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ABSTRACT: The high axiality and Ising exchange interac-
tion efficiently suppress quantum tunneling of magnetiza-
tion of an asymmetric dinuclear Dy"™' complex, as revealed
by combined experimental and theoretical investigations.
Two distinct regimes of blockage of magnetization, one
originating from the blockage at individual Dy sites and the
other due to the exchange interaction between the sites, are
separated for the first time. The latter contribution is found
to be crucial, allowing an increase of the relaxation time by 3
orders of magnitude.

The discovery of single-molecule magnet (SMM) behavior,
where relaxation and quantum tunneling of the magnetiza-
tion result from a molecular-based blocking anisotropy, is
recognized as an important breakthrough in the field of molec-
ular-based magnetism, with the promise of a revolution in data
storage and processing.' Recent advances have shown the
viability of lanthanide-based complexes in generating large
barriers to spin reversal as a result of their significant magnetic
anisotropy arising from the large, unquenched orbital angular
momentum.” Indeed, a single anisotropic magnetic lanthanide
ion in an axial crystal-field environment can provide conditions
sufficient to establish a thermal barrier for reversal of the
magnetization.” In the course of this recent research activity,
the anisotropic barrier records have toppled like dominoes for
lanthanide SMMs.* Such compounds advance the prospects of
SMMs, bringing the goals of molecule-based information storage
and processing closer to reality.®

However, there is an intrinsic drawback in that there are only
very weak exchange interactions between the lanthanide ions as a
result of the efficient shielding of the unpaired electrons in their
4f orbitals. The relaxation of magnetization in polynuclear
clusters appears to arise largely from single ion anisotropy,
which is fundamentally different from the giant spin model, in
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which the coupled system operates as a single magnetic unit."*
The hyperfine couplings and dipolar spin—spin interactions in
lanthanide ions allow fast quantum tunneling of magnetization
(QTM)’ that prevents the isolation of zero-field lanthanide
SMMs with large barriers."” As a way to address this challenge,
Long and collea%ues successfully constructed strong magneti-
cally coupled Dy complexes through a N,*" radical bridge,
giving rise to a new record SMM.® This breakthrough demon-
strates that a joint contribution, combining strong magnetic
coupling with single-ion anisotropy, may ultimately lead to
higher relaxation barrier SMMs capable of retaining their mag-
netization at more practical temperatures.8

In the present work, we describe a unique asymmetric di-
nuclear Dy SMM, [Dy,0vph,Cl,(MeOH);] - MeCN (1, where
Hyovph = pyridine-2-carboxylic acid [(2-hydroxy-3-meth-
oxyphenyl)methylene] hydrazide), in which the metal ions are
ferromagnetically coupled. This compound provides a unique
opportunity to probe simultaneously the contributions of both
the exchange interaction and single-ion anisotropy to the relaxa-
tion dynamics of polynuclear lanthanide systems. Detailed
magnetization dynamics studies reveal almost complete blockage
of magnetization in this compound, which is further corrobo-
rated by ab initio calculations, indicating that the quantum
tunneling pathways are strongly suppressed in low-lying ex-
change multiplets at low temperatures. In the high-temperature
regime, the blockage of magnetization occurs at individual Dy
sites, and two closely spaced relaxation processes operating via
the excited Kramers doublets of individual Dy ions can be nicely
resolved by the sum of two modified Debye functions.

The reaction of DyCl;-6H,0 with Hyovph in 2:1 methanol/
acetonitrile, in the presence of NaHCO3, produces yellow crystals
of 1, for which the asymmetric dinuclear unit, as determined by
single-crystal X-ray diffraction, is depicted in Figure 1. The metal
centers in the dinuclear core are bridged by the alkoxido groups
(O1 and O4) of two antiparallel, or “head-to-tail” ovph27 ligands
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Figure 2. Plot of T vs T for 1. The solid line corresponds to the best
fit. The inset is a plot of the reduced magnetization M vs H/T. The solid
lines are guides for the eye.

