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The promising future of storing and processing quantized information at the molecular level has been
attracting the study of Single-Molecule Magnets (SMMs) for almost three decades. Although some recent
breakthroughs are mainly about the SMMs containing only one lanthanide ion, we believe SMMs can tell
a much deeper story than the single-ion anisotropy. Here in this Perspective, we will try to draw a unified
picture of SMMs as a delicately coupled spin system between multiple spin centres. The hierarchical
couplings will be presented step-by-step, from the intra-atomic hyperfine coupling, to the direct and
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Accepted 23rd June 2022 indirect intra-molecular couplings with neighbouring spin centres, and all the way to the inter-molecular
and spin—phonon couplings. Along with the discussions on their distinctive impacts on the energy level

DOI: 10.1039/d2sc01532¢ structures and thus magnetic behaviours, a promising big picture for further studies is proposed,
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1. Introduction

Single-Molecule Magnets (SMMs) have attracted unprecedented
interest in recent years due to their ability to store and process
quantized information at the molecular level.' In such
a manner, they have become one of the most promising
candidates for the next-generation non-volatile memory
elements, quantum information processors and molecular
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encouraging the multifaceted developments of molecular magnetism and beyond.

spintronic devices.*® Since the discovery of {Mn;,} as an SMM
until now,” almost three decades have passed and great prog-
ress has been made one after another.** Most recently,
multiple breakthroughs have been made especially in mono-
metallic SMMs, namely Single-Ton Magnets (SIMs). By under-
standing and optimizing the single-ion parameters such as the
anisotropy and energy barrier, many high-performance lantha-
nide SIMs (Ln-SIMs) have been reported,””** leading to
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Fig. 1 The schematic model of a Single-lon Magnet building block
(central red sphere) that is coupled to an intra-atomic nuclear spin
through the hyperfine interactions (purple), to a radical-bridged spin
centre through the direct exchange (green), to a nearby metal ion
through a metal-metal bond (red), to a ligand-bridged spin centre
through superexchange (yellow), to the dipolar field generated by
a distant spin centre (pink), and to the lattice vibration/phonon (the
blue ocean).

milestones such as the open magnetic hysteresis above liquid-
nitrogen temperature.*

Although a lot of relevant studies mainly focus on optimizing
the single-ion properties, especially the energy barriers, we
believe this should not be the whole story, nor is it the end of the
story. Coupling high-performance SIMs into SMMs is a natural
extension, which however requires rational design better than
trial and error. At this stage, we feel it is necessary to take some
lessons learnt from Ln-SIMs and draw a blueprint toward
higher-order systems by delicate couplings, in the hope of
fuelling the upcoming leaps in SMMs and thus molecular
magnetism.

Here in this Perspective, we will look upon an SMM as
a coupled multi-spin system between different spin centres
(Fig. 1). We will present the hierarchical couplings from the
hyperfine coupling with the nuclei, to the direct and indirect
couplings with neighbouring spin centres, and all the way to the
inter-molecular and spin-phonon couplings in the lattice.
Meanwhile, a selected portion of related studies (rather than
a complete collection) will also be discussed as characteristic
examples. We hope that such insights can provide a deeper
understanding of the fascinating behaviours of SMMs, inspire
new ideas and research, and promote multifaceted develop-
ments of molecular magnetism as well as relevant fields in the
near future.

2. Lessons learnt from lanthanide
single-ion magnets

The discovery of double-decker phthalocyanine complexes
(TBA)[Ln(Pc),] functioning as SMMs brought an exciting inspi-
ration that even a single metal ion is capable of retaining its
magnetic memory in a suitable coordination environ-
ment."'*?° In the subsequent nearly two decades, more than
a thousand SIMs have been reported,*>* which form a huge

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 The energy level splitting of a typical heavy Ln®* ion placed in an
axial electrostatic crystal field, as well as the possible relaxation
pathways. Higher-energy spin states are abbreviated for clarity.

database for mining some of the fundamental knowledge
towards high-performance SIMs and SMMs. In such a manner,
the most important reason for studying SIMs may be their
relatively simpler molecular structures and therefore clearer
magneto-structural correlations. In particular, from the state-
of-the-art ab initio calculation®?® to the intuitive and easy-to-
use SIMPRE,” it is revealed that the magnetic properties of
Ln-SIMs are dominated by the crystal field environments from
an electrostatic point of view (Fig. 2). As a result, some opti-
mization strategies toward high-performance Ln-SIMs have
been put forward based on real-world successful examples
combined with some basic principles of crystal field theory.>**

