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The attention of nanoscientists is currently directed toward the
behaviors of nanomagnets, such as single-molecule magnets
(SMMs)1 and single-chain magnets (SCMs),2 since they show
unique physical properties, such as quantum tunneling of magnetiza-
tion1a,b and quantum phase interference,1c that are not observed in
bulk magnets. Those molecular quantum nanomagnets have a well-
defined structure and exhibit well-characterized easy-axis magnetic
anisotropy (D < 0), forming a “double-well potential” which
prevents reversal of the molecular magnetization. SCMs are
strategically constructed nanomagnets based on an alignment of
the spin-carrier components possessing easy-axis anisotropy, such
as nitronyl nitroxide radical/CoII,2a NiII/MnIII ,2b FeIII /CoII,2c or
uniform CoII chains,2d to realize one-dimensional Ising-type chains.
Although only a few are known currently, SCMs are attracting
considerable attention not only because of their synthetic interest
but also because of their physical properties, including exhibition
of Glauber’s dynamics.3 We have developed a synthetic method
for the preparation of homo- and heterometal chain systems using
{M(bpca)2}4a-c and{M′(bpca)2}+ 4d,e (M ) MnII, FeII, NiII; M′ )
CrIII , FeIII , CoIII ; Hbpca) bis(2-pyridylcarbonyl)amine), and for
the first time, we have synthesized a novel SCM using spin-carrier
components possessing hard-axis anisotropy (or easy-plane anisot-
ropy, D > 0). The compound, an alternating high-spin FeII and
low-spin FeIII chain complex,catena-[FeII(ClO4)2{FeIII (bpca)2}]ClO4

(1), behaves as an SCM, although the constituent ions do not attain
any bistability arising from the double-well potential, which seems
to be required for an Ising system. Here, we report an unusual SCM
which is derived from a twisted arrangement of easy-planes of FeII

along the chain axis, which, as a result, generates a novel type of
one-dimensional Ising system.

Complex1 (Figure 1) was synthesized in a manner similar to
the published procedure.4d,5 The Mössbauer spectrum of1 at
ambient temperature (Figure 2) confirmed the presence of low-
spin FeIII and high-spin FeII ions in a 1:1 molar ratio with typical
δ and ∆EQ values for these oxidation and spin states. The low-
spin FeIII ions (blue spheres in Figure 1) are coordinated by six N
donor atoms in a slightly compressed octahedron along the chain
axis. The high-spin FeII ions (orange spheres) have an axially
elongated geometry with four equatorial carbonyl oxygen atoms
(OA, Fe-OA ) 2.0275(14)-2.0659(13) Å) and two axial ClO4-

oxygen atoms (OB, 2.1208(14) and 2.1516(14) Å). Theπ-donor

character of OA splits the t2g orbitals into eg and b2g orbitals, and
therefore, the orbital angular momentum is fully quenched. The
ground state of the FeII ions is 5B2g rather than5T2g. Taking into
account spin-orbit coupling, the quintet is split into one singly
and two doubly degenerate energy levels which are consistent with
a uniaxial zero-field splitting parameter ofD > 0. Thus theS) 2
spin on the FeII ions would have a hard-axis-type anisotropy along
the OB-Fe-OB axis, that is, easy-plane-type anisotropy in the
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Figure 1. Crystal structure and spin arrangement of high-spin FeII and
low-spin FeIII alternating chain complex1. Each atom is depicted as
follows: FeIII blue, FeII orange, Cl green, O red, N pale blue, and C gray.

Figure 2. Temperature dependence of the57Fe Mössbauer spectra of1.
(a) At ambient temperature, the isomer shift (δ) and the quadrupole splitting
(∆EQ) are estimated to be 1.15 and 2.49 mm s-1 for the FeII site and 0.03
and 0.41 mm s-1 for the FeIII site, respectively. (b) From the data at 3.7 K,
the hyperfine parameters are estimated asHn ) 192 kOe andVzz ) 12.6×
1021 V m-1 for FeII andHn ) 335 kOe andVzz ) 1.7 × 1021 V m-1 for
FeIII .
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equatorial plane involving four OA atoms. The easy-plane spins
are coupled to the nearly isotropic FeIII S ) 1/2 spins in a
ferrimagnetic arrangement, forming a uniqueXY spin chain with
twisting of the axis of anisotropy. The chain lies along a crystal-
lographica-c vector, and the crystals grow along this axis. The
chains are well separated without any contacts.