(Scheme S1 in the Supporting Information (SI)), with the Dy~ - -
Dy distance being 3.8644 (S5) A and the two Dy—O—Dy angles
112.3(2) and 111.5(2)°. The pyridyl nitrogens (N1 and N4), the
hydrazide nitrogens (N3 and N6), and the phenolate oxygens
(02 and OS) of the ligands also coordinate to the dysprosium centers.
The coordination spheres of Dyl and Dy2 are completed by
three methanol molecules and two chloride ions, respectively.
The eight-coordinate Dyl center exhibits what has been de-
scribed as a hula hoop-like geometry, where the cyclic ring (hula
hoop) is defined by the atoms N1, O1, O4, N6, and 05. The
seven-coordinate Dy2 center has a nearly perfect pentagonal
bipyramidal coordination environment (Figure S1). Strong intra-
and intermolecular hydrogen-bonding interactions result in a
one-dimensional supramolecular chain with an antiparallel ar-
rangement of the molecules (Figure S2). The shortest inter-
molecular Dy- - -Dy distance is 7.5071(S) A, which does not
necessarily preclude any intermolecular exchange interactions.
Direct current (dc) magnetic susceptibility studies of a poly-
crystalline sample (Figure 2) reveal a room-temperature jT value
of 28.1 cm® K'mol !, which is in good agreement with the expected
value of 28.34 cm® K mol ™" for two uncoupled Dy™ ions (°Hjs)»,
g = 4/3). The yuT product gradually decreases with lowering
temperature, reaching a minimum value of 26.5 cm® K mol ' at
about 40 K, which is mainly ascribed to the progressive depopu-
lation of excited Stark sublevels.'® The y,(T value then increases
sharply to a maximum of 34.1 cm® K mol " at 2.5 K, which
obviously suggests the presence of intramolecular ferromagnetic
interactions between the metal centers, as observed in other
dysprosium compounds.**!" The lack of a superposition of the
M vs H/T data on a single master curve and the low
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Figure 3. Temperature dependence of the in-phase ()) and out-of-
phase (y”) parts of the ac susceptibility for 1 under zero-dc field. The
solid lines are guides for the eye. Inset: Orientations of local anisotropy
axes (dashed lines) and of ground-state local magnetizations (arrows)
on the Dy sites.

magnetization of 12.1 Nf3 at 70 kOe (Figure 2 inset) suggest
the presence of a significant magnetic anisotropy and/or low-
lying excited states.

Both the temperature and frequency dependences of the
alternating current (ac) susceptibilities under a zero-dc field
(Figures 3 and S3) reveal a slow relaxation of the magnetization
that is typical for SMM behavior. y’ shows a maximum value which
starts to decrease in the 11—23 K range, while y” defines a
maximum between 6 (10 Hz) and 19 K (1400 Hz). For most Ln-
SMMs, another increase of the ac response is commonly observed
in the low-temperature region, which is typical of the onset of pure
quantum tunneling.**''“™ In contrast, both ¥’ and ¥ compo-
nents for 1 cascade like avalanches below the blocking temperature
and nearly vanish as the temperature approaches 2 K. This signals
the “freezing” of the spins by the anisotropy barriers and can be
taken as a clear indication of the efficient suppression of zero-field
tunneling of magnetization occurring in this complex.

The tunneling pathways were exg)lored on single crystals of 1
using a micro-SQUID technique,"” with the results shown in
Figure 4a,b. Magnetic memory effects, clearly visible below 1.5 K,
give rise to a two-step profile hysteresis cycle. It is well known that
significant QTM is typically observed in lanthanide—containin%
single-ion magnets, resulting usually in very small coercive fields."
However, in complex 1, the significantly increasing coercivities
with decreasing temperature suggest sluggish quantum tunneling
under low-lying states as they progressively depogulate, and this is
undoubtedly mediated by the coupling of Dy" centers. This
conjecture is corroborated by direct measurements of the magne-
tization relaxation (magnetization decay experiments) performed
down to 0.04 K (Figure S4). The quantum regime is observed
below 0.15 K, with a characteristic time of Tyry = 35 s (Figure S).
Such a tunneling rate is considerably slow for a dysprosium SMM:
3 orders of magnitude slower than rePorted for other Dy, systems,
usually at the millisecond level.**''“'212%15 QTM has been
previously studied for several polynuclear Ln-SMMs with negli-
gible or antiferromagnetic in‘ceraction,‘ﬂ”ls’16 but what makes
complex 1 unusual is that it provides an excellent candidate for
probing quantum tunneling in a system with ferromagnetically
coupled Ln ions."”

The nature of the energy states of 1 was revealed by ab initio
calculations (see Figure SS and Table S1). The calculated local g
tensors on the dysprosium sites are strongly axial (Table S2). The
corresponding local anisotropy axes are almost parallel to each other
(inset of Figure 3 and Figure S6), lying approximately in the plane
formed by the two dysprosium ions and one bridging oxygen atom
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Figure 4. Plot of normalized magnetization (M/M,) versus ioH. The
loops are shown at different temperatures at 0.035 T/s (a) and at different
sweep rates at 0.04 K (b). (c) Zeeman diagrams calculated for the field
applied along the anisotropy axis of the ground exchange doublet.

(Table S3). Therefore, the transversal components of the dipolar
field induced by the dysprosium ions on each other will be small. We
can treat the joint effect of the anisotropic dipolar and the exchange
interactions (J) within the Lines model between the lowest Kramers
doublets on the Dy sites'® and take into account the intermolecular
interaction (z])." Figures 2 and S7 show calculated T and M(H)
for a powder for the set J = 5.88 cm ™' (each Dy'" ion is described as
S=1/2)andzJ = —1.84 cm™ .

