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Single-Molecule Magnets
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In the early 1990s the storage of information at the molecular
level became potentially feasible owing to the discovery of
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multinuclear transition-metal complexes acting as single-
molecule magnets (SMMs).!" To date, several SMM families
based on complexes of Mn,?! Fe, Ni,® VI Co,” or mixed
transition metals’® have been reported. These systems exhibit
slow relaxation of their magnetization induced by the
combined effect of a high-spin ground state St and uniaxial
anisotropy D. These two ingredients create an energy barrier
A=|D|S;* between spin-up and spin-down states, which
leads to a hysteresis phenomena with reversal of the magnet-
ization, similar to that observed in bulk magnets. When a
magnetic field is applied to saturate the magnetization of
these complexes and then removed, the magnetization decays
with a relaxation time 7 that follows the Arrhenius law with
an activation energy equal to 4. At lower temperatures, T may
reach saturation as the thermally activated relaxation path-
way becomes slower than quantum tunneling through the
energy barrier. Hence, SMM complexes appear to be unique
systems for studying fundamental phenomena, such as
quantum spin tunneling and quantum phase interference,
which may be used for future applications in molecular
electronics.”

In this field, the minimization of the SMM nuclearity
remains an important issue for obtaining simple model
systems with a small number of quantum energy levels. To
date, although some claims have been made that mononu-
clear"™ or dinuclear iron systems™? could display SMM or
SMM-like behavior, the smallest complexes unambiguously
exhibiting SMM behavior are tetramers of transition
metals. 440445267 Herein we report a simple out-of-plane
Mn™ dimer possessing an Sy=4 spin ground state and
exhibiting slow relaxation of its magnetization at low temper-
atures with the signature of SMM behavior.

Following the synthetic method used for similar com-
plexes,®!  [Mn,(saltmen),(ReO,),] (1, saltmen®’ =N,N'-
(1,1,2,2-tetramethylethylene)bis(salicylideneiminate)) ~ was
prepared in high yield as large crystals (see the Experimental
Section). The [Mny(saltmen),]** dimeric unit in 1 is very
similar to that observed in [Mn,(saltmen),(H,0),](ClO,), and
its derivatives.™ As shown in Figure 1a, the [Mn,(salt-
men),]** motif lies on an inversion center, and hence the
asymmetric unit contains only one Mn™ site that assumes an
axial-elongated square-bipyramidal six-coordination geome-
try. The Mn™ atom is surrounded by N,O, atoms of the
saltmen?” ligand in the equatorial plane and two axial oxygen
atoms, O(3) and O(1)*, from the {ReO,}” ion and the
neighboring {Mn(saltmen)(ReO,)} moiety, respectively. In
the equatorial plane, the average Mn(1)—X bond length is
1.948(4) A (X=N or O atom of the saltmen®" ligand). As
usually observed for octahedral Mn™ ions, the Jahn-Teller
distortion leads to elongated axial Mn(1)—O(3) and Mn(1)—
O(1)* bonds (2.459(4) and 2.184(4) A).

Two symmetrical arrangements of Mn™" dimers are found
in the crystal packing. The Jahn-Teller axes of these two units
lie roughly in the bc plane and are arranged along the c axis
with a tilt angle of about 70° (Figure 1b). The interdimer
Mn--Mn separations are particularly large in 1: 9.29 and
9.54 A in the a and caxis directions, respectively. These
separations are notably longer than those observed in similar
dimeric compounds (5.59-8.28 A).I"¥) Moreover, no signifi-

I

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

Figure 1. a) An ORTEP drawing of 1 (thermal ellipsoids set at 50%
probability). The hydrogen atoms have been omitted for clarity.
Selected bond lengths [A] and angles [°]: Mn(1)--Mn(1)* 3.330(1),
Mn(1)=O(1) 1.913(4), Mn(1)—O(1)* 2.459(4), Mn(1)—O(3) 2.184(4);
Mn(1)-0(1)-Mn(1)* 98.5(2), O(1)-Mn(1)-O(1)* 81.5(1), O(3)-Mn(1)-
O(1)* 172.1(1). The asterisk indicates the symmetry operation
2—x,—1/24y,1/2—2z). b) The crystal packing of 1 as projected along
the a axis. The green lines indicate the Jahn—Teller distortions of the
two symmetry-related dimers. Mn brown, Re pink, O red, N blue,

C gray.

cant intermolecular 7—t contact has been found between the
packing molecules.