To put it in a nutshell, firstly a highly anisotropic crystal field
environment that matches the electron density distribution of
the central ion is crucial to creating a large energy splitting
between different m; states and stabilising the large +m; states
as the ground states.”® Moreover, the local symmetry of the
coordination environment shall be intentionally controlled to
minimize the transverse crystal fields, reduce the mixing
between different m; states and suppress the quantum tunnel-
ling of magnetization (QTM).** Indeed, the outstanding SIM
properties are more frequently achieved in heavy lanthanides
simultaneously possessing large S, L and J in **"'L; terms,
namely Tb3+(7F6),12,16—20 Dy3+(6H15/2)’14,15,32—38 H03+(518)’17,33,39—41
and Er’**('I;5,),">">* with specific pseudo local symmetries
such as D4d’12,16—20 Dsh,34,35,38,39,44,45 and C,,.13-15:37:4243

Such lessons learnt from Ln-SIMs not only fuelled their rapid
progress in recent years, but also implicated the possibility of
utilizing high-performance Ln-SIMs as building blocks for
multi-spin SMMs. In such a way, magnetic couplings between
multiple spin centres may give birth to even more interesting
molecular/electronic structures and thus fascinating magnetic
behaviours, as we will see below.

3. Single-molecule magnets beyond
a single lanthanide ion
3.1 Intra-atomic hyperfine coupling

When we talk about Ln-SIMs, usually we are only focusing on
the well-shielded 4f electronic spins. However, most lantha-
nides contain certain isotopes that have nuclear spins. Despite
often being neglected, the hyperfine interactions are always

Chem. Sci., 2022, 13, 8716-8726 | 8717
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there because the nuclear spins are always there. The hyperfine
interaction couples the nuclear spin I with the electronic spin J
into a multi-spin system, which from the magnetic point of view
is better treated like an multinuclear SMM system even for a Ln-
SIM.

The major difficulty in studying the hyperfine interactions in
SMMs is that such an effect is quite weak (energy level splitting
4 =10""-10° em™ "), so it is easily overwhelmed by large QTMs
from dissatisfied coordination environments and/or other inter-
metallic magnetic couplings.*® Therefore until now, only a few
well-defined SIMs can serve as suitable platforms to clarify the
hyperfine interactions,**'®'73%4:47-52 which are usually further
accompanied by diamagnetic dilution.

Here in a schematic representation (Fig. 3), the lowest £,
electronic spin states are coupled with all &+ m; nuclear spin in
a Hy¢ = Ang/I manner for a typical ***Tb*" (I = 3/2) ion, where Ay¢
is the hyperfine-interaction parameter. In the pseudo D4 local
symmetry for [***Tb(Pc),]™,'® the avoided level crossings that
allow the QTM are only significant at four field positions
(Fig. 3b), and some additional small steps are explained by the
nuclear quadrupole interaction term. On the other hand, the
common step at a zero field is absent, meaning that the QTM
here is suppressed.

For '®Ho (I = 7/2), the situation is similar despite that
a larger I number allows more field positions for QTM.
Considering the isostructural ['**Ho(Pc),] ,”” taking local
symmetry into account, as many as 15 field positions are
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Fig. 3 (a) The Zeeman diagrams of an electronic pseudo-spin J = 1/2
(red arrow) coupled to the intra-atomic nuclear spin | = 3/2 (blue
arrow) by hyperfine interaction Aps. The avoided level crossings for
QTM are represented by red circles. £ stands for energy, and H stands
for the external magnetic field. The relative strengths of the hyperfine
interactions for Ho**, Tb®*, and Dy*" are respectively shown, in an
intuitive form of the typically affected field region. (b) Normalized
magnetic hysteresis loops at 0.04 K for a single crystal of diluted
[Tb(Pc),]™ measured at several field scan rates, along with the
molecular structure in the inset. Adapted with permission from ref. 16;
copyright: (2005) Wiley-VCH. (c) Normalized magnetic hysteresis
loops for a single crystal of diluted [Ho(CyPh,PO),(H,0)s1*" at a field
sweep rate of 0.07 T s~! and several temperatures, along with the
molecular structure in the inset. Adapted with permission from ref. 39;
copyright: (2017) Wiley-VCH.
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proposed and categorized into three types based on their
origins ranging from transverse crystal field terms or transverse
magnetic fields. Furthermore, by stabilizing the largest and
purer m; = +8 states as the ground states using a compressed
pentagonal bipyramidal coordination environment,**' the
number of these QTM positions can be lowered to eight
(Fig. 3c). Similarly, with the presence of the hyperfine interac-
tions, the avoided level crossing at a zero field is absent. These
results also can be understood by coupling the half-integer
nuclear spins with the integer electronic spins for *°Tb (J =
6) and '**Ho (J = 8), which forms a Kramers system thus the
degeneracy at a zero magnetic field is protected.

