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Abstract: The synthesis of single-molecule magnets (SMMs), magnetic complexes capable of retaining magnetization
blocking for a long time at elevated temperatures, has been a major concern for magnetochemists over the last three
decades. In this review, we describe basic SMMs and the different approaches that allow high magnetization-blocking
temperatures to be reached. We focus on the basic factors affecting magnetization blocking, magnetic axiality and the
height of the blocking barrier, which can be used to group different families of complexes in terms of their SMM
efficiency. Finally, we discuss several practical routes for the design of mono- and polynuclear complexes that could be
applied in memory devices.

1. Introduction

Magnetic materials have been fascinating objects throughout
the history of mankind. Magnets have been normally
associated with metals and alloys, which are heavy materials
with a macroscopic size. For this reason, the breakthrough
in 1993 of a single molecule behaving like a magnet at the
nanoscopic level[1,2] attracted great interest from both
experimentalists and theorists for its potential application in
technology, especially in the fields of information storage,[3–5]

qubits[6–10] and spintronic devices.[4,9] Over the last three
decades, a large number of single-molecule magnets
(SMMs) have been synthesized and characterized, both
structurally and magnetically.[11–14] Since the discovery of
magnetization blocking in the polynuclear Mn12 {MnIII

8

MnIV
4} complex (1, [Mn12O12(O2CMe)16(H2O)4], see Fig-

ure 1a) presenting a total spin of S=10,[1,2] many research
groups have made an enormous effort to obtain systems
with improved SMM properties.[11–16] Studies have mainly
focused on increasing the magnetic blocking barrier. The
record of 46 cm� 1 was held by 1 for a long period until 2007,
when a higher blocking barrier of 60 cm� 1 was reported for
S=12 Mn6 (2, [Mn6O2(Et-sao)6(O2CPh(Me)2)2(EtOH)4-
(H2O)2] where Et-saoH2 is 2-hydroxyphenylpropanone
oxime, Figure 1b).[17]

In the early years, efforts concentrated on the synthesis
of polynuclear systems, mainly using MnIII cations with a

Jahn–Teller distortion as the source of magnetic anisotropy.
A higher total spin was engineered simultaneously alongside
a high axial magnetic anisotropy via ferro- or ferrimagnetic
intramolecular couplings, since the energy of the blocking
barrier directly depends on these two factors. However,
despite the synthesis of very large clusters, no significant
improvements in SMM properties were obtained. For
instance, the Mn19 {MnII

7MnIII
12} system[18] (3, [Mn19O8(N3)8-

(HL)12(MeCN)6]Cl2 where H3L is 2,6-bis(hydroxymethyl)-4-
methylphenol) has a very large spin value of S=83/2, but is
n o t a n S M M , w h e r e a s t h e M n 8 4 c o m p l e x (4 ,
[Mn84O72(O2CMe)78(OMe)24(MeOH)12(H2O)42(OH)6] · xH2O ·
yCHCl3, Figure 1c), a giant wheel measuring 4.2 nm, has a
ground state of S= 6 and a blocking barrier of only
12.5 cm� 1.[19] The main problem of these very large systems is
a failure to achieve a parallel alignment of the Jahn–Teller
axes of the cations, mainly MnIII. Even when this is practically
achieved, as in the case of the mentioned Mn6 complex, the
magnetic anisotropy of the MnIII centers is often relatively
small.[20] In 2003, SMM behavior in a system with only one
magnetic center was observed for the first time in a double-
decker TbIII phthalocyanine complex[21] (5, TBA[TbPc2]
where TBA is tetrabutylammonium and H2Pc is phthalocya-
nine, Figure 1d), with a blocking barrier of around 230 cm� 1

(larger barriers of 500–700 cm� 1 were found later for this
family of systems[22]). However, it was not until some years
later that this system sparked considerable interest, with
research groups focusing on mononuclear complexes contain-
ing metals that presented the highest possible magnetic
anisotropy (not only lanthanides, but also transition metals),
such as the first mononuclear transition metal (TM) SMM
reported in 2010[23] (6, K[Fe(tpaMes)] where tpaMes is
tris(mesitylpyrrolyl-α-methyl)amine, Figure 1e). Although,
for many years, the barrier for magnetization reversal was
considered the Figure of merit for SMMs, the fundamental
parameter for the application of SMMs is the blocking
temperature. Below this temperature, the molecule behaves
like a magnet. Above this temperature, the system cannot
maintain the spin in its preferred orientation over a reference
period of time. The blocking temperature has undergone a
strong increase from that observed for the first SMMs (i.e.,
3 K for 1 or 4.5 K for the widely studied 2) to that observed
for the systems with the highest known blocking temperatures
(i.e., 60–80 K for derivatives of the dysprosocenium molecule
(7, [(CpiPr5)Dy(Cp*)][B(C6F5)4] where CpiPr5 is penta-iso-
propylcyc lopentadienyl and Cp* is pentameth-
ylcyclopentadienyl, Figure 1f),[24–26] reaching the liquid nitro-
gen limit), with energy barriers of around 1200–1500 cm� 1.
Although the search for systems with high blocking temper-
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atures has focused on mononuclear complexes in recent
years, surprising results have also been found in dinuclear
systems containing a coupling between the two metal centers
through radicals or free electrons. As an example, the mixed-
valence dinuclear lanthanide complex formed with
(CpiPr5)2Ln2I3 and both Dy and Tb (8 and 9, (CpiPr5)2Dy2I3 and
(CpiPr5)2Tb2I3 respectively, Figure 1g) results in huge coercive
fields of 14 T at temperatures of 50 and 60 K, respectively.[27]

This review will focus on the progress in understanding the
mechanisms underlying magnetization blocking in SMMs that
have produced considerable improvements in their proper-
ties, especially in the blocking temperature.

2. Slow Magnetic Relaxation in Metal Complexes

To understand the factors influencing magnetization block-
ing in SMMs, especially their blocking temperature, it is
necessary to know the mechanisms that cause magnetization
relaxation. To behave as magnets at the level of one
molecule, the systems must exhibit magnetic anisotropy, i.e.,
a tendency to keep their spin aligned to a preferential
orientation through spin-orbit coupling. Experimentally, this
is seen when the spin is first aligned by an external magnetic
field that is applied in the preferential direction, with the
spin retaining its orientation for a period of time after the

removal of the magnetic field (Figure 2a). In systems with
sufficiently strong magnetic anisotropy, this behavior is also
reflected in the opening of magnetic hysteresis (Figure 2b).
Traditionally, the dependence of the imaginary AC mag-
netic susceptibility on the frequency has been also used as
the fingerprint of slow spin relaxation. Indeed, when the
spin has a strong tendency to be aligned in one direction, it
encounters resistance in following the oscillating magnetic
field. Consequently, magnetic susceptibility strongly de-
pends on the oscillation frequency (Figure 2c).[11]

The spin relaxation time t depends mainly on the
temperature T and the presence of an external magnetic
field H. In the case of a low T, when only the ground
magnetic state is populated, the reversal of magnetization
corresponds to the transition between its two components. t

can be calculated by Equation (1) (the entering parameters
are constants that are experimentally determined from the
AC magnetic susceptibility measurements). From a practical
point of view, the efficiency of all these spin relaxation
mechanisms should be decreased to obtain a better SMM.
The first four terms in Equation (1) are temperature-
dependent since they involve the participation of phonons
and, therefore, depend on their population number (Fig-
ure 2d).
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t� 1¼ AH4Tþ CTnþDð
e� �hw=kBT

ðe� �hw=kBT� 1Þ2
Þþt� 1

0 e�
U
kBT

þ
B1

1þB2H2

(1)

