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ABSTRACT: The magnetic dilution method was employed
in order to elucidate the origin of the slow relaxation of the
magnetization in a Dy, single-molecule magnet (SMM).
The doping effect was studied using SQUID and micro-
SQUID measurements on a Dy, SMM diluted in a diamag-
netic Y, matrix. The quantum tunneling of the magnetiza-
tion that can occur was suppressed by applying optimum dc
fields. The dominant single-ion relaxation was found to be
entangled with the neighboring Dy"" ion relaxation within
the molecule, greatly influencing the quantum tunneling of
the magnetization in this complex.

The observation of slow relaxation of the magnetization in the
molecular complex Mnj,Ac led to the discovery of single-
molecule magnets (SMMs) in the mid 1990s." Since then, a
variety of SMMs have been synthesized as molecular counter-
parts to magnetic nanoparticles.” Indeed, SMMs are molecules
that function as single-domain nanoscale magnetic particles by
exhibiting magnetization-versus-field hysteresis whose coercivity
below the blocking temperature increases with increasing sweep
rate and decreasing temperature.' This behavior results from the
combination of a large ground spin state (S) with a large uniaxial
(Ising-like) magnetoanisotropy (D) and leads to a significant
energy barrier to magnetization reversal (U). However, in prac-
tice, quantum tunneling of the magnetization (QTM) through
the barrier via higher-lying M levels of the spin manifold results
in an effective barrier U.g < U, which is apparent by the
observation of steplike features in the hysteresis loops." Such a
magnetization relaxation mechanism is well-understood for
transition-metal SMMs but is hard to elucidate for polynuclear
lanthanide systems. This is mainly due to a combination of
several factors, such as the large magnetic anisotropy found in
lanthanide ions, high tunnelingj rates, and the weak magnetic
interactions between 4f ions.>>> Therefore, understanding the
origin of the relaxation modes observed in polynuclear 4f SMMs
remains an exciting challenge.

Precisely modulating the concentration of dilution/doping is a
useful method for controlling the electronic and magnetic
properties of a material.* In molecular systems, only a handful
of complexes for which the effect of doping on the magnetic
properties was investigated have been reported.* "8 To our
knowledge, elucidation of the slow relaxation of the magnetization
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in doped polynuclear lanthanide complexes has not been ex-
plored. We believe that the strategy of doping a diamagnetic
system with a paramagnetic ion can shed some light on the
complex relaxation processes inherent in 4f SMMs. Moreover, by
variation of the concentration of the dopant ion, effects such as
QTM can be accurately modulated. With this in mind, we
isolated a phenoxo-bridged centrosymmetric Dy, SMM that
exhibits slow relaxation of the magnetization below 25 K.> Our
aim was to use the dilution method to elucidate whether such
behavior originates from relaxation of a single ion or a magne-
tically coupled system. Herein we report the first relaxation
studies using SQUID and micro-SQUID measurements on a
Dy, SMM diluted in a diamagnetic Y, matrix. The doping
effect clearly indicated that the observed relaxation predomi-
nantly arises from the single-ion relaxation mode, which is
affected by the weak intramolecular exchange-biased coupling
between the Dy ions.

Single crystals of diluted complexes were prepared by reacting
N1,N3-bis(3-methoxysalicylidene ) diethylenetriamine (H,valdien)
(1 equiv) and Y(NO5);-6H,0/Dy(NO;) ;- 6H,0 in 95:5, 90:10,
and 50:50 percentage ratios (0.125 mmol) in 9 mL of 2:1 MeOH/
N,N-dimethylformamide followed by the addition of triethylamine
(2 equiv). Single-crystal X-ray structures of pure isostructural Y,
and Dy, complexes were obtained (Fi%ure 1), however because
of the similar ionic radii of Dy"" and Y""" ions, it was not possible
to distinguish the metal ions in the crystal structures of the
diluted samples. Packing arrangements for the Y'"" analogue are
given in Figures S1—S3 in the Supporting Information; the intra-
molecular Y - - Y distance and the intermolecular distance
between closest Y™ ions were found to be 3.76 and 10.56 A,
respectively. In order to establish the exact amount of Dy™"
dilution that had taken place in the Y, samples, we performed
inductively coupled plasma (ICP) measurements, which allow
trace concentrations of an element in a sample to be determined
precisely. The obtained results of 5.31, 10.24, and 50.56% dys-
prosium dilution were in good agreement with the values of S, 10,
and 50% employed during the synthesis. The probabilities of
observing different dinuclear species at different Dy"™" dilution
percentages are given in Table 1.

