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Discrete oligonuclear complexes with bridging ligands are of
increasing interest for the development of synthetic magnets since
single-molecule magnets (SMMs) were discoverd@ecently,
SMM behavior has been observed in—8d heterometallic
complexes, 5 such as [TH ,Cu',],2 as well as even in mononuclear
Tb", Dy", and Hd' phthalocyanatesSingle-chain magnets have
been derived from [MH;Ni'"], coordination polymers using the
N—O~ bridge of pyridine-2-aldoximatéWe have also developed
various oximates to novel 4f3d bridge&® and will report here
the observation of magnetization steps with hysteresis i jOy']
containing di-2-pyridyl ketoximate (dpl. Although quantum
tunneling of magnetization (QTM) has been well studied in the 3d & : ; - e
metal SMMs! mechanisms for SMM behavior found in 4f-3d-  Figure 1. Ortep drawing of {Dy(hfack}>{Cu(dpk}}] with thermal
metal-based complexes are unknown. We will provide for the first €liPsoids at the 50% probability level. Hydrogen and fluorine atoms are
. B omitted. The symmetry operation codesofs given by—x, -y, —z
time a theoretical framework to understand the QTM of 3d
clusters in terms of a simple Ising-like model with well-defined (a) 10,
exchange coupling between-43d metal ions.

The trinuclear core was successfully constructed from the =
precursors [Cu(dpk) and [Dy(hfac}] without scrambling ligands .
or metal ions (hfac= 1,1,1,5,5,5-hexafluoropentane-2,4-dionate).
Figure 1 shows the exactly linear array DyCul—Dy1*, where
the oximate N-O~ group bridges Dyl and Cul. The Dyl ion is % -
octacoordinate as expected; three hfac ligands remained from the — T T
starting material [Dy(hfag). The Cul ion has a square planar * BT ”(12 ' N 8,”,(12 °
configuration, being coordinated by four nitrogen atoms in five- Figure 2. Frequency and temperature dependence of the ac magnetic
membered chelate rings. The core structure is similar to that of susceptibility for [DyCu]. (a) xa¢ (in-phase part). (b)ac' (out-of-phase
[{ Dy(hfack} A Ni(dpk)a(py)s}] except for the additional axial ligands ~ Par- Inset shows the CoteCole diagram at 8.0 K.
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in the nickel analogu@. Figure 2b), a semicircle was clearly drawn, indicating a single
The temperature dependence of ghgT for a randomly oriented relaxation process. ) .
polycrystalline sample of [DyCu] (Figure S1) showed the value The relaxation rate (1) is equal to the frequency of the applied

of 26.0 cnd K mol~* at 250 K, which agrees with the theoretical ~ ac field (2zv) at the temperature of the maximumjg’. We can
value of 28.7 criK mol~* expected from uncoupled spins wilh analyze the energy barrieA) of the magnetization reorientation
=S+ L =15/2,g=4/3 for Dy" andS= 1/2,g = 2 for CU'. The based on an Arrhenius-type equatidn(27zv) = —In(zo) — A/kgT,
ymoT value gradually decreased on cooling, reached a minimum 9Ving A/ks = 47(4) K andzo = 1.1(5) x 10" s. TheA value
of 19.8 cnt K mol* at 4.5 K, and finally exhibited a very slight ~ °Ptained here is much larger than that of {Cl] behaving as a
— 2 i 1
upsurge below 4.5 K. The upsurge suggests that the magnitude 0f4f: 3?] St;/le' The Adrrhehn|u|§ qnzIySIqun (Rgu] aIS(; suggests
magnetic interactions between the Dy and Cu ions is much smallert gtt € och Ing un _ﬁrt If |n|1|te goln |t|$n851:<)# 10 Hz (ie.,
than an order of 1 K. Th&—H measurements on a single crystal v becomes hours) Wi take place below 1.8 K. .
of [Dy,Cu] at 1.8 K revealed that the magnetization of &axis Th_e SM_M behawor_ of [DyCu] could not be attnb_uted solely to
(easy axis) saturated more rapidly than that ofctlagis (hard axis). Dy glngle-lon properties, .SUCh as the phthalocyanine Dy°salé
No hysteresis was observed for temperatures above 1.8 K. CO”f'Tmed that the starting material [Dy(hfa)20).] showz_ed
Shown in Figure 2 is the frequency dependencggfandy..” practically no frequency dependence of fh€. A stronger coupling