In order to understand the origin of the obtained relatively
strong ferromagnetic interaction between the lowest Kramers
doublets on the Dy sites, we calculated the dipolar contribution
to J. Using the calculated orientations of local anisotropy axes
(Figure 3) and the main values of the local g tensors (Table S2), we
obtain Jg, = 5.36 cm™ ", The pure exchange contribution to the
interaction is then Jon = J — Jap = 0.52 cm™ ', Thus, the
ferromagnetic coupling comes almost entirely from a ferromagnetic
dipolar interaction which, at its turn, originates from a near-parallel
alignment of the local anisotropy axes and the line connecting the
dysprosium ions."'® This is an example of how a strong ferromag-
netic interaction between lanthanide ions can be achieved by
engineering the local anisotropy axes. We note, however, that this
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Figure 5. Arrhenius plot constructed using ac " (Table S1) and dc
decay data (Figure S4). The dashed lines represent the best fits to the
Arrhenius law of the thermally activated region with the parameters
given in the text. Inset: Cole—Cole plots for 1. The solid lines indicate
the fits to eq 1.

conclusion is valid for “conventional”, diamagnetic bridges between
lanthanides ions, like O, from the present case. In the case of
lanthanide ions connected by radical bridges, like N,>~, the
interaction between them is much stronger,® pointing to their
preponderant exchange character.

With the obtained parameters | and zJ, the spectrum of the
lowest exchange multiplets is found to be two exchange Ising
doublets (Table S4), separated by 2.85 cm™ ', each showing a
tunneling splitting of the order of 10~ ® cm ™" (Figure 4c). The
level crossings are responsible for QTM. The shift in magnetiza-
tion loops (Figure 4b) is attributed to the exchange bias field
arising from weak inter-SMM interactions.'”” The negligible
tunneling splitting in both exchange doublets points to an almost
net Ising exchange interaction between Dy sites. The Ising
exchange interaction in such a low-symmetry complex is entirely
due to the very low transversal components of the local g tensors
(Table S2) and is the reason for the observed strong suppression
of relaxation rate at low temperatures.

In the high-temperature regime, two closely spaced relaxation
processes operate, as seen from the broad " peak (Figures S8 and
S9) or significantly broadened Cole—Cole plots (Figure S inset).
The observation of two relaxations is not unprecedented and is the
result of the presence of distinct anisotropic centers."”*"'* In this
specific case, these are uniquely identifiable in this asymmetric
dinuclear compound. Despite their proximity, the relaxation time for
each process can be extracted by fitting the data to two relaxation
processes using the sum of two modified Debye functions:*°

Ay,
o)

Yo @) = Aspt ¥ ————7—ay
S,tot 1 + (l(,()fl)(l

Ay,

"
1+ (iwr)! %)

w =27V (1)

where Ysior = Xs1 + Xs2 represents the sum of the adiabatic
susceptibilities of the two relaxing species; Ay; is the difference
between the adiabatic susceptibility ()s;) and the isothermal
susceptibility (yr;) of each magnetic phase. The experimental
Zac(@) curves between 2.8 and 24 K can be nicely simulated by
applying eq 1 and depicted as the y'(w), " (), and Cole—Cole
plots in Figure S3 and the inset of Figure 5. The parameters obtained
are summarized in Table SS.

Over the temperature range 2.8—24 K, the parameter @,
quantifying the width of the 7 distribution, was found to be always
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less than 0.09. This indicates that each relaxation phase has a very
narrow distribution of relaxation times. Plotting the relaxation time
versus reciprocal temperature reveals that the Arrhenius-like beha-
vior is linear at very high temperatures, with effective energy barriers
of Uegy = 150 K (pre-exponential factor To; = 2.3 x 10 °s) and
Uu = 198 K (T, = 7.3 X 107 s) for the fast relaxation (FR) and
slow relaxation (SR) phases, respectively (Figures S and S10). The
ab initio calculations revealed that the first excited Kramers doublets
on the local dysprosium sites lie much higher in energy (Table S1).
This explains why the thermally activated process of the relaxation of
magnetization shows up at relatively high temperature (Figure 3).
The excitation energies on each local Dy site are larger than the
activation barriers derived from the relaxation times; nevertheless,
the calculations support the close values of U,g and Usgp.

In conclusion, a new alkoxido-bridged asymmetric dinuclear Dy""
SMM has been assembled using the rigid Hyovph ligand. At high
temperatures the blockage of magnetization is due to the individual
ion anisotropy, which explains the observation of two relaxation
times. At low enough temperature the Dy, dimer enters the
exchange-blocking regime, exhibiting a sluggish relaxation (Tqry =
35 s). The achievement of such long relaxation times 7 is crucial
for information storage applications.”’ The efficient blockage of
magnetization in the lowest exchange states of compound 1 is
mainly due to the high axiality of the Dy"" ions, which leads to an
Ising type of exchange interaction and, as a result, an almost
degenerate lowest exchange doublet (ie., almost zero intrinsic
tunneling gap). The present results demonstrate that, for suitable
crystal fields on the Dy sites, strong axiality of the local doublets,
leading to an efficient blocking of magnetization, can be achieved
also—if not better—in complexes with low symmetry. This pro-
vides a promising strategy for enhancing the single-molecule magnet
properties of polynuclear lanthanide-based complexes via fine-
tuning of the local environments of the lanthanide ions.
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