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ABSTRACT: The design of mononuclear molecular nanomagnets
exhibiting a huge energy barrier to the reversal of magnetization
have seen a surge of interest during the last few decades due to
their potential technological applications. More specifically, single-
ion magnets are peculiarly attractive by virtue of their rich quantum
behavior and distinct fine structure. These are viable candidates for
implementation as single-molecule high-density information
storage devices and other applications in future quantum
technologies. The present review presents the comprehensive

state of the art in the topic of single-ion magnets possessing an 0 vl |
eminent magnetization-reversal barrier, very slow magnetic 0 712 n
relaxation and high blocking temperature. We turn our attention ¢ [rad]

to the achievements in the synthesis of 3d and 4f single-ion

magnets during the last two decades and discuss the observed magnetostructural properties underlying the anisotropy behavior and
the ensuing remanence. Furthermore, we highlight the fundamental theoretical aspects to shed light on the complex behavior of
these nanosized magnetic entities. In particular, we focus on key notions, such as zero-field splitting, anisotropy energy and quantum
tunneling of the magnetization and their interdependence.
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1. INTRODUCTION

For almost three decades the field of molecular magnetism has
been a subject of great interest for experimentalists and theorists
alike." Since the synthesis of the first single-molecule magnet
(SMM) was reported,” the number of synthesized SMMs has

Despite the fact that the 3d electrons interact strongly with the
crystal field (CF) compared to the 4f ones, the design of SIMs
based on either the first-row or lanthanide metals exclusively
emphasizes two main features—a noninteger high-spin state and
as low coordination number—as possible. Both features strongly

grown significantly. Exhibiting an energy barrier to the reversal
of the magnetization of pure molecular origin, these building
units of matter provide the ideal magnetic anisotropy (MA)
property and manifesting molecular remanence that is useful for
applications in quantum computing, molecule based informa-
tion storage devices’ and spintronics.” Of great potential for
application are SMMs that exhibit a suppressed magnetization
tunneling effect and possess a large or giant MA with high
blocking temperature,” corresponding to the temperature below
which the superparamagnetic behavior of a molecular nano-
magnet vanishes. Hence, the system is in a blocked state with
expected magnetic remanence, and a slow relaxation of the
magnetization takes place. Notice that the blocking temperature
is one of the main features under consideration with regard to
future applications.

Especially intriguing with respect to their peculiar quantum
magnetic behavior, distinct electronic spectra and fine structure
(FS) are the mononuclear molecular nanomagnets, i.e. single-
ion magnets (SIMs). Some of the most promising chemical
elements for the synthesis of viable SIMs with considerable MA
properties are the first-row transition metals® and lanthanides.”
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promote the occurrence of large and even huge anisotropy
energy and long-lasting relaxation of the magnetization. Any
slow relaxation can then be directly controlled with the aid of an
external magnetic field. Therefore, of great importance for the
assembly of single-ion based devices is the production of stable,
linear and high-spin Kramers complexes exhibiting a long
magnetization-reversal time and as high as possible blocking
temperature.8

While the race for the synthesis of stable and as low-
coordinated as possible complexes nears its end,””'' the
question regarding the manufacture of SIM devices continues
to generate a great deal of interest within the scientific
community. One of the most intriguing problems in
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technological application is tightly related to adhesion effects. If
successfully adsorbed on a surface,'”” SIMs with a well-
pronounced magnetic hysteresis curve and, hence, strong
remanence would be among the most reliable mononuclear
based systems for technological implementation. The only
competitors would be their smallest counterparts, or adatoms.?
Note that the magnetic properties of adatoms can be described
by the same theoretical methods used to analyze SIMs. In both
cases, however, the processes of evaporation and diffusion along
with the concomitant aggregation still pose a great challenge to
be overcome.

In this mini-review we report the recent progress in the design
of stable SIMs exhibiting large or giant MA and slow magnetic
relaxation. We present some of the most prominent species
among the 3d and 4f SIMs exhibiting extremely large energy
barriers to the relaxation of the magnetization. The discussion
primarily focuses on the theoretical aspects and future outlook.
Note that all relevant quantities discussed hereafter are given by
their effective values. In particular, we discuss the interrelation-
ship between the zero-field splitting (ZFS) and MA, with a focus
on the intricate correlation between anisotropy energy and
energy level splitting pattern. A case of an ideal 34 trigonal
bipyramidal complex is considered in order to elucidate the
genuine correspondence between both effects. Moreover, we
briefly review a key case concerning the occurrence of huge ZFS
in 3d® complexes and the possible emergence of unquenched
orbital moment. The analysis is particularly focused on the
recent studies of Ni** trigonal bipyramidal complexes.'*