The first term, usually known as the direct process,
corresponds to the one-phonon transition between the two
components of the doublet in the ground state split by the
external magnetic field H.[28] Its dependence on the field (�
H4) is specific to a Kramers doublet (KD) in the ground
state occurring in complexes with an odd number of
electrons. In non-Kramers complexes, due to an intrinsic
gap in the doublet in the ground state, this term is almost
field-independent at a low H, acquiring a dependence on H2

when the Zeeman splitting of the doublet is much larger
than the intrinsic gap. The linear dependence on temper-
ature, common for both types of complexes, occurs when
the intrinsic/induced gap is much smaller than the thermal
energy kBT. The second term in Equation (1) is the Raman
process[29] involving a two-phonon excitation through a
virtual excited state (Figure 2d) between the components of
the doublet in the ground state (first-order Raman
process).[28] For the sake of simplicity, it is usually consid-
ered independent of the magnetic field, which, however,
seems to be unjustified for many systems. Van Vleck was
the first to discover its dependence on the magnetic field by

considering the effect of local vibrations (optical phonons)
on the Raman relaxation process in low-spin Kramers
cations.[30,31] The analysis of Raman relaxation via acoustic
phonons has shown a marked dependence on the magnetic
field for non-Kramers ions, with the dependence being only
on the direction of H for Kramers systems.[32] The third term
in Equation (1), usually called the local-mode process, is a
second-order Raman process involving a localized (molec-
ular) vibrational mode (with w the frequency of vibration)
instead of the delocalized phonon mode that is involved in
the second term.[33,34] The physical interpretation of these
two mechanisms offers different physical pictures.[32,35,36] The
fourth term, the Orbach process, is also a two-phonon
transition like the Raman mechanism, but it involves two
real one-phonon processes to and from an excited state.[28] It
is possible to determine the energy barrier U involved in this
process and the energy of the corresponding excited state.
Finally, the last term in Equation (1), the quantum tunneling
of the magnetization process (QTM), is independent of
temperature at a low T. It is induced by the internal
hyperfine and dipolar magnetic fields originating from the
nuclear spins of the surrounding atoms and magnetic
moments of neighboring complexes, respectively.[37] An
external magnetic field induces an energy gap between the
two components of the doublet in the ground state,
suppressing the tunneling relaxation. Relaxation via the
tunneling of magnetization can also take place in excited

Figure 1. Structures of milestone SMMs (year, the magnetization blocking barrier and blocking temperature are indicated). (a) Mn12 (1), the first
SMM; (b) Mn6 (2), the first SMM with a higher barrier than that of 1; (c) Mn84 (4), the largest polynuclear SMM; (d) TBA[TbPc2] (5), the first Ln-
based mononuclear SMM; (e) K[Fe(tpaMes)] (6), the first transition metal-based mononuclear SMM; (f) DyCpiPr5Cp* (7), an SMM with the highest
blocking temperature; and (g) CpiPr5

2Tb2I3 (9), an SMM with a huge coercive field. All the atoms are represented as sticks, while the metals are
shown as balls. The gray, red, blue and purple sticks correspond to carbon, oxygen, nitrogen and iodine atoms, respectively, while the purple,
orange and light green balls represent the manganese, iron and lanthanide cations, respectively.
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states, a process called thermally-assisted quantum tunneling
(TA-QTM, see Figure 2d). At sufficiently high temper-
atures, when this relaxation process becomes relevant, it is
masked by another tunneling mechanism, the incoherent
QTM based on dissipation in the phonon bath instead of
nuclear spins.[11,38,39] The corresponding rate has the same
dependence on H as the last term in Equation (1), as well as
a dependence on temperature that is similar to the Orbach
process (of course, with different parameters). Chemical
strategies to suppress both tunneling processes include
magnetic dilution,[40] the replacement of atoms with isotopes
showing zero nuclear spin[41] or the preparation of frozen
solution samples, especially using nuclear spin-free
solvents.[42] It should be noted that in Kramers complexes,
the internal magnetic field is the only cause of tunneling.
However, in non-Kramers complexes, there is also an
intrinsic tunneling gap that contributes to the QTM, which
cannot be suppressed by these strategies.

Usually, the figure of merit for SMMs is the blocking
temperature (TB), with the system behaving like a magnet
below it. The systems with a higher TB are mainly limited by
Orbach relaxation, while those with a lower TB also show
important contributions from other relaxation
mechanisms.[43] The experimental values of TB can be

determined by three different procedures: (i) as the highest
T when the hysteresis is still open for a given field sweep
rate (Figure 2e); (ii) as the T-point of divergence of field-
cooled and zero-field-cooled magnetic susceptibility (Fig-
ure 2f); or (iii) as the highest temperature when the spin
relaxation time still exceeds a certain value, usually 100 s
(Figure 2g). These different definitions can produce small
differences of a few K for systems with high blocking
temperatures. We would like to stress that unlike in
extended magnetic materials and magnetic nanoparticles,
the TB in SMMs is a purely conventional quantity since it is
defined with respect to an arbitrary reference relaxation
time t, above which the system is considered blocked. The
latter, however, is strongly T-dependent in the high-temper-
ature domain, as can be seen in Figure 2g. The same is true
for remanent magnetization and the coercive field (the
width of hysteresis along the H axis), which are defined with
reference to a given field sweep rate and both vanish when
this rate is sufficiently slow.

Figure 2. Magnetization blocking properties of the dysprosium metallocene cation [(CpiPr5)Dy(Cp*)]+ (CpiPr5, penta-iso-propylcyclopentadienyl; Cp*,
pentamethylcyclopentadienyl) (7), the reported system with the highest blocking temperature of 80 K:[25] (a) magnetization decay with time; (b)
open hysteresis loop showing a blocking temperature above 75 K (purple curve); (c) frequency dependence of the imaginary molar magnetic
susceptibility; (e) expansion of the hysteresis loops of Figure 2b at 80 K; (f) field-cooled (FC) and zero-field-cooled (ZFC) magnetic susceptibility
curves; and (g) dependence of the relaxation time on temperature. Copyright 2018 American Association for the Advancement of Science. (d)
Relaxation mechanisms for the dominant population of the doublet ground state. Wiggly arrows denote single-phonon transitions, while
continuous arrows indicate tunneling.
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2.1. Assessment of spin-phonon contributions to relaxation

Spin-phonon mechanisms play a dominant role in spin
relaxation when the thermal population of the relevant
vibrational modes becomes sufficiently large, which is al-
ways the case when magnetization blocking is considered in
complexes with a high TB. Practically, it is not straightfor-
ward to identify the relevant vibrational modes for magnetic
relaxation. An exception are acoustic phonon modes due to
their guaranteed involvement in the direct relaxation
process within the doublet ground state (Figure 2d) as well
as the doublet excited states.[15,44–46] As for the more
numerous optical phonon modes, their relevance to mag-
netic relaxation is identified via their relatively large value
of the spin-phonon coupling constants. Given the molecular
character of SMM crystals, in which optical phonon bands
appear as slightly broadened molecular vibrations, the spin-
phonon coupling constants merely reduce to the spin-vibra-
tional ones, significantly simplifying their investigation.[47]

Computational studies can calculate spin-vibrational cou-
pling constants either ab initio as derivatives of the matrix
elements between the spin-orbit states[24] and of the param-
eters of effective magnetic Hamiltonians[48] after molecular
distortions, or by using the density functional theory (DFT)
when the effects of spin-orbit coupling are relatively
weak.[49–51]

A molecular vibration with a relatively large spin-vibra-
tional coupling constant can also contribute directly to the
relaxation rate equation via the local-mode term [the third
term in Eq. (1)][52] if its broadening into a phonon band is
sufficiently small.[53] Experimentally, the frequencies of the
vibrational modes relevant in magnetic relaxation can be
corroborated by far-infrared magnetic spectroscopy
(FIRMS) measurements.[54,55] This technique assesses the
strength of the spin-vibrational coupling between various
pairs of magnetic levels by analyzing the changes in the
spectrum induced by an applied strong magnetic field. These
changes occur for phonon frequencies close to the energy
separation between two magnetic levels, thus making
FIRMS a complementary method that provides information
on electronic state transitions such as inelastic neutron
scattering[55] and high-field electron paramagnetic
resonance.[54] From a synthetic point of view, to lengthen the
spin relaxation process of a molecule, it is necessary to
eliminate or modify the vibrational modes with high spin-
vibrational coupling constants.[24,46]