In order to probe the slow relaxation of the magnetization and
the quantum tunneling effects occurring in lanthanide SMMs,
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Figure 1. (a) Molecular structure of the centrosymmetric complex
[Y,(valdien),(NOj3),] (1). (b) Core unit of the diluted YDy complex.
(c) Core unit of the Dy, complex. Symmetry-equivalent positions
are denoted by an “a” in the label. Color code: yellow, Dy; green, Y;
red, O; blue, N.

Table 1. Calculated Probabilities of Observmg Various
Dinuclear Species at Particular Dy Dilution Percentages

species 5% dilution 10% dilution 50% dilution
Y, 0.9025 0.81 0.25
YDy 0.0950 0.18 0.50
Dy, 0.0025 0.01 0.25

alternating current (ac) magnetic measurements were performed
on crushed polycrystalline samples in the SQUID magnet-
ometer, whereas the dc transverse field method using a micro-
SQUID® was used for single crystals. The temperature depen-
dence of the ac susceptibility in the 20—1.8 K range was
measured for all of the diluted samples at various dc fields and
frequencies (Figure 2 and Figures S4—S6). Initial measurements
on diluted and nondiluted Dy, samples under zero applied dc
field exhibited a clear frequency-dependent signal below 20 K,
indicating SMM behavior. A peak maximum was observed at
~10 K for all samples, but below 6 K the tail of a frequency-
dependent peak signal was observed for diluted samples
(Figure 2, left). Such a tail of a peak is indicative of QTM
throu%h the spin-reversal barrier via degenerate +=Mg energy
levels.”™*#° Lanthanide ions are known to exhlbrt srgmﬁcant
QTM, but in the case of Dy™ ions (*His/, S=°/5,L=5,g="/3),
the QTM is reduced as a result of a spin-parity effect. The latter
effect predicts that the QTM should be suppressed at zero field
when the total spin of the magnetic system is a half-integer but
allowed in integer-spin systems. However, QT'M can be induced
experimentally even in half-integer spin systems through effects
such as environmental degrees of freedom as well as hyperﬁne
and dipolar coupling via transverse field components.® The
intensity of the tail increased with increasing percentage of Dy
dilution, consistent with an increase in the major species YDy.
This clearly demonstrates that the QTM seen in our system is
consistent with mononuclear lanthanide SMMs exhibiting sin-
gle-ion relaxation behavior.*®

In order to shortcut the QTM, it is possible to apply a static dc
field while measuring the frequency-dependent signal. Indeed, in
such measurements the degeneracy of the =M energy levels can
be removed, consequently preventing the tunneling of electrons
from the +Mg state through the spin-reversal barrier to the —Mg
state. The thermal dependence of %’ below 20 K at an applied dc
field of 200 Oe (Figure 2, middle) exhibited a slight decrease in

the tail observed below 6 K, confirming the latter assumption. It
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Figure 2. Temperature dependence of the out-of-phase susceptibility
(x"") at 250 Hz and applied fields of (left) 0, (middle) 200 Oe, and
(right) the optimum field for the diluted samples.
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Figure 3. Plot of In(7), where 7 is the relaxation time of the magnetiza-
tion, vs 1/T for all four samples. The effective energy barriers (U.g)
obtained from the fits are indicated.