For Dy, unlike "**Tb and '®*Ho that have only one natural
nuclide, there are four major natural isotopes (***'**Dy), each
of which accounts for roughly a quarter. Among them, **'Dy
and "®*Dy have an I = 5/2 nuclear spin while the others do not.
Although some hyperfine features can be glimpsed for
[Dy(Pc),],* it is not until the isotopic enrichment studies®*>°
that the effect of the hyperfine interactions on Dy*" is revealed
for SMMs. In general, the nuclear-spin-free '**Dy shows longer
relaxation times than '*'Dy and '®Dy,***® especially in the
temperature-independent regime where QTM is dominant. In
addition, different magnetic relaxation times were also
observed between '®'Dy and '**Dy despite their same nuclear
spin, which is attributed to the difference in Ay¢.*° Finally, wider
magnetic hysteresis loops are also observed for '**Dy, but sharp
tunnelling, as well as short relaxation times at a zero field, is
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Fig. 4 The dipolar couplings between two neighbouring spin centres
with strong axial anisotropy, showing the importance of the relative
orientation of the magnetic moments with their spatial locations (top),
from an independent spin center (b) to a ferromagnetic (c) or anti-
ferromagnetic (a) dimer. The solid grey lines qualitatively represent the
magnetic field lines generated by the spin centre treated as a small bar
magnet. The corresponding Zeeman diagrams (middle) and the typical
magnetic hysteresis loops (bottom, at a relatively low temperature) are
also presented. Green/grey arrows indicate the possible positions for
strong/weak avoided level crossings and thus fast/slow QTM,
respectively. They are further linked with the steps on the magnetic
hysteresis loops by the grey dashed lines. The one-way green arrows in
the FM scenario should be particularly noted, which only happens in
the demagnetization process. Field-enhanced relaxation process such
as the direct process is mainly responsible for the closing of the
hysteresis loops at higher fields, which is marked with yellow wavy
arrows.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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still present.*® The relatively narrower “hyperfine region” (typi-
cally between 4200 Oe) for Dy*" compared with Ho>" (can be up
to £2000 Oe) is also an obstacle, so a highly diluted single-
crystal characterization is usually required.

From our perspective, the isotopically enriched and
magnetically isolated versions of some high-performance Dy
SIMs™ would be nice platforms to further study and clarify the
hyperfine interactions in an “*°Dy SIM. In addition, some new
techniques should be paid attention to, such as utilizing **’Dy

View Article Online
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molecular quantum bits for some quantum operations,** and
the interplay between their hyperfine interactions with other
factors such as inter-metallic couplings would be interesting
topics.***” We would also like to emphasize the importance of
including the hyperfine interactions in the precise theoretical
calculations, especially when dealing with energy state mixings
and QTM for Dy**, in order to get a closer reflection of reality.

3.2 Intra-molecular couplings in multimetallic SMMs

for time-domain synchrotron Mdssbauer spectroscopy® and . . . .
. . ) Now, we will move to intra-molecular magnetic couplings,
nuclear resonance vibrational spectroscopy® to probe the

. .. . . . which are the dominant interactions in the majority of multi-
influence of the coordinating ligands as well as the vibration. . . . .

L 171 metallic SMMs. First of all, let us look at the easiest f-f dipolar

Moreover, some less-common lanthanide ions, such as couplings as clever combination of single-ion anisotropy and
7%yDb,%355 could also be further studied with regard to the ping . g . Py

. . . molecular architecture. The extremely anisotropic f-block SIMs

dependence of their magnetic behaviours on the hyperfine make them nice examples for through-space dipolar couplings