The analysis of spin-vibrational coupling has been under-
taken by different research groups to study the effect of the
substituents in dysprosocenium complexes (see 7 in Fig-
ure 1) on the vibrations relevant for relaxation. This has
revealed that substitutions in the cyclopentadiene ligands
can eliminate the most efficient vibrational modes.[24–26] As a
general rule, reducing the flexibility of the molecule to
eliminate low-energy vibrational modes normally leads to
less efficient spin relaxation. A further step in this theoret-
ical study is the use of master equations to determine the
time dependence of the spin density matrix through the
solving of the Redfield equation.[32,56] There are different
computational options on how to handle such an equation,

but such approaches can be used to analyze spin dynamics
and even estimate the coherence time T1 of the spin-lattice
relaxation.[24,57] It should be noted, however, that spin-spin
relaxation (T2 coherence time) is usually the most efficient
relaxation mechanism for spin qubits, especially at low
temperatures, when T2 is shorter than T1 and, consequently,
it is the key factor for the coherence time.[9,10,46]

3. Magnetization Blocking in Mononuclear
Complexes

The origin of slow spin relaxation in magnetic molecules is
the strong magnetic anisotropy caused by the spin-orbit
coupling on the metal ions. The latter splits the manifold of
2S+1 degenerate states of the ground S term on the metal
center into several levels, each of which (when still
degenerate) is characterized by preferred directions of
magnetization (magnetic anisotropy). As mentioned above,
magnetization blocking occurs when the relaxation processes
leading to the reversal of magnetization are suppressed. This
implies the quenching of transitions between the states with
opposite directions of the magnetic moment, corresponding
to the left and right sides in the diagrams of magnetic levels
(lower plots) in Figure 3. To do so, the low-lying spin-orbit
doublets of the complex should possess high magnetic
axiality.[58] This is reflected by their g tensor showing
negligible transversal main values (gx and gy) in the case of
Kramers ions or a negligible intrinsic tunneling gap in the
case of non-Kramers complexes. Large magnetic axiality of
a spin-orbit doublet manifests into a definite projection of
the magnetic moment (M) on a common axis in its two
components (jM j and � jM j , respectively). This results in a
rapid decrease in the strength of the relaxation transitions
(direct, one-phonon, Raman and QTM) when the difference
between the magnetic moment projections of the involved
states, ΔM=M2� M1, becomes large.[59] As a result, in
strongly axial complexes at temperatures close to the TB,
relaxation basically proceeds via several doublet excited
states, with the lower ones being effectively blocked. This
relaxation process involves similar mechanisms as those in
the case of the dominantly populated ground state [Eq. (1)],
which now scales with the Boltzmann factor corresponding
to the population of this excited state, τ� 1 = τ0

� 1 exp(� U/kT).
The activation energy U corresponds approximately to the
energy of the doublet excited state involved in the spin
relaxation and is called the blocking (or spin reversal)
barrier.[11,60] For example, in Mn12 (1), the relaxation process
at T>2 K effectively proceeds via the sixth doublet excited
state (Figure 3a), with the main contribution to τ0

� 1 coming
from TA-QTM due to the relatively small ΔM and the
consequently large tunneling in this excited state.[11] On the
contrary, in weakly axial complexes, the relaxation process
takes place only via the ground state and the first doublet
excited state (Figure 2d) in a wide temperature range. In
such cases, other relaxation mechanisms besides the over-
barrier one become relevant, primarily Raman
relaxation.[59,61,62] However, in complexes exhibiting a high
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TB, the over-barrier relaxation process, including the QTM
via highly excited states lying under the top of the barrier, is
the dominant mechanism underlying the reversal of magnet-
ization, conferring an overall activation temperature de-
pendence to the relaxation rate with a high Arrhenius
activation energy.

3.1. Design principles

One factor enhancing magnetic axiality is the high rotational
symmetry of the complex. In the complexes involving metal
ions with weak spin-orbit coupling, an overall symmetry axis
of the order N�3 is sufficient to produce strong axiality.
Thus, the S4 axis of Mn12 (1) (Figure 1a) ensures that the
zero-field split (ZFS) components of the ground S=10 term
have definite spin projections on the main magnetic axis (j j
S4).[11] Another favorable factor is the large spin providing
an accordingly large ΔM for low-lying doublets and ensuring
their relatively high magnetic axiality even in complexes
without symmetry. For example, the Fe8 (10, [Fe8O2(OH)12-
(tacn)6]Br8 where tacn is 1.4.7-triazacyclononane, Figure 3a)
SMM, showing a relatively large non-axial anisotropy due to
the lack of symmetry, is still highly axial, with U correspond-
ing to the third doublet excited state (Figure 3a).[63] Besides
high rotational symmetry, the decisive condition for obtain-

ing high values of U is the large separation of the ZFS
components of the ground spin. In this respect, the spin
complexes like Mn12 (1) and Fe8 (10) are not efficient, as the
weak spin-orbit coupling effects on the metal sites only
produce barriers of several tens of wavenumbers.

The strong effects of spin-orbit coupling arise in
transition metal (TM) ions with a high local symmetry (CN,
N�3) due to the unquenching of their orbital momentum
along the symmetry axis.[28] This gives rise to a strong
splitting of the molecular terms into equidistant spin-orbit
doublets (see the CoII system in Figure 3b), which is much
larger than the ZFS splitting in Mn12 (1) and Fe8 (10). The
separation between neighboring doublets is proportional to
the spin-orbit coupling constant and the value of the
unquenched orbital momentum, with the latter determined
by the population of the two orbital doublets (top of
Figure 3b).[64,67,68] High symmetry is only a necessary con-
dition for an unquenched orbital momentum, with its
obtention in complexes being dependent on the population
Scheme of the orbitals.[69,70] For example, the high-spin MnIII

ions in the Mn12 complex display a quenched orbital
momentum despite C4 site symmetry because the two
degenerate orbitals dxz and dyz, which could provide a first-
order orbital momentum, are evenly populated with spin up
(alpha) electrons. To obtain states with a definite projection
of the orbital momentum (ML), a simple crystal field

Figure 3. (a) Molecular structure of Fe8 (10) and the structure of the magnetic levels jSM> of the ground S=10 term in the Mn12 (1, gray) and Fe8

(10, black) complexes.[11] The gray, red and blue sticks correspond to carbon, oxygen and nitrogen, respectively, while the orange balls represent
iron cations. Copyright 2006 Oxford University Press. The green and blue arrows outline the corresponding relaxation paths. (b) A structure of
orbital splitting in a trigonal prismatic configuration of a CoII fragment.[64] Copyright 2013 American Chemical Society. The lower plot shows a
generic scheme of the spin-orbit doublet levels in S=3/2 complexes with an unquenched orbital momentum (numbers in brackets are ML, Ms

values of the corresponding level). (c) Ab initio calculated multiplet structure of the [TbO] diatomic complex[65] (copyright 2020 Wiley-VCH), which
reproduces quantitatively the infrared laser spectroscopy data.[66] (d) Ab initio calculated multiplet structure corresponding to the J=15/2 ground
atomic multiplet of DyIII from the complex DyCp2 (7, Figure 1g). The intensity of the lines connecting the different levels scales with a relative value
of the corresponding transition magnetic moment.[25] Copyright 2018 American Association for the Advancement of Science.
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argument tells us that the order of the symmetry axis should
be N>2l, where l=2 and 3 for TM and lanthanide/actinide
ions, respectively. Thus, TM ions should have a five-fold
symmetry which is achieved, e.g., in pentagonal bipyramids
[M(CN)7]

3� , M=Mo, Re.[71,72] However, heavy TM complexes
usually have a low spin (S= 1=2), which is detrimental for
magnetization blocking. First-row TM complexes with an
unquenched orbital momentum can have a spin S=3/2 [FeI

and CoII] and S=2 [FeII and CoIII], but their axial symmetry
is usually not higher than three-fold.

