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There have been a number of examples of low-dimensional (a) 150 RS
complexes containing nitronyl nitroxide (NN) radicals with metal =l ; 5 h
hfac salts, in pursuit of metal-radical hybrid maghefthe _g 100 %1- Bib
systematic name of NN is 4,4,5,5-tetramethylimidazolin-1-oxyl 2 o3 P OSSR -
3-oxide). Since the discovery of the first single-chain magnet (SCM) 8 sof ) -w-FCM il e sl
[Co(hfack-AnNN] by Gatteschi et a.(Scheme 1 with R= CHg), = A Eise ;,TCM
several derivatives containing smaller ligahdsd 4f-metal ions o e VB
and other systerh§have been extensively investigated toward novel 0 20 40 e EU g0 100
SCMs. Intermolecular interaction among the single-molecule (b)

magnets (SMMs) has been discussed for a dimer of the]fMn

based SMM. Similarly, there seems to be a chance to introduce

interchain interaction to SCM systems because variodgHfdc):

RNN] chains exhibited magnetic orderihgiVe found interplay

between SCM and bulk characters and considerably large coercivity

in [Co(hfacy-BPNN] (1; BPNN = p-butoxyphenyl-NN). Actually,

1 can be regarded as one of the hardest magnets ever reported.
Complexation of Co(hfag)with BPNN gavel as bluish purple

needles (see Supporting Information), according to the conventional

method! As X-ray crystallographic analysis dhrevealed, there (c)

are two independent units in a monoclinic unit celllpfeach of

which is arranged to form a metal-radical alternating chain running

along the crystallographig-axis (Figure 1S in Supporting Informa-

tion). The geometries are similar to each other, and the magnetic

properties imply the sum of the two kinds of chains. The radical i y.

oxygen atoms are located incas manner around the Co ions, and " s —utl il = k]

the nearest intrachain €dCo distances are 7.4659(4) and 7.4301- eI ===~ INE

(4) A. Interchain Ce-Co distances are 10.3 A and larger. The bulky H/10°0e

butoxy group might affect the crystal field and magnetic anisotropy Figure 1. (a) FCM (field-cooled magnetization), RM (remnant magnetiza-

; ; ; ; ; tion), and ZFCM (zero-field-cooled magnetization) for randomly oriented
of the Co ions. The helical pitch is also changed:sgmmetry for polycrystallinel with the applied field of 5 Oe. Inset: FCM curves for
1 versus 3 for the methyl analogué.

single crystals of with the field of 100 Oe applied in the directions parallel
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We measured the static molar magnetic susceptibijity (©On and perpendicular to tHeaxis. (b) In-phase and out-of-phase ac magnetic
the repeating unit basis) on a polycrystallide(Figure 2S in susceptibilitiesy’ andy", respectively, of polycrystalling as a function
Supporting Information). The temperature dependence.@fT of temperature and frequency. The ac field amplitude was 5 Oe. Inset: the

Cole—Cole plot at 17 K. (c) Hysteresis loops of polycrystalliheneasured

showed an upsurge on cooling, clearly indicating the ferrimagnetic _; 6. 7.8 10, and 40 K.

spin alignment within a chain, as usually observed for [Co(hfac)
RNN]-type polymerg:—3 Scheme 1

As Figure 1a shows, the FCM dfgradually increases around FiC o oR
80 K and reaches a plateau below ca. 45 K. On the other hand, the mﬁvzj?o’:a
RM starts to decay rapidly at 10 K, not 45 K, on warming, and the 'O\C e @
ZFCM curve starts to increase at 10 K. We examined the magnetic ‘{/ C’\o'\N \N;o%
anisotropy ofl. Single-crystal FCM measurements bithe inset 9_{. n
of Figure 1a) revealed that the magnetic hard axis corresponded to
the chain direction.

We first examined the anomaly around 10 K (for the magnetic
behavior around 45 K, see below). Figure 1b shows a remarkable
frequency dependence of the ac magnetic susceptibility. oh
half-circle was drawn in the CoteCole plot (the inset). We
obtaineda = 0.251, indicating the presence of a single relaxation
process. The frequency dependence of peak temperatugg, i

1: R = CHyCH,CH,CHs

= (ATJTp)/A(log w), was 0.12, which excludes the possibility of
a spin-glass (0.0k ¢ < 0.08)? The relaxation rate (1) is equal

to the frequency of the applied ac field«{?) at the temperature of
the maximum ofy"". We can analyze the energy barriég)(of the
magnetization reorientation based on an Arrhenius-type equition,
In(27v) = —In(ro) — EJksT, giving Edks = 350(6) K andry =

6.8 x 10713 s. The temperature at which the dynamic process is
t Department of Applied Physics and Chemistry. §uﬁiciently slow asy = 1074 Hz (i.e., becomes hqurs) i§ 10 K,
*Course of Coherent Optical Science. in good agreement with the RM and ZFCM relaxation (Figure 1a).
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Figure 2. (a) Ac magnetic susceptibilities @fas a function of temperature,
with the static field Hqc) of 500 Oe. The ac field amplitude was 5 Oe. The

x' curves showed practically the same profiles regardless of frequency. (b)
The peak temperature as a functionHbg.