interactions. Taking back about "**Tb and '®*Ho, the clearer P HsP P pings,

. . . where a spin centre can be regarded as a small bar magnet
hyperfine pictures make them more suitable candidates for . . .
generating a set of magnetic field lines (from the north pole to
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Fig. 5 Selected SMMs with the dipolar couplings (a—d) and the direct couplings (e and f). Arrows represent the relative orientations of local
magnetic moments at the ground state. (a) A ferromagnetic dimer: the molecular structure (left) and the normalized magnetic hysteresis loops
(right) at 0.035 T s for a single crystal of [Dy,(ovph),Clo(MeOH)s]-MeCN. Adapted with permission from ref. 59; copyright: (2011) American
Chemical Society. (b) An antiferromagnetic dimer: the molecular structure (left) and the normalized magnetic hysteresis loops (right) at 0.14 T s~*
for a single crystal of [Dy;(valdien),(NOs),]. Adapted with permission from ref. 60; copyright: (2011) American Chemical Society. (c) A frustration-
type triangle: the molecular structure (left), relative orientations of the magnetic moments at the ground state (middle), and the magnetic
hysteresis loops (right) at 0.02 T s for the powder of [Dys(us-COs)(Clobpen)s]*. Adapted with permission from ref. 63; copyright: (2020) Royal
Society of Chemistry. (d) Single-Molecule Toroics: the molecular structure (left), orientations of the magnetic moments at the degenerate
ground states (middle), and the normalized magnetic hysteresis loops (right) at 0.028 T s~ for a single crystal of [Dys(usz-OH)s(o-
vanillinato)sCl(H,0)s]®*. Adapted with permission from ref. 68 and 69; copyright: (2006, 2008) Wiley-VCH. (e) A strongly coupled Ln-rad—Ln
trimer: the molecular structure (left) and the magnetic hysteresis loops (right) at 0.9 mT s~ for the powder of {[(MesSi),NIo(THF)LN}»(1-No) ™.
Adapted with permission from ref. 73; copyright: (2011) American Chemical Society. (f) Not-so-strongly coupled Ln—rad—Ln trimers: the
correlations between U and the coupling constants for a series of [(Cp*,Ln),(u-Rxbpym)]™ (left) and the magnetic hysteresis loops (right) for the
powder of the (Ln = Dy, R = F) derivative. Adapted with permission from ref. 74; copyright: (2020) American Chemical Society.
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the south pole). As a result, the other spin centres at a distance
will more or less sense an additional magnetic field (reduces
with the inverse-cube of the distance), and the energy will be
lower when the magnetic moment points in the same direction
as the dipolar field. It is easy to infer that, for a simple dinuclear
SMM (Fig. 4), placing the two anisotropic metal ions in
a collinear/parallel way stabilizes the same orientation of their
magnetic moments, or in other words, a ferromagnetic (FM)
ground state (Fig. 4c). In contrast, an antiparallel placement
results in an antiferromagnetic (AFM) ground state (Fig. 4a).

Interesting things happen when we look at their low-lying (4
~ 10° cm™') energy levels using Zeeman diagrams and the
transitions between different states. For an uncoupled SIM
(Fig. 4b), the only fast transition is near a zero field and it is
mostly owing to QTM, which is often witnessed by a sharp drop
of the magnetization in the magnetic hysteresis loop. For an FM
coupled dimer (Fig. 4c and 5a),*** the zero-field QTM is sup-
pressed owing to the reduced tunnelling probability for the
need to simultaneously flip two magnetic moments (grey arrows
in Fig. 4c). As a result, the relaxation times near a zero field are
increased, and the most effective transitions will only happen
when the FM Zeeman line meets the diamagnetic one in the
demagnetization process (one-way green arrows in Fig. 4c). As
a result, a wide hysteresis loop with large remnant magnetiza-
tion and coercive field is promoted.

On the other hand, for an AFM coupled dimer (Fig. 4a and
5b),**¢* the ground state at a zero field is diamagnetic (the blue
line in Fig. 4a). The magnetization will drop significantly prior
to reaching a zero field, leaving a tiny (if any) hysteresis loop.
Indeed, from the definition point of view, it ceases to be
a magnet in the low-temperature, low-field regime. Neverthe-
less, at higher temperatures and/or higher fields, the AFM
coupling is overwhelmed, thus a typical slow relaxation of
magnetization can still be observed because of the increased
population of its excited FM states.