The dc magnetic susceptibility measured on a nujol-
restrained polycrystalline sample of 1 is depicted in Figure 2.
The product % T gradually increases from 6.19 cm®*Kmol ™" at
300K to reach a maximum of 9.58 cm®*Kmol ™' at 8.0 K and
then decreases to 8.17 cm® K mol ™ at 1.8 K. This behavior is
typical for [Mn,(saltmen),]*" units that exhibit a ferromag-
netic interaction J between Mn™ ions as well as a zero-field
splitting effect induced by the uniaxial anisotropy Dy, of each
Mn'" ion."¥! Therefore, the Hamiltonian given in Equation 1
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Figure 2. a) The temperature dependence of the product T for 1
under 1 kOe. The red line represents a best simulation using an
Sun=2 dimer model described in the text. b) Energy diagram of the
two lowest spin states calculated from the fitting of the temperature
dependence of the magnetic susceptibility. E=energy.

has been used to model the magnetic susceptibility (S, =S5, =
Syvins S 18 the z component of the S; operator).

Ho=-2]88,+Dy Y Sh+gusHY S, (1)

i=12 i=12

The susceptibility was simulated using the general proce-
dure developed by Clemente-Juan and co-workers (MAG-
PACK program).I" The best set of parameters obtained is g =
2.00(1), Jlkg=+2.65(5) K, and Dy /ksz=—4.0(2) K, where g
is the g factor of the Mn ion and kj is the Boltzmann constant
(the solid line in Figure 2). These parameters are very similar
to those obtained for [Mn,(saltmen),(H,0),](CIOy), (Jlkz=
+2.57K, Dy /ky=—3.60K) and its derivative.'! From the
estimated values of J and Dy, the energy diagram can be
calculated (Figure 2b). As observed in SMMs, the uniaxial
anisotropy Dy, creates an energy barrier A/k, between the
my==+4 levels estimated at 25.5 K (since A/k; is equal to
| Dy, | St/k, we can deduce that Dy, /kg=—1.59 K, where
Dy, s the uniaxial anisotropy for the Mn"" dimer).

Above the St=4 ground state, the first excited state St =3
lies at 7.7 K. Therefore, as a first approximation only the
ground state St=4 was considered to fit the plot of M versus
HJT (Figure 3). The experimental data have been accurately
simulated with g =2.00 and D\, /kg = —1.63 K (solid lines in
Figure 3). These parameters lead to a theoretical energy
barrier A/kg of 26 K, which is in excellent agreement with that
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Figure 3. Plots of the magnetization M versus the ratio of the external
field H to temperature (T=1.9-4.5 K) for 1. The red lines are the best
fit of the data obtained for S;=4 with g=2.00 and Dy, /ky=—1.63 K.

expected from the simulated temperature dependence of the
susceptibility and the deduced energy diagram (see above).

The frequency dependence of the ac susceptibility on an
aligned single crystal of 1 was measured at different temper-
atures under zero applied dc field. As seen in Figure 4, and as

100 1000

104
viHz — &
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Figure 4. The frequency dependence of the in-phase (') and out-of-
phase ()"') ac susceptibility of 1 at temperatures below 2.8 K at zero dc
field and with an ac field amplitude of 5 Oe. These measurements
were carried out on a single crystal aligned along one of the two easy
directions. " and " are given in arbitrary units.

expected for SMMs, a single relaxation process is observed for
both components of the ac susceptibility. The relaxation
time 7 has been estimated from the maximum of the y”
versus v curves (t = 1/2wv,,,,) and plotted as a function of 1/T
(Figure 5).

Between 4 and 1.9 K, the relaxation follows the Arrhenius
law (r=rtyexp(E kg T), see the inset of Figure 5) with an
activation energy E, of 16 K and a pre-exponential factor 7, =
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Figure 5. Plot of the relaxation time 7 versus 1/T for 1. Inset: Enlarged
view of the high-temperature region of the plot to emphasize the
Arrhenius behavior.

8x107%s. Below 1.9K, 7 reaches saturation and becomes
temperature independent at 1.9x10™*s below 0.6 K. This
feature is characteristic of SMM behavior when quantum
tunneling of the magnetization (QTM) is dominant,*>*16! in
this case between the lowest energy m, = + 4 levels of the Sy =
4 state. E, is lower than the expected value calculated from
Do (Alkg = | Dy, | S/ks =26 K). This result clearly indicates
that QTM is operative even at higher temperatures and
reduces the energy barrier, as seen in other SMM systems.>
In agreement with this idea, the value of E, measured at
different dc fields increases up to 23 K at 800 Oe.

