactions of 1 than those
of 2, the transition temperature of 2.3 K is significantly
lower than that of 2, as will be shown later. The discre-
pancy is perhaps originated from the flip disorder of
thiophene rings, which disturb the ordering.

Magnetic Properties of 2. The temperature dependence
of the χT value of 2 measured under the external field of
50 mT is shown in Figure 5a. The susceptibility of 2 also
approximately obeys the Curie-Weiss law in the high
temperature region with the Curie constant of 2.23 emu
K mol-1 and the Weiss temperature of -4.6 K, and
the Curie constant is roughly the same as that of 1. The
χT value gradually decreases from 2.20 emu K mol-1 at
300 K to 1.55 emu K mol-1 at 6.5 K as the temperature

Figure 4. The temperature dependencies of χ0 and χ0 0 of 1 measured
under DC and AC fields of BDC = 0 and BAC = 0.35 mT.
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decreases, followed by a steep increase. In contrast with 1,
eq 1 with fitting parameter 2J/kB = -5.7 K is in good
agreement with the experimental result at a quantitative
level, indicating that the spin structure of 2 is regarded as
an assembly of [1/2-3/2] ferrimagnetic chains with a
strong intrachain interaction mediated by the short con-
tact r1, while the interchain exchange interactions
through r2, r3, and r4 are negligibly weak in the high-
temperature region despite a remarkably short S-S dis-
tance of r2.
The magnetization curve of 2 shows a small remnant

magnetization Mrem below 3.7 K. Figure 5b shows the
magnetization curves of 2 at three different temperatures
of 1.8, 3.3, and 4 K. The magnetization curve at 1.8 K
clearly shows a small hysteresis loop withMrem= 0.12 μB
(canting angle: 3.4�) and the coercive forceHc=11.8mT.
TheM gradually increases and reaches a value of ca. 2 μB

at 2.5T, followed by a slow increasing rate above the field.
The observed behavior can be explained by the weak
ferromagnetism47-57 in the weakly antiferromagnetically
coupled [1/2-3/2] ferrimagnetic chains, which shows a
smallMrem thanks to the weak ferromagnetism and faster
and slower increases of the magnetization associated with
weak interchain and strong intrachain antiferromagnetic
interactions, respectively. We can exclude the possibility
that the observed Mrem is originated from some ferro-
magnetic impurities. First, the optical microscope obser-
vation reveals that the sample consists of only quite fine
needle crystals, and no other shaped material was ob-
served. Second, the observed Mrem of 0.12 μB at 1.8 K is
too large to attribute to a small amount of impurities.
Third, different samples of different batches show the
same value of Mrem. The finite Mrem of 0.016 μB ob-
served at 3.3 K and the absence of it at 4 K indicate that
the weak-ferromagnetic transition of 2 occurs between
4 and 3.3 K.
To determine the weak-ferromagnetic transition tem-

perature, we measured the field-cooled (FC, B = 1 mT)
and zero-field-cooled (ZFC) magnetization under a
magnetic field of 1 mT. Figure 6a clearly shows a two-
step phase transition. The first phase transition occurs at
3.7 K, below which the magnetization remarkably in-
creases. The second transition is found at around 2.9 K
where the FC and ZFC magnetizations become equal.
The existence of the two phase transition points is ob-
viously evidenced by the AC susceptibility shown in

Figure 5. (a) The temperature dependenceof the χT valueof 2. The solid
green line is the fitted curve by using eq 1 (2J/kB = -5.7 K). (b) The
magnetization curves of 2 measured at 1.8, 3.3, and 4 K. The inset is the
enlarged part at low field.

Figure 6. FC (1 mT) and ZFC magnetizations of 2 measured at 1 mT.
(b) The temperature dependencies of χ0 and χ0 0 of 2 measured under DC
and AC fields of BDC = 0 and BAC = 0.35 mT. (c) The temperature
dependencies ofMrem and Hc of 2.
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Figure 6b, in which there are two frequency-independent
peaks at around 2.9 and 3.7 K, indicating the magnetic
phase transitions at those temperatures. Here, it should
be noted that the existence of the two phase transition
points cannot be attributed to the coexistence of two
kinds of materials (or two kinds of ground states) having
higher and lower transition temperature. As shown later,
the material shows a smallHc in the temperature range of
3.7 > T>2.9 K and a largeHc at T<2.9 K. If the sam-
ple consists of two kinds of materials having a high
transition temperature-lower Hc and a low transition
temperature-higherHc, themagnetization curve at 1.8K
must show two anomalies corresponding to lower and
higher Hc’s. Therefore, the absence of an anomaly in the
low field region of the magnetization curve of 2 at 1.8 K
strongly suggests that the two-step phase transition is an
intrinsic characteristic of 2. Judging from the magnetiza-
tion curves shown in Figure 5b and the low-field magne-
tizations shown in Figure 6a, we can conclude that
the first phase transition at 3.7 K is an ordinary weak-
ferromagnetic transition. In the temperature range
3.7> T>2.9 K, theMrem increases monotonically from
0.004 to 0.051 as the temperature decreases, while a slow
approach of the Hc to 0.8 mT was observed, as shown in
Figure 6c. On the other hand, the Hc increases markedly
below the second phase transition temperature of 2.9 K,
while Mrem increases continuously as the temperature
decreases. Although the detail and the mechanism of
the second phase transition remain unclear, the transition
drastically enhances the magnetic anisotropy of 2.
Generally, there are two candidates for the origin of

spin canting, that is, antisymmetric exchange interaction
(Dzyaloshinsky-Moriya (DM) interaction) and single-
ion anisotropy.47-56 In the present case, the contribution
of the single-ion anisotropy can be excluded because the
unit cell of 2 contains only a cation (anion) molecule,
where the anisotropy axes of all cations (anions) are
oriented along the same direction and have no contribu-
tion to the weak ferromagnetism. On the other hand, in

the centrosymmetric unit cell of 2, the local symmetry
breakdown caused by water molecules allows a DM
interaction between adjacent cations, resulting in the
observed weak ferromagnetism.

Summary

New molecule-based magnets [CrCyclam(CtC-3-thio-
phene)2][Ni(mdt)2] (1) and [CrCyclam(CtC-Ph)2][Ni(mdt)2]-
(H2O) (2) were prepared and structurally and magnetically
investigated. The crystal 1 is characterized by ferrimagnetic
chains of cations and anions with an intrachain exchange
interaction 2J/kB = -6.1 K. The interchain effective ferro-
magnetic interaction 2J0/kB = þ0.52 makes 1 two-dimen-
sional and brings a ferrimagnetic transition at 2.3 K with
Hc < 0.5 mT. The crystal structure of 2 also consists of
ferrimagnetic chains with intrachain interaction 2J/kB =
-5.7K.Though the interchain interaction of 2 intermediated
by a water molecule is negligibly weak in the high-tempera-
ture region, the interaction leads to the weak-ferromagnetic
transition at 3.7 K. Below that temperature,Mrem gradually
increases as the temperature decreases, whileHc maintains a
value smaller than 1 mT. Although the origin and the
mechanism are as yet obscure, the second magnetic phase
transition occurs at 2.9 K accompanied by a steep increase
of Hc below that temperature, while Mrem increases mono-
tonically. The origin of the weak ferromagnetism can be
explained by the DM interaction brought by a water
molecule which occupies either of the neighboring crystal-
lographically equivalent sites attendant with the local sym-
metry breakdown.
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