It should be noted that sometimes the dipolar coupling can
be enhanced/overcome by through-ligand superexchange
couplings. For example, the dipolar coupling in triple-decker
[Er,(COT");] is FM,® but the bridging ligand mediates a larger
superexchange AFM coupling. Overall it is still an AFM dimer
with a dpy_apum around 15 em ™. Interestingly, when there are
multiple competing AFM couplings, like those observed in
a perfect {Dy;} triangle, a spin-frustration-type arrangement can
be one of the solutions (Fig. 5c¢).** Finally, if the magnetic
anisotropic axes of neighbouring spin centres are angled,**° it
cannot be described using such a simple FM/AFM terminology.
Anisotropic couplings are expected and a significant transverse
magnetic field will inevitably exist, which usually limits the
SMM behaviours, especially at the quantum regime. A special
case, however, is the Single-Molecule Toroics (SMT, Fig. 5d),*”-7>
where the magnetic moments are arranged in a toroidal way at
the ground state due to non-collinear Ising-type magnetic
interactions. Although no conventional total magnetic moment
is preserved, a net toroidal magnetic moment takes the place.
On the other hand, at higher temperatures and/or higher fields,
the thermally populated excited states allow similar magnetic
behaviours like SMMs.
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Fig. 6 The simplified energy level splitting of the low-lying states for
(a) a lanthanide-radical-lanthanide (Ln—rad—Ln) spin system with
strong antiferromagnetic Ln—rad coupling; and (b) a lanthanide—
radical (Ln-rad) dimer with weak ferromagnetic coupling. Only the
positive half (spin up) of the degenerated states are depicted for clarity,
as the other half is simply with all opposite orientations. The corre-
sponding Zeeman diagrams are also presented. The large difference of
the final 4 (grey and green arrows, respectively) compared with the
original single ion 4sm should be particularly noted.
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Now one may ask a question: what if the magnetic coupling
between spin centres is exceptionally strong? That is just the
case for some high-performance radical-bridged dilanthanide
SMMs possessing strong direct exchange.””””” Although the Ji,-
rad 1S antiferromagnetic, such a Ln-rad-Ln pattern still results
in ferrimagnetic ground states, which are separated from the
excited states by a large 4 up to 10'-10> cm ™' (Fig. 6a, 5e and f).
Such a deychange replaces the original dgpy between different m;
states and acts as the new effective energy barrier. Like the
situation for FM dimers, here the QTM between the ferrimag-
netic ground states is largely suppressed. Moreover, a large 4
can also move the FM/AFM intersections far outside the
experimental region. As a result, high-temperature magnetic
blocking and giant coercivity are made possible despite their
moderate U (e.g. 227 cm™* for {Th,(N,)}).”>7577

However, simply incorporating a radical ligand into an SMM
does not automatically guarantee outstanding magnetic
behaviours.” In fact, for these thermally activated magnetic
relaxations, the excited states usually act as a ceiling, which can
be as low as 4 < 10" ecm " in weakly coupled Ln-radical systems
(Fig. 6b) and destroy the hope for magnetic blocking except at
an extremely low temperature. In addition, a relatively large
gy is still required even in the strongly coupled scenario, as
the large splitting makes the original + m;_, states join the low-
lying energy diagrams (Fig. 6a, grey dashed lines). Moreover, the
mismatched orientations of the magnetic moments can still
generate transverse magnetic couplings and facilitate QTM.” A

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Selected SMMs with metal-metal bonds. (a) Magnetic relaxa-
tion times for Tb,@Cgo-CF3 in a zero field and a 0.2 T dc field, along
with the molecular structure and spin density (DFT-computed for the Y
derivative) in the inset. (b) Magnetic hysteresis loops for Tb,@Cgg-CFs.
Adapted (a and b) with permission from ref. 83; copyright: (2021)
American Chemical Society. (c) Magnetic relaxation times for
[(CP™™®),Ln,l5], along with the molecular structure in the inset. (d)
Field-cooled demagnetization and magnetic hysteresis loops for
[(Cp™™®),Dys.l5] at a field sweep rate of 0.01 T s7%, along with the spin
density (CASSCF-computed for the Gd derivative) in the inset. Adapted
(c and d) with permission from ref. 86; copyright: (2022) The American
Association for the Advancement of Science. The different shapes of
the distributions of spin density (between a and d) should be particu-
larly noted.

feasible approach may be utilizing the redox properties of the
ligand to probe the true impact of the radical by comparing the
SMM properties between different oxidation states.>*** Never-
theless, the general recipe of combining strong axial single-ion
magnetic anisotropy with strong magnetic exchange coupling
still holds for high-performance radical-containing SMMs.

Furthermore, in a confined space where two magnetic metal
ions are placed in close proximity to each other, a metal-metal
bond could be created from the direct bonding between their
atomic orbitals. In some endohedral metallofullerenes
Ln,@Cgo-R (Fig. 7a)®*® and endohedral metalloazafullerenes
Ln,@C,N,*# the Ln---Ln distance can be as short as 3.7-3.9 A.
From the experimental and theoretical study, the presence of
a single-electron Ln-Ln ¢-bond of 6s orbital parentage has been
verified. An exceptionally strong FM Ln"™"--e”---Ln"" coupling is
modelled, which generates the exchange states at 4 = 10°-
10% cm ™" and acts as the U.. Therefore, magnetic blocking can
be observed at relatively high temperatures (Fig. 7b).