An important characteristic of the SMM behavior is
magnetization hysteresis, which was investigated with a
micro-SQUID setup!'” in the temperature range of 0.04 to
7 K. Figure 6 presents hysteresis loops measured on a single
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Figure 6. The field dependence of the normalized magnetization at
0.04 K and several field sweep rates.

crystal of 1 with the magnetic field applied along the easy axis
of one of the two molecular directions."” The hysteresis loops
were measured starting at zero field because of the fast
tunneling. Hysteresis appears below 2 K (for field sweep rates
of 0.14 Ts™") and becomes temperature independent below
0.6 K but is strongly time dependent (Figure 6). Both features
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are expected for SMMs. A close examination of the hysteresis
loops at zero field revealed a very small antiferromagnetic
intermolecular coupling of about 0.2 K (0.035 T).

In summary, complex 1 is a simple out-of-plane dimer of
Mn'™ ions that unambiguously exhibits single-molecule mag-
netic behavior. To date, this compound is the smallest
magnetic unit which has been reported to behave as a
magnet at the molecular level and to show quantum tunnel-
ing.

Experimental Section
1: Complex 1 was prepared following a reported method.'¥ A
solution of manganese(ir) acetate dihydrate (1.34 g, 5mmol) in
methanol (20 mL) was added to H,saltmen (1.62g, 5 mmol) in
methanol (50 mL). After the brown solution was heated at 50°C and
stirred for 30 min, solid sodium perrhenate (1.37 g, S mmol) was
added. Hot water (50 mL) was added to the hot solution in methanol,
and the solution was collected by filtration. The filtrate was left to
stand for one week at room temperature to form dark brown crystals.
The crystals were collected by suction filtration, washed with a
minimum amount of water, and dried in air (92 % yield based on the
Mn  precursor). Elemental analysis (%) caled for
C,oHy,Mn,N,O,Re,: C 3828, H 3.53, N 4.46; found: C 38.14, H
3.63, N 4.48; IR (KBr pellet): v = 1605 (C=N), 922,910 cm™' (Re—0).
X-ray crystallography: The data were collected on a Rigaku CCD
diffractometer (Sutern70) using graphite-monochromated Mo,
radiation (1=0.71069 A). The structures were solved by direct
methods (SIR92)!" and expanded using Fourier techniques.””! The
non-hydrogen atoms were refined anisotropically, while hydrogen
atoms were introduced as fixed contributors. Full-matrix least-
squares refinements on F* based on 4630 unique reflections were
employed, where the unweighted and weighted agreement factors of
R=X||F,|-|F.||/S|F,|, and wR=[Sw(FP—F)4Lw(F2)*"* were
used. All calculations were performed using the CrystalStructure
software package.” Crystal and experimental data for 1
(CyHuMn,N,O5Re,): M, =1255.10, orthorhombic space group
Pbca (no.61), T=100+1K; a=16.765(2), b=14.416(3), c=
17.179(4) A; V=4150.6(1) A’>, Z=4, peea=2.008 gcm™>, Fy=
2432.00, 26,,,,=54.6°. Final R=0.036 (I>2.000(1)), R=0.050 (all
data), wR=0.094 (all data), GOF =1.014 for 293 parameters and a
total of 38179 reflections, 4630 unique reflections (R;,=0.110);
equivalent reflections were merged. The linear absorption coefficient
p for Moy, radiation is 64.78cm™!. An empirical absorption
correction was applied. The data were corrected for Lorentzian and
polarization effects; max./min. electron density in the AF map: 2.72/
—2.06e A% CCDC 226818 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).
Magnetic measurements: Magnetic susceptibility measurements
were carried out on finely ground polycrystalline samples (nujol
restricted) of 1 with the use of a Quantum Design SQUID (super-
conducting quantum interference device) magnetometer MPMS-XL.
Experimental data were corrected for the sample holder and for the
diamagnetic contribution calculated from Pascal constants.”?! Hyste-
resis loops on a single crystal were performed with an array of micro-
SQUIDs.'! The ac susceptibility measurements on single crystals of
the order of 0.1 mm were performed with a home-built Hall probe
susceptometer that works at temperatures between 0.030 and 30 K,
frequencies between 1 and 10° Hz, and applied fields up to 1.4 T.
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