For the systems presenting a Jahn–Teller (JT) distortion,
the bonding nature of the involved orbitals is crucial. Thus,
for example, in the complexes of FeII or CoII with low
coordination numbers containing degenerate low-energy
orbitals,[73] the beta orbitals can give rise to electronic
structures exhibiting the JT effect (e.g., CoII in Figure 3b).
As basically non-bonding orbitals are involved, the energy
splitting caused by the JT distortion is small, generating an
electronic structure that leads to a large spin-orbit
coupling.[74] Moreover, if the first transitions between the
occupied and empty orbitals involve dxz–dyz or dxy–dx2 � y2

pairs[75] (same absolute value of ML, the magic pentagon
rule), magnetic anisotropy of the easy-axis type arises.
Meanwhile, transitions between orbitals where the absolute
value of ML changes result in easy-plane behavior. For the
same reason, the non-bonding character of the occupied and
first empty beta orbitals of the high-spin d6 FeII complex (6
in Figure 1e) or of the orbital population scheme of CoII

cations (Figure 3b) results in strong magnetic anisotropy.
A symmetry lower than five-fold leads to an admixture

of different ML components in the orbital doublets, opening
efficient relaxation channels (Figure 3b). Even small orbital
mixing causes non-negligible transversal g factors, which,
e.g., for the KD ground state of a CoIIO3N3 fragment
(Figure 3b), can be as large as 0.4, thus precluding magnet-
ization blocking despite its perfect trigonal symmetry.[64] The
strongest magnetization blocking occurs in two-coordinate
trigonal S=3/2 complexes such as [K(2.2.2-cryptand)] [Fe-
(C(SiMe3)3)2]

� (11, U=226 cm� 1, TB= 4.5 K)[68] and Co(C-
(SiMe3)3)2 (12, U=450 cm� 1, TB=4 K with respect to τ>
1 s)[67] due to a relatively strong axial crystal field (CF).
However, the observed magnetization hysteresis shows
weak coercivity. Furthermore, the extracted blocking bar-
riers suggest that the relaxation process proceeds via the
first excited doublet state (Figure 3b), following a similar
scheme as that seen in weakly axial SMMs. A departure
from trigonal symmetry quickly decreases the blocking
properties of the complexes, most of which cease to be
SMMs.[74] An exception is the two-coordinate CoII imido
complex with C2 symmetry, which shows a performance
comparable to that of mononuclear SMMs with a trigonal
geometry (13, [(sIPr)CoNDmp] where sIPr is 1,3-bis(2’,6’-
diisopropylphenyl)-4,5-dihydro-imidazol-2-ylidene and Dmp
is 2,6-dimesitylphenyl, U=413 cm� 1)[76] due to the covalently
bound unit [CoN]+ conferring strong axiality. The high-spin
3d6 complexes display a weaker performance than the 3d7

mononuclear SMMs with a comparable geometry[77] because
of a higher spin S= 2 and the resulting smaller separation
between the spin-orbit doublets.

3.2. Mononuclear Ln-based SMMs

The best mononuclear TM SMMs display a similar magnet-
ization blocking (τ of around 1 s at a T below 5 K) to that of
Mn12 (1) and even Fe8 (10), despite their blocking barriers
being one order of magnitude higher. This is explained by
their still low spin, which leads to weakly axial relaxation
scenario. For the same reason, mononuclear complexes of
early actinides do not perform well.[14,78] The situation is
different in lanthanide ions (Ln) with both a large ground
state spin S and an unquenched orbital momentum L
coupling vectorially into a total angular momentum (J=S+

L). Lanthanides from the r.h.s. of the series have their spin
and orbital momenta coupled parallel in their ground state,
resulting in a large value of J. Furthermore, those with an
odd number of electrons give rise to a ground state that is a
Kramers doublet, i.e., DyIII or ErIII. They also present a very
strong spin-orbit coupling, overcoming the CF splitting of
the 4f shell. As a result, the structure of the molecular
multiplets merely represents CF-split atomic J multiplets. In
most cases, mononuclear Ln complexes and fragments do
not have any symmetry, but they still display a slow
relaxation of magnetization, with blocking barriers reaching
values of many hundreds of wavenumbers.[14,79] Some of
them show relaxation via the second excited doublet state,
such as the DyIII fragments in Dy4K2 complexes.[80]

For systems involving lanthanides, an orbital description
is not as simple as that for the TM complexes due to a
marked multiconfigurational character of the states
involved.[81] In this sense, the use of the CF theory provides
a valuable alternative, especially when relating the symme-
try of the molecules to the effectiveness of the spin
relaxation mechanisms such as the QTM.[59] Theoretically,
systems with high magnetic anisotropy, involving TMs or
lanthanides, require a methodology that can describe multi-
configurational systems, including spin-orbit coupling. Nor-
mally, the calculations used are of the complete active space
self-consistent field (CASSCF) type and, if dynamical
correlation is included, the calculations are complemented
with the CASPT2/NEVPT2 methods, which treat these
effects perturbatively, a step especially relevant for TMs.
The great advantage of this ab initio approach is a non-
perturbative treatment of the spin-orbit coupling on the
metal sites.[82]

The limit of perfect axiality of an Ln complex, i.e.,
conservation of its total angular momentum projection (MJ),
requires rotational symmetry of the order N�7. This,
however, has never been achieved. Apart from LnO
diatomic systems, the highest rotational symmetry in Ln
complexes with equatorial ligands is C5 (16 and 7 in
Figure 4), which allows for tunneling and spin-phonon
relaxation between the doublet components of opposite
magnetization (Figure 3d). Hence, a complex with linear
coordination should be a good synthetic target to improve
magnetic properties, but such a coordination mode is not
easily affordable with lanthanides.[74,87] The electron density
of 4 f orbitals in lanthanide ions can adopt an oblate (UFO-
like shape) or prolate (rugby ball shape) spheroid form,
depending on the number of electrons and the populated MJ
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state.[88] To achieve maximum axiality, oblate ions such as
TbIII, DyIII and HoIII are desirable since the magnetization is
perpendicular to the plane containing their maximal electron
density.[88,59] To diminish the QTM and other spin-phonon
relaxation processes in such complexes, the CF from the
ligands should be as axial as possible. This means that the
axial CF contributions, which conserve MJ, should provide
the CF separation of the spin-orbit doublets, exceeding
much the effect of the non-axial ones. In such strongly axial
complexes, relaxation is pushed via a highly excited doublet
state (Figure 3d), which, along with the large CF splitting of
J, makes the blocking barrier very high. Some Ln complexes
with the highest U are shown in Figure 4. However, a high
blocking barrier does not necessarily provide an elevated
TB. Besides the presence of electron-phonon coupling
between different magnetic states, efficient relaxation also
requires the availability of vibrational modes matching the
energy gap between these states, which varies strongly
among the complexes depending on the ligands. The only
mononuclear SMMs where these two factors apparently do
not coexist are the dysprosocenium complexes (7, 16 and 17
in Figure 4).[90] Among them, the highest blocking temper-
ature (τ>100 s), TB=80 K, has been registered for 7.[25]

While it is difficult to foresee the design of such complexes,
a rule of thumb is to have a large separation between the
low-lying levels, for which the number of suitable vibrations
will decrease a priori.