In a similar manner, the recently achieved mixed-valence
(Ln"-Ln™) dilanthanide SMMs®* adopt a single-electron Ln-
Ln o-bond of 5d, orbital parentage (Fig. 7c and d). The
exchange constant for the FM coupling is more than doubled,
thus a record 4 exceeding 10° cm™" (forming U.g) as well as an
enormous coercive magnetic field even at 60 K is achieved. For
comparison, its all-Dy™ analogue acts more like a conventional
dinuclear SMM with weak dipolar/superexchange coupling,
which highlights the decisive importance of the extra electron
in the diffuse 5d orbitals. In addition, we would like to point out
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Fig. 8 The simplified energy level splitting of the low-lying states for
(a) a ferromagnetically coupled d-f dimer and (b) a three-body f-d—
d spin system in which the d—f coupling is ferromagnetic while the d—
d coupling is antiferromagnetic. Only half of the degenerated states
are depicted for clarity.

o, - 11

that the usually adopted Ln™:--e ---Ln™ versus Ln"-Ln
pictures for these two systems are intrinsically equivalent. Their
atomic orbitals are highly combined into molecular orbitals,
which can be regarded as a superatom. The electron in the
singly occupied molecular orbital (SOMO) is completely delo-
calized, and so does the valence. Finally, on the other hand,
bonding lanthanides with closed-shell diamagnetic main group
metal ions such as Sb*” and Bi*® is more like bridging by a p-
block organic ligand. Still, these heavy donors with more
diffuse valence orbitals could mediate a stronger superexchange
coupling (e.g. 4 ~10 cm ™" for [(Cp*),Dy,Big]* )*® than common
ligands with lighter C/N/O/Cl donors.

Moving forward, introducing a magnetic d-block ion near
a lanthanide ion usually creates moderate (4 = 10°-10" cm ™)
d-f couplings (Fig. 8a),%*** which are mostly due to the super-
exchange interactions mediated by the bridging ligand(s). Such
a scenario is somewhat similar to a weakly coupled Ln-radical
system (Fig. 6b), and so do their magnetic behaviours.”* On the

In(z/s)

03 04 05 06 07
7K™

-"’.

o0 & & b M o N &

| /Zw’
02

0 01

10° 02T (1-Dy)
0T (2-Dy)

0.05 T (1-Dy)

0T (1-Dy)

0.0 01 02‘ 013 04 0.5
T /K

Fig. 9 Selected SMMs with both d-f and d-d superexchange
couplings. Arrows represent the directions of local magnetic moments
at the ground state. (a) The molecular structure (left) and the two-Ue¢
Arrhenius plot (right) for {Co,Dy5}, along with the magnetic hysteresis
loops in the inset. Adapted with permission from ref. 89; copyright:
(2012) Wiley-VCH. (b) The molecular structure (left) and the three-Uq¢
Arrhenius plot (right) for {DyCus}. Adapted with permission from ref.
90; copyright: (2021) Wiley-VCH.
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other hand, a more strongly coupled f-d—-f or f-d-d-f system®*
can be similar to some moderate radical-bridged lanthanide
complexes,” although the magnetic anisotropy of the d-block
ions cannot be neglected.®*** Moreover, since J4_4 is larger
than Jo¢ (in an S = 1/2 pseudo-spin context), connecting
multiple d-block ions may further generate greater 4 = 10'-
10> em ! in f-d-d systems (Fig. 8b) and beyond.**° The pres-
ence of these additional exchange excited states enables
unusual two U (e.g. for {Co,Dy,},* Fig. 9a) or even three U
(e.g. for {DyCus},* Fig. 9b) that corresponds to Aspy, 44-4, and
441, respectively, to be observed.

3.3 Inter-molecular couplings: SMMs in lattices

Until now, our discussions are mostly about “an ellipsoidal
SMM in a vacuum”. In reality, the study of SMMs always takes
place in a specific lattice, or at least, a specific environment.
Unless there are other effective pathways to mediate strong
magnetic couplings, usually the inter-molecular magnetic
interactions are dominated by dipolar coupling. From a crys-
tallographic point of view, the packing of neighbouring SMMs
must follow the crystallographic symmetry, which limits the
directions and distances between discrete molecules and thus
affects the dipolar coupling. This is undoubtedly the play-
ground for molecular engineering and crystal engineering.

In particular, a 1-dimensional column of collinear magnetic
moments of [TbNcPc]" promotes an inter-molecular ferromag-
netic coupling,®” which effectively suppresses QTM compared
with the diluted sample (Fig. 10a). In addition, partial oxidation
of the ligands can further introduce inter-molecular delocalized
radicals through the column and thus electroconductivity.” The
supramolecular dimer of an {Mn,} SMM produces antiferro-
magnetic coupling through the C-H---Cl and CI---Cl approach,
which results in exchange-biased QTM (Fig. 10b).°® It also
implies that the magnetic behaviours observed on the as-
synthesized crystalline samples might be a mixture of single-
molecule properties and inter-molecular interactions. There-
fore, diamagnetic dilution remains an effective tool to clarify
whether there are significant inter-molecular contributions.®*
Alternatively, loading SMMs inside the pores of metal-organic

a)