1l I i
for [DyCu]. On cooling, an increase gt was found together of Cu' to Dy" ions than that of the Nianalogu@ could be

ith a d /10 Wh lotted the." dat inst responsible for the slower relaxation.
with a decrease Ofa. en we plotted Mea:  data agains To corroborate a SMM behavior, we performed magnetization
7ac at 8.0 K according to the CoteCole analysi& (the inset of

measurements below 1.8 K using a pulsed fi@lgigure 3a shows

- the results of a polycrystalline sample of [fBu] at 1.5 and 0.5 K
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Figure 3. (a) Hysteresis curves for [D€u] measured at 1.5 and 0.5 K.
The field sweeping rate was 17 10° T s71. Left inset: a sweeping field

as a function of time. Right inset: a zoom of a higher magnetic field showing
a magnetization jump by 2g. (b) Differential magnetization curves as a
function of a sweeping rate (left) and temperature (right). (c) Energy levels
of [Dy2Cu] in a ground-state manifold.

detailed study of the derivative of the magnetization (Figure 3b)

shows no appreciable field-sweeping rate or temperature dependence

of the step positions. This finding gives direct evidence that the

magnetization is due to an adiabatic change of magnetization rather
than due to thermal relaxation. Noticeably, the big steps occur at

very low fields of 0.05 and 0.095 T, while the & jump at a
relatively higher field around 1.7 T (the right inset of Figure 3a).
The latter corresponds to a spin flip of the Cu ion, confirming the

Note thatJ, is a unique adjustable parameter in this model. By
comparing the observed magnetization to the theoretical estimation,
we obtainJ/kg = —0.155 K and derive an energy level diagram
(Figure 3c). At a zero field, the ground state consists of a doubly
degenerateM?| = 19 ug state (Dy—Cul—Dyt). The first excited
state is a 4-fold degeneratfd?| = 1 up state (Dy—Cut—Dy¢ for
example), and the second exited state is doubly degeneitgd (
= 21 up; Dyt—Cut—Dy?). At a finite field, we find four level
crossings, §0.078 T), B(0.086 T), B(0.096 T), and R1.7 T) as
shown in Figure 3c. The 2g jump corresponds to,Pwhile the
two steps at 0.05 and 0.095 T in Figure 3b are assigned tothe P
and R points, which cross a ground state. The poiptsPmissing
since most of the spins are in a ground state at 0.5 K, with the
energy gap of (15/9)/ks = 1.16 K between the ground and excited
states. The reasonable agreement between the experimental and
theoretical values justifies the validity of our proposed model,
assuming that the magnetization along the easy axis mainly
contributes to the polycrystalline data. In the up sweep, the
magnetization jump around 1.2 T, which has no counterpart in the
level crossing diagram, depends strongly on the field sweeping rate
and temperature. This behavior is attributed to relaxation of
thermally excited spins to the ground state.

In summary, we have shown straightforward experimental
evidence for QTM in the 4f-metal-based [E3u] SMM and derived
the energy level structure on the basis of an Ising model together
with Dy—Cu exchange coupling. Remarkably, the dimethylglyoxi-
mate-bridged [DY 4Cu'] complex exhibited a QTM at 0.5 K and
a similar model can be appliéd.The 4f~3d combination may
afford various SMM families and will provide a deep understanding
to the mechanism of QTMs.
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