Despite exhibiting high U (reaching 1600 cm� 1 in 17), the
best mononuclear Ln-based SMMs can still only achieve half
of the height of the blocking barrier for the diatomic
[DyO]+ system (Figure 4). This is due to important CF
components originating from the ligands lying out of the
main axis of symmetry. To assess their effects, we will
consider a DyIII complex with a perfect C5 arrangement of
five water molecules in the equatorial plane (18, Fig-
ure 5a),[91] whose axial CF contribution is certainly domi-
nant. The calculated multiplet spectrum shows a relatively
small splitting, with U=300 cm� 1, which agrees with the
experimental findings. For a hypothetical complex in which
the water molecules have been removed from the equatorial
positions, calculations show a highly axial multiplet spec-
trum, with U�1800 cm� 1 (Figure 5b).[59] Comparing these
two systems, we may conclude that the axial CF components
of the equatorial ligands cancel the major part of the CF
originating from the axial ligands. This is a general situation
that is also encountered in 15 and similar complexes.[92]

Thus, the observed high blocking barrier in Ln complexes is
due to the relatively weak strength of the CF components
with an equatorial origin, which fails to significantly reduce
the axial CF of the apical ligands.

Figure 4. Mononuclear Ln-based SMMs with the highest U: [Dy(OtBu)2(py)5] (14),
[83] [Dy(OCPh3)2(THF)4] (15),

[84] [Dy(CpiPr4Me)2] (16),
[85] [(η5-

Cp*)Dy(η5-CpiPr5)] (7),[25] and [K(2.2.2)][[1-(piperidino)-2,3,4,5-tetraphenylborolyl]2Dy] (17).[86] Lower right plot: Ab initio calculated multiplet structure
of the [DyO]+ diatomic system,[65] with the position of U for the indicated compounds shown by the green dashed lines. Copyright 2020 Wiley-VCH.
All the atoms are represented as sticks, while the metals are represented as balls. Gray, red, blue and pink sticks correspond to carbon, oxygen,
nitrogen and boron atoms, respectively, while the light green balls represent the dysprosium cations.
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3.3. Inverted CF ligands

The apparent drawback of equatorial ligands can be turned
into an advantage if the ligands with an inverted CF[93] can
be accommodated in the equatorial plane, keeping the
normal ones in the apical positions (Figure 5c). These
ligands will produce an axial CF of the opposite sign due to
their inverted covalent effect on the metal orbitals (lower
plot in Figure 5c). Such ligands have been identified in some
TM complexes such as [Cu(CF3)4]

n� , exhibiting an inverted
covalent effect for n=1 and 2.[94] In these complexes, the
metal orbitals of the 3d type lie lower than the occupied
ligand orbitals, which means that the CF splitting of the 3d
orbitals resulting from the covalent interaction with the
latter will give an inverted order compared to the CF
splitting in similar complexes with conventional ligands
(occupied ligand orbitals lying under the metal orbitals of
the 3d type). Figure 6a shows the valence orbitals of
[Cu(CF3)4]

� with a planar geometry close to the D4h

symmetry. We can see that the four ligand orbitals of the σ
type lie higher than the metallic 3d orbitals. This is naturally
explained by the high oxidation state (+3) of the copper ion
in this complex, resulting in low orbital energies of the Cu
3d orbitals. On the contrary, in [Cu(CF3)4]

3� , the oxidation
state of Cu is +1 and the metallic 3d orbitals lie above the
occupied ligand orbitals, thereby restoring the normal order

of CF splitting. Thus, Figure 6c shows the valence orbitals
for the tetrahedral geometry of [Cu(CF3)4]

3� in equilibrium,
where the 3d orbitals with a t2 symmetry lie above similar
orbitals with an e symmetry, which is in full agreement with
the conventional CF for tetrahedral complexes. To compare
with the CF splitting in [Cu(CF3)4]

� , Figure 6b shows the
calculated valence orbitals for [Cu(CF3)4]

3� with a similar
square-planar geometry. The comparison shows a mutual
inversion of the CF spectra of the 3d orbitals in these two
compounds. The inversion is not perfect, however, because
the CF splitting of the 3d orbitals is determined not only by
the interactions with the four ligand orbitals of the σ type,
but also by the interactions with the other ligand orbitals
whose positions with respect to the 3d orbitals are not
inverted.

This phenomenology is quite general and some ligands
can be expected to manifest as “inverted CF” in Ln
complexes too. Replacing the conventional ligands in the
equatorial plane with inverted CF ones will further enhance
the axial CF of the apical ligands instead of cancelling it.

4. Magnetization Blocking in Polynuclear SMMs

In polynuclear complexes with a weak spin-orbit coupling,
such as Mn12 (1), Fe8 (10) and others, the barrier arises from

Figure 5. (a) Molecular structure and calculated low-lying multiplets of [Dy(Cy3PO)2(H2O)5]
3+ (18).[91] Copyright 2016 American Chemical Society.

(b) The same as (a), but with the water molecules removed from the equatorial plane.[59] Copyright 2016 American Chemical Society. An
underestimation of the CF splitting of the doublets by around 20% is expected due to the CASSCF approach used in the calculations. (c)
Hypothetical mononuclear SMMs with five “inverted CF ligands” in the equatorial plane. All the atoms are represented as sticks, while the metals
are represented as balls. Gray, red, light blue and orange sticks correspond to carbon, oxygen, fluorine and phosphorus atoms, respectively, while
the light green balls correspond to the dysprosium cations.
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the ZFS of the lowest exchange level, which is strongly
separated from the first excited exchange level (SMMs of
type I). As this scenario does not provide barriers higher
than 100 cm� 1, it has been proposed that heavy TM ions
(presenting large spin-orbit coupling) with axial anisotropy
should be coupled to high-spin metal ions (MnII and FeIII).
In this scheme, the roles of magnetic anisotropy and the
exchange interaction are reversed, with magnetic anisotropy
producing a large separation of the spin-orbit doublets on
the metal sites and the splitting of the exchange levels
determining the blocking barrier,[71] which should be large
due to the diffuse magnetic orbitals of the heavy metal
(SMMs of type II). This strategy has been proven to be
partly efficient only for [Mn(LN5Me)(H2O)]2[Mo(CN)7] (19,
where LN5Me is N,N’-bis[(1H-imidazol-4-yl)methylene]-2,2-
dimethylpropane-1,3-diamine), in which the pentagonal
bipyramidal [Mo(CN)7]

4� , having a symmetry favorable to
ideal axiality (see Section 3.1), is coupled to two MnII units
via apical cyanides (U=40 cm� 1, TB=3.2 K).[95] Other coor-
dination modes of MnII ligands to the [Mo(CN)7]

4� core
have been shown to reduce magnetization blocking, whereas
coupling two complexes 19 in one unit destroys it
completely.[96] The situation is pretty similar in many other
mixed TM (5d–3d and 4d–3d)[97] and actinide[14,98] polynu-
clear complexes exhibiting weak or no SMM behavior. One
of the best actinide-based SMMs is [{[Mn(TPA)I]-
[UO2(Mesaldien)][Mn(TPA)I]}I] (20, where TPA is tris(2-

pyridylmethyl)amine and Mesaldien is N,N’-(2-aminometh-
yl)diethylenebis(salicyldene imine)), with a core structure
similar to 19 (U=55 cm� 1, TB= 3 K).[98] The weak perform-
ances of SMMs involving heavy metals are because of the
lack of strong magnetic axiality of the latter due to their
relatively small spin and low site symmetry in polynuclear
complexes.