Pure //
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7
2] 4
S o B4 .
= / .
vl
/ ———
05 > o
) / .
45 4 05 0 05 1 15
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Fig. 10 Selected assemblies of SMMs with clear supramolecular
couplings. (a) Normalized magnetic hysteresis loops for a single crystal
of [TbNcPc]* compared with the diluted sample, along with the
packing diagram in the inset. Adapted with permission from ref. 95;
copyright: (2018) Wiley-VCH. (b) Normalized magnetic hysteresis
loops for a single crystal of {Mn,} dimer at a field sweep rate of 0.14 T
s71 at different temperatures, along with the dimer structure in the
inset. Adapted with permission from ref. 96; copyright: (2002) Springer
Nature.
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frameworks (MOFs) is a feasible way to not only weaken the
inter-molecular couplings but also enable nanostructuring,®*°
however strong solvent stability of the studied SMM is
mandatory.

Last but not least, we would like to briefly mention the spin-
phonon coupling that links the magnetic behaviours of SMMs
with the lattice vibration.**** Instead of a static picture, now
the dynamic features are taken into account. In other words, the
atoms are allowed to vibrate and rotate in the discussion and
calculation, like what they actually do in reality. It is identified
that, some “harmful” low-energy vibrational modes can
produce large anisotropy tensor modulations and therefore
facilitate magnetic relaxation. Several general strategies to
suppress the spin-phonon coupling have been put forward,
which include (but not limited to): (1) using structurally rigid
ligands; (2) incorporating heavy substituting atoms; and (3)
employing highly axial spin centres to reduce the QTM. Still,
increasing the energy level splitting is helpful for moving the
relaxations off-resonance with lattice vibration, due to the lack
of such high-energy phonons at low temperatures. It is believed
that vibration/phonon engineering can further tailor the spin-
lattice relaxation in addition to the successful practices of spin
engineering, as the icing on the cake.

4. The art of coupling: a big picture

4.1 From chasing energy barriers to reshaping magnetic
dynamics

It should be noted that the idea of introducing coupling is not
about simply achieving a large energy level splitting (4). In fact,
the 4 is usually reduced compared with Adgp, due to an
increased number of excited states (thus denser). However, by
altering and recombining the components of the low-lying
states of different spin centres, some under-barrier relaxations
as well as QTM may be blocked. As a result, a larger Ueg and
longer relaxation times can be obtained by relaxations through
higher excited states. In such a manner, some moderate Ln-SIM
may profit from these couplings, especially for some light
lanthanide ions that usually have significant QTM in the single-
ion form. On the other hand, purposely removing couplings
(e.g. by dilution, by isotopic enrichment) from some coupled
systems will be a credible way to clarify the important roles of
different couplings, respectively.

Moreover, compared with the simple double-well model for
a Ln-SIM, some low-lying exchange states can be formed via
coupling multiple spin centres into an SMM, and therefore
some interesting magnetic dynamics are also made possible.
For example, AFM 3d clusters seem boring for an SMM, but
adding a 4f ion (and therefore introducing 4, and J4_¢) yields
three-U Arrhenius behaviours adopting different excited
states (Fig. 9b).*

4.2 From differences in mechanisms to similarities in
energy level structures

Now we have witnessed the diversity of couplings in SMMs from
the intra-atomic to the inter-molecular scale. Let us recall the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 The schematic representation of the energy ranges that the
discussed magnetic couplings usually affect, along with the single-ion
Asim, in a lanthanide-based SMM.

highly different energy ranges that they usually affect (Fig. 11).
Such a hierarchy is demonstrated from the weak hyperfine
interactions with a 4 as small as 10°* em™?, to the dipolar
couplings around 10° cm™', to the ligand-bridged super-
exchange couplings exceeding 10" cm™ ", to the radical-bridged
direct couplings creating a 4 over 10> cm™ ", and finally to the
strong metal-metal bonds going beyond 10° ecm™'. These
differences are undoubtedly due to their distinct quantum
mechanical origins.

Even so, if we take a step back to look at their Zeeman
diagrams and magnetic hysteresis loops, we can still discover
some similarities under certain conditions. For example, the
exchange-biased QTM produced by hyperfine interactions
(Fig. 3b and c) and by intermolecular couplings (Fig. 10b) can
have similar steps. The low-lying states in a weakly coupled Ln-
radical system (Fig. 6b) and in a d-f dimer (Fig. 8a) can have
similar energy level splitting. The ferromagnetic or ferrimag-
netic couplings in an FM Ln, dimer (Fig. 4c), in a Ln-rad-Ln
trimer (Fig. 5e), and in a mixed-valence (Ln"-Ln™) with metal-
metal bonds (Fig. 7) can generate similar protected ground
doublets and thus outstanding behaviours.