The field dependence of the magnetization was investigated for
the single crystal (Figure S2). When the dc field was applied parallel
to the chain, the magnetization rapidly saturated above 0.5 kOe.
However, when the dc field was perpendicular to the chain, the
magnetization did not saturate until 50 kOe. The temperature
dependence of the effective magnetic moment,µeff, for microcrys-
talline 1 (Figure 3, left) is clearly consistent with the presence of
a ferrimagnetic ground state, showing a minimum at 20 K (4.8µB)
and a maximum at 3 K (17.0 µB). No evidence for long-range
ordering was observed. Anisotropy of the susceptibility was
observed for the single-crystal sample (Figure 3, inset), which was
analyzed on the basis of the following spin Hamiltonian:

whereSj is either anS ) 2 spin for FeII for even values ofj or an
S ) 1/2 spin for FeIII for odd values ofj, J is the superexchange
interaction between neighboring FeII and FeIII ions in the chain,
andD is the uniaxial zero-field splitting parameter for FeII spins.
From a mean-field approximation of the Hamiltonian, the param-
eters J/kB and D/kB were estimated to be-10.0 and 14.9 K,
respectively. Although the anisotropic saturation of the magnetiza-
tion suggests an easy-axis-type anisotropy for the entire crystal,
the estimated single-site anisotropy,D, is of easy-plane-type, which
is consistent with the expectation for an FeII ion based on ligand
field considerations. Moreover, this positiveD is directly confirmed
by HF-EPR spectroscopy.6 Thus, it is likely that the large easy-
plane anisotropies of the FeII ions are added together noting the
mutual orthogonality of the quantization axes to afford a net easy-
axis anisotropy along the chain.

Ac magnetic susceptibility measurements were performed with
a powder sample to observe the frequency dependence. With
cooling, the in-phase signal,øm′, increased in accordance with the
Curie law to a maximum value and then decreased, eventually
approaching zero (Figure S3), with the corresponding appearance
of the out-of-phase signal,øm′′ (Figure 3, right). As the frequency

was swept from 1000 to 5 Hz, the temperature of maximumøm′′
shifted from 2.9 to 1.9 K. This frequency dependence clearly
indicates that theøm′ drop arises from a kinetic restraint, not due
to long-range ordering. At fixed temperatures between 2.0 and 3.4
K, semicircle Cole-Cole plots were obtained with smallR
parameters in the range of 0.09-0.13, which indicates that
relaxation occurs via a single process (Figure S4).1d This is a typical
SCM behavior and should be attributed to a mutually orthogonal
arrangement of the FeII molecular axes inducing Ising interactions
along the chain.7 The slow reversal of molecular spins characteristic
of Ising chains was also confirmed by the temperature-dependent
Mössbauer spectra (Figure 2).8 Broadening due to a paramagnetic
relaxation occurred below 7 K, and two sets of sextet signals
appeared at 3.7 K, where the spin reversal slows down below the
Mössbauer time scale of 10-7 s and the Fe nuclei feel quasi-static
hyperfine fields,Hn, of 192 kOe for FeII and 335 kOe for FeIII .
The relaxation timesτ(T) extracted from the ac susceptibility and
Mössbauer data were used to construct an Arrhenius plot (Figure
S5), giving an estimated activation energy∆ of 27(1) K. This∆
value is smaller than the 8J expected for pure Glauber’s dynamics,3a

suggesting that the transverse magnetization of the FeII spins in an
easy-plane is responsible for the magnetic relaxation. Extrapolating
the Arrhenius plot, the blocking temperature (τ(TB) ) 100 s) was
estimated asTB ) 1.3 K.

In conclusion, an alternating FeII (high-spin)/FeIII (low-spin)
mixed valence single-chain magnet was prepared using the com-
plexed ligand{Fe(bpca)2}+. This twisting easy plane system is
unique in that it exhibits easy-axis anisotropy over the whole chain,
giving rise to slow magnetization reversal despite single ion
anisotropy of the constituent FeII ions with easy-plane.
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Figure 3. (Left) Temperature dependence ofµeff (O) for the powder sample.
(Inset) Magnetic measurements on an oriented single crystal of1 in the dc
field applied along the chain (2) and perpendicular to the chain (b). The
solid lines are theoretical curves. (Right) Out-of-phase (øm′′) ac magnetic
susceptibility versus temperature in a 3.0 Oe ac field oscillating at the
indicated frequencies and with a zero dc field. The solid lines are a guide
for the eyes.
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