4.1. Ln-based polynuclear SMMs

The only metal ions that can maintain a high magnetic
axiality of their doublet ground state in a low-symmetry
environment are lanthanides.[79] Therefore, they are the best
candidates for designing polynuclear SMMs. However, they
face the problem of highly localized 4f orbitals, resulting in
very small exchange interactions between the paramagnetic
centers. As in the cases of heavy TM and actinides, the Ln
core should be connected to high-spin 3d metal ions, a
strategy that is additionally motivated by the much stronger
exchange interactions in mixed Ln� M complexes than in
pure lanthanide polynuclear complexes.[99] Figure 7a shows
that the use of S= 3/2 TM ions exchange-coupled to DyIII

(Dy2Cr2, 21, [Cr2Dy2(OMe)2(O2CPh)4(mdea)2(NO3)2], where
mdeaH2 is N-methyldiethanolamine) results in a magnet-
ization blocking that is greater than that of heavy TM and
actinide SMMs (U=54 cm� 1, TB=3.5 K),[100] which is further

Figure 6. Valence orbitals of [Cu(CF3)4]
n� . Adapted with permission from Ref. [94] Copyright 2016 American Chemical Society. (a) Monoanion in

equilibrium with a square-planar geometry close to D4h. (b) Trianion with the same geometry as that of the previous complex. Density functional
theory calculations were performed with the B3LYP functional, as described in Ref. [94]. (c) Trianion in equilibrium with a tetrahedral geometry
close to Td. The orbitals of the metal type are in red, while those of the ligand type are in blue.
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increased by replacing them with S=5/2 ones such as FeIII.
The important point is the magnetic isotropy of the 3d metal
ions, since the ZFS of their spin decreases magnetization
blocking.[101]

Another approach employed for increasing blocking
temperatures is based on the application of strong exchange
coupling between metal ions and radicals or free electrons,
which might help suppress unwanted spin relaxation proc-
esses. In 2011, it was demonstrated that the inclusion of a
radical bridge (N2

3� ) can give rise to strong antiferromag-
netic Ln-radical coupling and a high blocking temperature.
The first described dinuclear DyIII compound (22, [K(18-
crown-6)]{[(Me3Si)2N]2(THF)Dy}2(N2))[102] was shown to
have a blocking barrier of 123 cm� 1 and a blocking temper-
ature of 8.3 K, which was quickly surpassed by its analogous
TbIII compound that presented a TB of 13.9 K (23, [K(18-
crown-6) (THF)2]{[(Me3Si)2N]2(THF)Tb}2(N2), Fig-
ure 7b).[103] Theoretical studies combining DFT and
CASSCF calculations have shown the dominant contribu-
tion of the kinetic mechanism to the exchange coupling as
well as the importance of the admixture of excited CF states
to the ground state in Ln via the exchange interaction and to
the fact that a strong exchange interaction can also be
detrimental to the barrier if the axiality is diminished due to
it.[116] Other radical ligands have been tested as well.[104]

However, the TB record (20 K) in this type of compounds is
still held by the N2

3� radical-bridged dinuclear complex, but
with a different Ln coordination (24, [K(crypt-
222)][(CpMe4H

2Tb)2(N2)]where CpMe4H is tetrameth-
ylcyclopentadienyl).[105] It can be postulated that the aniso-

tropy and the exchange coupling are maximized by the
change in the Tb coordination. However, theoretical results
have shown the importance of the CF generated by the N2

3�

radical bridge (due to the large electrostatic and covalent
effects) and that the almost perpendicular alignment of the
Cp ligands with respect to N2

3� reduces Tb anisotropy.
Different outer radical bridging ligands have been proposed
to improve SMM behavior.[106]

Additionally, a different approach has been pursued that
is based on Ln� Ln bonds, a field that is still emerging.
Metal-metal bonds require diffuse valence orbitals, which
are elusive in LnIII complexes due to the localized nature of
the 4f orbitals. However, single-electron Ln� Ln bonds can
be formed through the contribution of 6 s or 5d orbitals. The
first examples involving the method based on Ln� Ln bonds
took advantage of the restricted space inside a fullerene to
couple two Ln ions and obtain a strong interaction between
them.[108–110] There are several examples of endohedral
dimetallofullerenes where strong coupling arises from the
existence of a single-electron Ln� Ln σ-bond with a 6 s-
orbital parentage (see Figure 7c). In these systems, there is a
delocalization of an unpaired electron between the LnIII ions
[LnIII-e-LnIII], which results in a strong ferromagnetic
coupling between the lanthanide ions. However, the strong
coupling is not the only relevant component, with the ion
anisotropy and collinearity of the Ln spins also being crucial.
As a result, the Tb2@C80(CH2Ph) compound (25) holds the
TB record in this family of compounds (25.2 K).[107]

Using this family of compounds and to increase the
chemistry of the Ln� Ln metal bonds, a mixed-valence

Figure 7. Molecular structures and the low-lying exchange spectrum of selected families of mixed Ln-based compounds, with the year, energy
barrier and TB indicated. (a) Dy2Cr2 (21).

[100] Copyright 2013 Wiley-VCH. (b) {[(Me3Si)2N]2(THF)Ln}2(μ-N2)
3� (23).[103] Copyright 2011 American

Chemical Society. (c) Ln2@C80(CH2Ph) (25).[107] Copyright 2018 Springer Nature. (d) Cp2Tb2I3 (9).
[27] Copyright 2018 American Association for the

Advancement of Science. The last two systems show a singly occupied Ln� Ln bonding molecular orbital. All the atoms are represented by sticks,
while the metals are represented by balls. Gray, red, blue, light brown and purple sticks correspond to carbon, oxygen, nitrogen, silicon and iodine
atoms, respectively, while the gray and light green balls correspond to the chromium and lanthanide cations, respectively.
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LnIIILnII Cp2Ln2I3 compound (Ln=Tb and Dy, correspond-
ing to 8 and 9, respectively) was developed by a one-electron
reduction of the dinuclear analogous LnIII

2 complex.[27] This
compound also exhibits a valence delocalization due to a
single-electron σ-bond with a dz2-orbital parentage (see
Figure 7d), resulting in the [LnIII-e-LnIII] system. The strong
ferromagnetic exchange interaction between the Ln ions is
induced by a Hund coupling of the delocalized electron (e)
to both Ln ions, an effect called double-exchange[111] that is
well known in the magnetism of mixed-valence complexes.
These compounds show a different chemical strategy for the
achievement of a huge coercive magnetic field (14 T at 60 K
in the Tb system, 9). However, they do not display a higher
U and TB than the best mononuclear Ln-based SMMs
(Figure 4). In mixed-valence dilanthanides, as well as in the
radical-bridged one (Figure 7b), the height of the blocking
barrier is determined by the reversal of magnetization on a
single metal ion, i.e., by its own blocking barrier and/or by
the exchange interaction with a neighboring radical/
lanthanide.[116] This explains why magnetization blocking
does not increase if more magnetic centers are coupled in a
chain, an effect well known among single-chain magnets.[112]

In such systems, the finite and infinite models lead to
approximately similar results for the dynamic magnetic
properties, with no significant changes for either
ferromagnetic[113] or antiferromagnetic[114] couplings between
the magnetic centers.

4.2. Prospects for efficient polynuclear SMMs

The early strategy in SMM research was to design complexes
with a large total spin S that involved a large number of
magnetic centers (Figure 1a–c). The rationale behind this
approach was the generic expression for the height of the
barrier in spin complexes with axial magnetic anisotropy,
U= jD jS2 (D<0).[11–14] Besides a high S, this relationship
also suggests a large value of the axial ZFS parameter D
that is achieved, in particular, for the parallel alignment of
local main anisotropy axes.[115] It was previously argued,
however, that jD j strongly decreases with the total spin of
the complex,[89] with the height of the blocking barrier not
generally rising with S, leading to the conclusion that the
sign of the exchange interaction between the magnetic
centers in SMMs is unimportant. However, this conclusion
does not apply to many cases, especially systems with a large
number of magnetic sites. As an example, consider an
arbitrary system containing N magnetic centers with equal
spins (Si) as well as equal axial ZFS parameters (Di) and
parallel anisotropy axes (Figure 8a–c). In a ferromagnetic
state corresponding to the maximal total spin, S=Sm, for the
limit Sm @1 the blocking barrier USm� jDi j (Si� 1/2)Sm,[89a]

which, due to the relation Sm =NSi, scales with the number
of magnetic centers, a fact that is well known for
ferromagnetic nanoparticles.[129] The above relationship can
be rewritten in the form (jDi jSi

2) (1–1/2Si) N, which

Figure 8. (a–c) Regular ferromagnetic networks of three dimensionalities; the spins on the magnetic sites are aligned to local main anisotropy axes.
(d) Height of US of the lowest spin terms for each value of S�8 (Sm=22) in Mn12-acetate.