Such similarities are in fact reasonable, because their
underlying coupling mechanisms are now affecting nearby
energy ranges. Therefore, it is possible to obtain similar energy
level structures despite their different origins. It is a natural way
for human beings to understand the world with classification
discussion, like we usually construct a series of different
Hamiltonians (H = ﬁsmgle_ion + Hpe + ﬁJ + FIZJ +...) to facilitate
the discussion. However, the world itself is not split, and these
Hamiltonians will finally be unified into a big energy matrix (a
big picture). Figuratively speaking, if we put ourselves in the
shoes of a Ln ion, some Hamiltonians such as Hy; = ApgfI and
H = —2J8,8, are not only formally similar, but also capable of
yielding similar results. After all, Hy = Ey, it is the total energy
(including its dependencies on temperature, field, etc.) that
finally matters.

4.3 From the passive interpretation of coexisting couplings
to the active introduction of favourable couplings

Passively, researchers have been devoting enormous effort to
interpreting the role of each coupling in SMMs, by adding one
Hamiltonian after another whenever it is needed. However,
understanding the world is only the first step; transforming the
world is what follows. From the discussions above, it is evi-
denced that some encouraging results have been obtained via
actively introducing couplings into Ln-SIMs, forming Ln-based
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SMMs. We would like to emphasize again the importance of
actively coupling high-performance Ln building blocks together
via targeted design and directional assembly into strong,
collinear, and ferromagnetic systems, rather than accidental
coexistence.

In addition, although our discussions here are mostly based
on Ln-SIMs, we must point out that this is mainly because they
are simpler models. D-block SIMs*»'*® are relatively more
complicated due to covalency, but they are still competing
candidates when having an unquenched orbital angular
momentum and a large (positive or negative) D, while the
transverse anisotropy as well as its contribution to QTM is
minimized (or in other words, a small E). Some representative
examples include linear Fe(I, II)/Co(u),"*”* tetrahedral Co(u)
with 2-fold distortion,"® trigonal pyramidal Fe(u)"**** and
trigonal prismatic Co(u)."**'* We would like to further
encourage the idea of purposely coupling the high-performance
d-block and f-block SIMs together in a building block approach,
while keeping their single-ion anisotropies intact or even
improved. We can only imagine what fascinating behaviours it
will bring.

4.4 From couplings to coupling”: bigger than bigger

Furthermore, having multiple couplings together within
a single molecule can lead to even more interesting behaviours.
In fact, each additional coupling is not just adding a new vari-
able, but adding a whole dimension from the mathematical
point of view. For example, in a double-decker {Dy,Cu,,} (or
more clearly, {CusDy-DyCus}) metallacrown,” an additional
axial FM f-f coupling further opens the magnetic hysteresis
loops at a zero field compared with the butterfly-shaped ones for
mono-decker {DyCus}. Also in a {HoNis} metallacrown,** all
hyperfine, d-d and d-f couplings jointly create a field-induced
oscillation of relaxation mechanisms. Indeed, sometimes the
difference between the coupling strengths in the order of
magnitude is somehow advantageous for a clear distinction of
their respective contributions to the magnetic dynamics, via the
distinct dependencies on the temperature/field conditions.

Last but not least, it may be even more attractive to investi-
gate how different couplings can be further coupled together,
such as how the metal-metal bonding may affect the direct
exchange if the ligands are radicals, or how lattice vibration may
affect the dipolar coupling by altering the directions of
magnetic moments. These open questions are surely waiting for
constructive answers.

5. Concluding remarks

In conclusion, going beyond the single-ion anisotropy of Ln-
SIMs, here we draw a unified picture of diverse magnetic
couplings that shape and decorate the energy levels of SMMs in
different energy scales. These couplings, alone or together, are
the keys to understanding the fascinating and multifaceted
behaviours of SMMs compared with their SIM components. We
believe the essence and art of constructing multimetallic SMMs
are the intended, directional and delicate couplings between spin
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centres, which makes it possible to create distinctive energy level
structures that can never be obtained from a single magnetic ion.
In addition to the above-mentioned art of coupling, it may be
promising to develop even more new types of couplings and open
up new dimensions for the endless development of molecular
magnetism. Indeed, some of these efforts have already been
producing exciting results, and we are encouraging the commu-
nity to keep advancing forward. As the saying goes,"*® every era is
a golden age, it's just a matter of perspective.
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