is noteworthy that there was only a slight shift of the peak maxima
for all of the diluted samples. To fully suppress the tunneling
effects, optimum dc field measurements were carried out at 10 K
and optimum fields of 200, 900, and 900 Oe were found for §, 10,
and 50% Dy™" dilution, respectively. Subsequent ac measure-
ments were carried out at these optimum fields (Figure 2, right),
and a clear single-relaxation peak without the presence of a tail
was observed in the out-of-phase plots, confirming the suppres-
sion of the QT'M. The intensities of the peaks gave an indication
that the major species present in the diluted samples was the
YDy complex, consistent with the ICP data. The optimum-
field data were used to derive Arrhenius plots (Figure 3), from
which energy barriers (U.g) were extracted. The U.g values of
88.5, 87.8, and 85.1 K obtained at 5, 10, and 50% dilution,
respectively, are much larger than that of the parent 100% Dy,
complex (76.0 K). This trend demonstrates that the YDy species
rather than the Dy, species is the primary contributor to the
relaxation barrier. Additionally, these results are consistent
with those for previously reported dysprosium SMMs, in which
the large relaxatlon barriers arise primarily from single-ion
anisotropy.> The obtained barriers are comparable to some of
the largest barriers seen for transition-metal SMMs'™?? but
smaller than those for previously reported pure Ln'" SMMs.>**
The observed increase in the relaxation barrier with increasing
magnetic dilution from 76.0 K for 100% Dy to 88.5 K for 5% Dy
follows a similar trend reported previously by Jiang et al.*
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Figure 4. Field dependence of the normalized magnetization of samples
containing (top left) S, (top right) 10, (bottom left) S0, and (bottom
right) 100% Dy between 0.04 and S K at the indicated sweep rates.

To further probe this dynamic behavior, single-crystal hyster-
esis loop measurements were carried out over the 0.04—5 K
temperature range using a micro-SQUID. Hysteresis loops were
measured on easy-axis-oriented single crystals of samples with S,
10, and 50% dilution and compared to the data for the 100%
Dy, complex (Figure 4). In the case of the 5%-doped sample
(Figure 4, top left), a large step at zero field was observed. This is
consistent with the QTM often observed for lanthanide systems.>
Moreover, the latter behavior also confirmed the observed tail in
the out-of-phase plot. As the field was increased, opening of the
loop was observed, with the maximum opening occurring below
500 QOe, in agreement with the ac optimum field of 200 Oe. The
latter observation clearly confirmed the suppression of QTM
under an applied field. The small tunnel resonance step at ~0.3 T
is due to the minor Dy, complex (Figure 1c), in which each Dy™
ion acts as exchange-biased on its neighboring metal center
within the molecule. This can be correlated to the step at 0.3 T
for the 100% Dy sample, confirming its identity as the Dy,
species. The magnitude of the small step due to Dy, can be
compared with the large step due to YDy. The observed
magnetization ratio of 1:19 is consistent with the presence of
Dy,:YDy = 1:38, consistent with a dilution of 5%. Similar
behavior was seen for the 10%-diluted sample, for which the
observed magnetization ratio was 1:9, indicating a Dy,:YDy ratio
of 1:18. At 50% dilution, the tunneling at zero field decreased,
and the increased step at ~0.3 T (1:1 magnetization ratio) is
indicative of the presence of 25% Dy, and 50% YDy (Figure 1b)
species. In the 100% Dy, sample, the absence of the step at zero
field indicates the absence of YDy species, which was responsible
for the zero-field tunneling. The tunnel resonance step around
£0.3 T can be directly associated with the large spin flip of the
antiferromagnetically coupled Dy ions. The latter weak cou-
pling (0.32 T) is comparable to that in the exchange-bias-coupled
{Mn,}, system.” In previously reported transition-metal sys-
tems, the exchange-biased interactions originate mainly from
weak intermolecular interactions via hydrogen bonds or dipolar
interactions.”'® These interactions are sufficient in strength to
perturb the QTM that occurs. In our system, the exchange-biased
interaction is intramolecular in nature because of the weak
coupling between the Dy"" ions. In fact, 4f magnetic orbitals of
lanthanide ions interact poorly with the bridging ligand orbitals

as a result of their core-orbital nature. Thus, the magnetic
superexchange pathway via the ligand orbitals is less efficient.
In conclusion, the in-depth study of this diluted system clearly
demonstrates that the slow relaxation of the magnetization
originates from the single-ion relaxation of Dy"" ions. However,
this single-ion relaxation is entangled with the neighboring Dy""
ion relaxation within the molecule via weak intramolecular
exchange-biased interactions. This in turn suppresses the QTM
at zero field that is generally observed for lanthanide systems.
These results demonstrate the decisive role of the exchange
interaction in such systems despite its small magnitude (typically
less than 1 cm™ ). This study further demonstrates that weak
intramolecular exchange-biased interactions provide a novel
approach for fine-tuning the QTM and understanding the nature
of slow relaxation of the magnetization in SMMs. Finally,
understanding the slow relaxation mechanism in 4f SMMs may
pave the way forward toward the isolation of SMMs that can
potentially be applied in the field of molecular electronics.
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