[89a] Copyright 2007 American Chemical Society. (e)
Blocking barriers for three different spin terms in a regular ferromagnetic network, with a Heisenberg exchange interaction for N=5, Si=2
(Sm=10) and Di= � 2.5 cm� 1. Only one term for S=Sm� 1 and S=Sm� 2 is shown. The height of the barrier for each excited spin term is smaller by
jDi j (Si� 1/2)=3.75 cm� 1 than the previous one, while the entire barrier is shifted up by the corresponding exchange energy. The interactions
between the excited spin terms induced by the ZFS on the sites is neglected for simplicity, causing the corresponding barriers to have a perfect
parabolic shape. (f) Magnetic configuration corresponding to the top of the blocking barrier in a regular ferromagnetic network, with an Ising
exchange interaction (� j J jSizSjz) between the ground spin-orbit doublets (Si=1/2) at the nearest neighboring sites. (g) Variation of the energy of
the regular Ising network in (f) with respect to its ferromagnetic ground state after consecutive flips of magnetic moments on the magnetic sites
1–6 of the first layer and 1’–6’ of the second layer (see (f) for the numeration of the flipping sites).
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indicates that for a fixed N and on-site ZFS (jDi jSi
2), the

blocking barrier increases with the value of the local spins
Si. The barrier corresponding to the non-ferromagnetic state
S=Sm� 1 will be lower by the quantity USm–USm-1 = jDi j
(Si� 1/2), suggesting that US decreases linearly with a
diminishing S. This is also observed in non-regular magnetic
systems, such as Mn12-acetate, for spin values close to the
ferromagnetic one (Figure 8d). Therefore, the sign of the
exchange interaction between the magnetic centers is
important for SMM performance, with the highest blocking
barrier achieved for the ferromagnetic ground state.

These results apply to complexes with a Heisenberg
exchange interaction between magnetic sites, presenting
eigenstates jSM> characterized by a definite total spin and
its projection (SMMs of type I). In the presence of axial
magnetic anisotropy on sites with parallel local main
magnetic axes, the total spin projections M in their
directions (M= � Sm, …Sm) are still good quantum numbers.
On the contrary, S will not be conserved anymore, implying
that the jSM> states with the same value of M and different
S values will be intermixed by the axial magnetic anisotropy.
An exception are ferromagnetic states jSmM> that remain
eigenstates in the presence of an axial ZFS on the sites if the
latter are equivalent. Accordingly, the value of USm is not
affected by the exchange interaction, while the shape of this
barrier remains perfectly parabolic (Figure 8e). Further-
more, in sufficiently large complexes, the conservation of M
quenches the magnetization reversing transitions for most
pairs of states on the two sides of this barrier due to the very
large difference in their momenta (ΔM=M2–M1 @1), thus
making the Sm-barrier completely opaque unless the levels
close to its top become thermally populated. A similar
situation occurs for other barriers with large values of S
(Figure 8e). However, due to their rapidly increasing
number with decreasing S values (NSm-1 =N-1, NSm-2 =N(N-
1)/2, …) and a quadratic dependence of the number of the
spin-flip transitions on the number of thermally available
US, the effective blocking barrier will be much lower than
the USm. To reduce the density of S terms in the thermally
accessible energy domain, the exchange interaction between
the sites should be as large as possible, while the magnetic
network should be three-dimensional (Figure 8c). Moreover,
the density of low-lying S terms quickly declines with a
decreasing N, which means that there is a preference for Si
to be large (Sm =NSi). Relatively large ionic anisotropy in
combination with Si=2 is observed in complexes of FeII and
CoIII,[117] although a strong ferromagnetic exchange interac-
tion is not easily achieved for these metal ions. An
alternative solution would be the use of ferrimagnetic
regular systems such as the Prussian blue TM cubic networks
exhibiting a very large exchange interaction between the
metal sites.[118] However, the ground state spin in ferrimag-
netic systems (Sferri<Sm) involves a much higher density of
spin terms in the low-energy domain than in ferromagnetic
complexes. We may conclude that the main advantage of
the ferromagnetic ground state in a polynuclear SMM is not
so much the increase in the height of the low-lying blocking
barriers, but the decrease in the density of the thermally
accessible S terms.

Heisenberg exchange occurs between metal centers with
a quenched orbital momentum. When the latter becomes
(partly) unquenched, an Ising exchange interaction can
develop along with the Heisenberg one in the presence of
high axial symmetry on the metal sites (SMMs of type II).
The total momentum projection M along the Ising axis (z) is
again good quantum number if the polynuclear compound is
regular, also in the presence of axial ionic anisotropy on the
sites. The conservation of M gives rise to strong magnet-
ization blocking, like in the Heisenberg complexes, but the
nature of the blocking barriers is different. Thus, in pure
Ising complexes, the barrier of the reversal of magnetization
consists of steps of different Ising exchange levels (Fig-
ure 8g) and not of (2S+1) ZFS components of the one
exchange S term. Moreover, the top of the barrier
corresponds to the energy of the “domain wall” between
two ferromagnetically ordered parts of opposite magnet-
ization (Figure 8f), thus involving only the centers from the
smallest cross-section of the regular structure. This is
contrary to Heisenberg systems, where the top of the barrier
corresponds to the half-spin reversal on all magnetic centers.
Thus, to achieve the same height of the barrier, polynuclear
SMMs of the Ising type require many more magnetic sites.
Figure 8f also suggests that the best shape for the Ising
systems is cubic. The main drawback of such SMMs is a
weak exchange coupling, since a three-dimensional Ising
interaction is only obtained for lanthanide and actinide ions,
amounting to a few cm� 1. The ferrimagnetic Ising interaction
is one order of magnitude larger for mixed lanthanide-TM
compounds[100] and two orders of magnitude larger in
lanthanide-radical complexes.[102,103] However, no networks
of this type have been reported to date. For ferrimagnetic
Ising systems, the top of the lowest blocking barrier will be
again determined by a domain wall, as in the ferromagnetic
case (Figure 8f), which separates two ferrimagnetic Ising
orders of opposite directions. However, contrary to the
SMMs of the Heisenberg type, other relaxation paths will
always pass higher than this lowest barrier. The latter will
increase linearly with the strength of the Ising exchange
interaction and the number of magnetic centers in the
smallest cross-section of the magnetic structure, unlike in
Heisenberg complexes, where the rise of the effective
blocking barrier and TB are likely to reach saturation for a
large number of magnetic ions.