The E, value of1 is much larger than those of known SCMV%
(Edks = 154(2) K2 or 72(1) K for instance).

The magnetization curves @fshowed an almost saturated value
of 8 x 10% erg Oet mol~t at 9 T (Figure 1c), which agrees with
a residual moment from the ferrimagnetically correlated Co and
NN spins. Below 10 K1 behaved as a very hard magnet showing
a large hysteresis loop. A coercive fieldd) was 52 kOe at 6 K.
The magnetic anisotropy df was confirmed by using a single
crystal (Figure 3S in Supporting Information). On the other hand,

the magnetization process turned typical of a soft magnet above

10 K; H¢ drastically became small, owing to the fast relaxation as
described above.

We measured the ac susceptibilities of polycrystallireround
45 K with a static bias fieldH4c). A broad peak appeared at 56 K
at Hye = 500 Oe, and the peak temperature was frequency-
independent (Figure 2a). Such an almost gularameter on this
peak suggests the ferromagnetic (or weak ferromagnetic) &rder.
The largeHy. gave the higher peaking temperature (Figure 2b), in
agreement with ferromagnetic coupling of the chains. A critical
temperatureTc) is estimated to be 45 K from extrapolation to zero
Hge. The FCM curve showed a small cusp at 45 K (Figure 1a).

The apparent “blocking” behavior took place afiebecame a
soft magnet, in sharp contrast with the bridged jJMBMMs, in

which the discrete magnetic moments are blocked first and thena ) ga)

long-range order start8.How can we explain the present results?
The term “glass” is usually used for the frozen spin systems
consisting of single ions or molecules, but Coronado et al. reported
the glassy behavior for motion of the magnetic domain wall in the
hexacyanoferrate(lll)-based layered madga&imilar behavior was
recently observed in a cobalt(ll)-biradical cha#Miller et al. also
reported the glassy behavior of the magnetically ordered metal-
radical compound with largklc.13

The macroscopic domain wall movement requires reorientation
at an individual chain within a width of the wall. As for one chain,
we assume that a “kink” between two opposite magnetizations
moves along the chain. This model is consistent with the observed
singularity of a relaxation process and its activation energy is related
with the nearest-neighbor exchange interaction, as originally
proposed by Glaubét.In the magnetically ordered statg, is more

enhanced than that of genuine SCMs because the magnetization

reorientation occurs in a collective manner and the pinning effect

easy axis lies perpendicular to the chain directionlfoFhe latter
case favors ferromagnetic coupling among the magnetic chains in
a dipolar mannet® We could observe no heat capacity peak due
to magnetic phase transition so far. It may be because a major
fraction of the magnetic entropy of the ferrimagnetic chains is
broadly present abov&: (or T¢), as supported by the short-range
order accompanied by a very wide FCM slope up to ca. 80 K
(Figure 1a). We can explain the state in this slope region in terms
of a model of ferromagnetic islands in a paramagnetic sea. Below
Tc, the initial steep upsurge of the magnetization at 40 K implies
that the whole fraction ol forms ferromagnetic domains. Since
the magnetic state & < T < T¢ exhibits such a bulk property,

we empirically call this state as a soft-magnet phase. A long-range
order is likely to occur before it behaves as a hard magnet, and the
investigation on ordering is now in progress.

In summary, we can draw the phase diagran e follows: a
hard magnet inT < T; and a soft magnet al < T < Tc. A
magnetization jump at zero field (aboVein Figure 1c) may give
rise to loss of stored information and thus difficulty in future
application. However, magnetically correlated SCM4 pbssessed
a very high effectivek, below T;. Introduction of an interchain
interaction can improve magnetic hardness and avoid magnetization
loss at zero field. Actually, thelc was 52 kOe (4.1 MA m?') at 6
K (Figure 1c), which is much larger than those of the molecule-
based [MnTBrPP][TCNER(CH.CI,) (27.8 kOe at 2 K as the largest

value before this work¥ and even commercial permanent magnets

SmCgag (44 kOe at room temperature) and JRe;4B (19 kOe at
room temperaturéel. To the best of our knowledgé,enjoys being

a record holder of the largest coercive field among hard magnets
ever known.

Supporting Information Available: Figures 1S-3S, experimental

details, and the CIF file of. This material is available free of charge
via the Internet at http://pubs.acs.org.
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