5. Ln Ions on Surfaces

Single Ln ions deposited on surfaces represent the limit of
the miniaturization of memory storage devices.[119] They
have been already used for testing various magnetic record-
ing techniques at the atomic scale.[120] Different procedures
for placing magnetic systems on surfaces have been
addressed,[121] such as using active surfaces like silicon oxide
that can coordinate lanthanide cations directly,[122] substitut-
ing ligands from a complex, or producing a hybrid coordina-
tion of the metal.[123] An interesting option is to use an ionic
support, e.g., MgO, to deposit the metal ions in order to
reduce the surface vibrations that can generate spin
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relaxation.[124] The magnetic anisotropy of deposited lantha-
nide ions arises from the CF splitting of the ground J
multiplet induced by its chemical binding to a surface
atom.[125] Although magnetic relaxation proceeds via the
same mechanisms as those for magnetic molecules in crystals
[Eq. (1)], the crucial difference is that the lanthanide ions on
surfaces, being impurity systems, interact with the local
vibrations rather than the extended phonons. The local
vibrations show up in the projected density of the phonon
states (pDOS) as narrow Gaussian distributions. Thus,
Figure 9a shows the local vibrations corresponding to the in-
plane and out-of-plane displacements of an Ho atom
deposited on the MgO surface.[124] The former are active
vibrations since they induce the main electron-phonon
coupling between the CF doublets. The pDOS for these
vibrations is centered at around 34 cm� 1, which does not
match any excitation energy for the low-lying doublets of
the Ho2+ cation. Hence, all the relaxation mechanisms in
Equation (1) involving the ground and low-lying doublet
excited states will be blocked except for the second-order
Raman via these local vibrations [third term in Eq. (1)]. The
latter resembles the Orbach process at low temperatures,
τ� 1 = τ0

� 1 exp(� �hω/kT), with �hω corresponding to the
frequency of the localized vibration (the center of the
corresponding pDOS) and the prefactor τ0 =60 s exceeding
the usual Orbach prefactors by many orders of magnitude.
This results in a very strong magnetization blocking of
hundreds of seconds at 35 K, which extends to 45 K when an
external field is applied (Figure 9c).[126] The latter is
explained by the suppression of this Raman mechanism
when a bias field overcomes the width of the pDOS for
these localized vibrations (Figure 9b). Taking into account
the realistic width of the pDOS in modeling the relaxation[53]

is crucial for the description of τ(H), a feature not included
for simplicity in the third term of Equation (1), which
instead considers the vanishing width of the pDOS and a
zero-applied field.

We may conclude that Ho/MgO offers a third scenario
of magnetization blocking that crucially differs from that of
the weakly and strongly axial SMMs since it does not require
strong magnetic axiality within the spin-orbit doublets. One
might expect that imposing it by using, e.g., dysprosium ions
would suppress the remaining weak relaxation channels.
Investigations have shown that DyIII/MgO blocks magnet-
ization for days at T=1 K (outperforming all known
mononuclear SMMs). However, the blocking decreases
rapidly with increasing temperature.[120] This suggests a non-
negligible role of MgO phonons in the relaxation process via
the first doublet excited state, which is not as strongly axial
as in many Ln-based mononuclear SMMs shown in Figure 4.
Despite a resemblance to [LnO] diatomic systems, the
lanthanide ions in Ln/MgO actually experience a strong CF
of a four-fold symmetry, reducing their magnetic axiality.
The situation might be improved by depositing LnO units
on the MgO surface. Calculations show that [DyO]+

vertically coordinated to MgO (Figure 9d) gives a barrier of
around 4000 cm� 1 at 2.3 Å from the surface.[59] The increase
in U compared to that for the respective diatomics is due to
an additional axial CF contribution from the surface oxygen
atom, similar to other compounds with a linear OLnO
core.[74] Such a coordination mode, however, is hardly
encountered in real systems, with a parallel coordination to
the surface being more realistic (Figure 9e).[65] Despite the
lack of symmetry in such a coordination, the barrier still
remains very high because of the much stronger bonding
within the LnO unit compared to its coupling to the surface.

Figure 9. (a) The pDOS for three local vibrational modes of Ho/MgO. (b) Mechanisms of relaxation via the active local vibrations in Ho/MgO. (c)
Relaxation time τ(T) for Ho/MgO with and without the applied field (B) extracted from XMCD spectroscopy.[124] Copyright 2020 American Physical
Society. Due to sample irradiation during the measurements, the obtained value of τ at a low temperature (constant domain) is 1�2 orders of
magnitude lower than that observed in the STM experiments.[126] (d) Ideal coordination of a diatomic LnO to the surface.[59] Copyright 2016
American Chemical Society. (e) A DFT-optimized structure of [DyO]/h-BN and the ab initio calculated multiplet structure displaying a
U>2000 cm� 1.[65] Copyright 2020 Wiley-VCH.
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6. Summary and Outlook

We have discussed several approaches for the design of
magnetic complexes exhibiting high magnetization blocking.
The two basic requirements for efficient SMMs are: (i) the
presence of many spin-orbit doublets with definite angular
momentum projections (M,-M) in their two components and
(ii) strong energy separation between the doublets, with the
low-lying ones being characterized by the largest M values.
For such multiplets, the magnetization reversing transitions
are suppressed at a low temperature, so that the flip of
magnetization of the complex basically occurs via a thermal
population of the high-lying doublets with lower M values.
These requirements are met by the design of ligand environ-
ments that provide high magnetic axiality and large CF
separation of the spin-orbit doublets on the metal ions.
Another favorable factor for magnetization blocking is the
lack of efficiently coupled vibrations/phonons that could
induce transitions between the magnetic levels. While the
first strategy is well understood and already accounted for in
the synthesis of new SMMs, the second one is largely
uncontrollable. At the same time, it is important to under-
stand how far the existing or prospective compounds stay
from real applications as memory units.

To safely store data for years at a temperature T, a
classical anisotropy barrier should present a U�60 kBT.

[119]

In liquid nitrogen (77 K), the height of such a barrier should
reach 3200 cm� 1, which is not attainable in current SMMs,
but is well within the reach of diatomic lanthanides that are
vertically deposited onto a surface (Figure 9d), which is,
unfortunately, an unrealistic coordination scenario. On the
other hand, the synthesis of mononuclear Ln-based SMMs,
with a blocking barrier around two-fold greater than that of
existing compounds (Figure 4), is in principle possible by
using inverted CF ligands in the equatorial plane that could
provide at least half of the strength of the axial CF given by
the apical ligands. One should bear in mind, however, that
in molecular systems, the barrier is not classic and the
under-barrier transitions cannot be eliminated completely
(Figure 3d). To reduce them, a strategy inspired by the Ho/
MgO example (Figure 9), in which the relaxation process
takes place via local vibrations, could be used. The main
problem with the deposition of polyatomic SMMs on
surfaces is their general loss of symmetry, which strongly
reduces the TB.

[121]

To store information at room temperature, a blocking
barrier of around 12000 cm� 1 is required, which is in
principle not achievable in mononuclear complexes. Numer-
ous polynuclear SMMs synthesized to date show a discour-
aging trend of U and TB not increasing with the number of
magnetic ions, even in complexes containing 84 metal ions
(4, Figure 1). A clear solution would be the synthesis of
regular polynuclear complexes with equivalent magnetic
sites, i.e., with parallel local anisotropy/main magnetic axes
and intersite exchange interactions. As discussed above,
such complexes should be either of the ferromagnetic
Heisenberg type (with axial magnetic anisotropy on the
sites) or of the ferrimagnetic Ising type, with very strong
intersite exchange interactions in both cases. Attempts to

construct anisotropic 3D magnetic networks using cyano-
bridged bimetallic ferromagnets synthesized from the [Mo-
(CN)7]

4� precursor have shown a Curie temperature of
several tens of K and weak anisotropy[127] due to the low site
symmetry of the precursor. The best source of intrasite
magnetic anisotropy would be Ln ions capable of giving
strong axial anisotropy in the absence of site symmetry. To
provide strong Ising exchange interactions, they should be
coupled to isotropic transition metals or radicals. For
polynuclear SMMs of the Heisenberg type, the main
problem is achieving strong ferromagnetic exchange inter-
actions with all the neighbors. Besides three-dimensionality
and regularity combined with strong magnetic axiality on
the metal sites (conditions not yet paid attention to in the
synthesis of SMMs), the growth of such networks might be
quenched by techniques used to produce synthetic
nanoparticles.[128] Under these conditions, barriers are ex-
pected to be reached for room temperature operation
involving several hundred Ln� R units if the synthesis of
suitable lanthanide-radical networks becomes affordable.
Such regular magnetic complexes are still much smaller than
the typical magnetic nanoparticles, amounting to tens to a
hundred thousand metal ions.[129]
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