The rest of this mini-review is organized as follows. In Section
2 we review the progress achieved in the design and synthesis of
3d and 4f SIMs possessing giant magnetization-reversal barriers,
slow zero-field magnetic relaxation and high-blocking temper-
ature. Section 3 is devoted to a discussion on key theoretical
aspects being of great significance for the future development of
the research on SIMs. That includes a discussion on the
interrelationship between ZFS, MA and quantum tunneling of
the magnetization (QTM). Section 4 outlines the future
development in the field of molecular magnetism.

2. IN THE PURSUIT OF THE LARGEST ENERGY
BARRIER TO REVERSAL OF THE MAGNETIZATION

2.1. First-Row Transition Metal SIMs with Giant MA.
One of the first monometallic transition metal complexes found
to exhibit field-induced slow magnetic relaxation with a
magnetization-reversal barrier of approximately 42 cm™ is the
spin-two trigonal bipyramidal complex [ (tpaMes)Fe] ™ reported
in 2010.°" Shortly thereafter, in the same year, studying the
magnetic behavior of different Fe** based trigonal bipyramidal
complexes, Harman et al.*® reported an even higher dc field
dependent barrier. A prominent case is the compound
[Na(solv),][(tpa'**"")Fe], with anisotropy energy reaching
65 cm™. Such a value is among the highest observed for highly
coordinated non-Kramers 3d ions. Nevertheless, for complexes
with even total spin-magnetic quantum number m, the smaller m
in the high-spin state, the lower the energy barrier to the
relaxation of magnetization. In this respect, intriguing cases are
the 3d® complexes with m = 2. Here, a barrier to the reversal of
magnetization may not exist, since the mixing of CF basis states
resulting from the spin—orbit coupling is either small or
negligible, leading to the conservation of m as a good quantum
number. Such a result is expected, since, for 3d°® complexes, the
subshell is almost completely filled and the probability to
observe an unquenched orbital moment vanishes due to the

Pauli principle. One particular example is the case of a spin-one
Ni** trigonal bipyramidal complex.”" Although there is a
different ligand environment and distortion, the latter exhibits
an almost two times smaller field induced magnetization-reversal
barrier and similarly for the anisotropy energy compared to the
Fe®" based trigonal bipyramidal complexes.

Among the first transition metal complexes with extremely
high anisotropy energies, however, are those composed of high-
spin metal centers of odd spin quantum number and low
coordination number. A particular example are the very rare
cases of linearly coordinated Iron and Cobalt ions. A prominent
species, introduced in 2013, is the homoleptic linear Fe®
complex [Fe(C(SiMe;);),]”, with average Fe—C o-bond
distance of 2 A, reported to have a large magnetization-reversal
barrier.” The barrier is estimated to be approximately 226 cm™,
which is extremely high for an iron based species. Moreover, in
the absence of dc magnetic field the relaxation time is longer
than 3 s for T < 8 K. When a dc field is applied, the relaxation
time is prolonged to a few minutes. The corresponding
hysteresis loop at 1.8 and 4.5 K along with the data showing
the magnetization as a function of the temperature are depicted
in Figure 1. The obtained blocking temperature, however, is T

)re*

0T Cooled

—= 0.1 T Cooled
= 0
=
-1
| Ty~ 45K
-2
2 4 6 8
T [K]
-2 -1 0 1 2

B[T]

Figure 1. Magnetization as a function of the external magnetic field and
temperature (inset) for the linear Fe* complex [Fe(C(SiMes);),]
The experimental data are provided in ref 9. The low-coordinated Iron
shows a broad hysteresis loop obtained within an average sweep rate of
5 mT-s™". The blocking temperature is approximately 4.5 K, and the
magnetization-reversal barrier is about 226 cm™". In addition, we depict
a ball and stick representation of the local coordination, where the lime,
gray and red colored spheres indicate the Iron, Carbon and Silicon
atoms.

~ 4.5 K, which is far below that of conventional liquid nitrogen
(77 K), making this single-ion magnet less suitable for
application. Generally, in contrast to the highly coordinated
Fe based SIMs, the slow relaxation of the magnetization in the
two-coordinated species is observed in either the absence or
presence of an external dc magnetic field. That makes them one
of the most promising transition metal based SIMs for the design
of linear complexes.

Other linear complexes showing a huge energy barrier to the
relaxation of the magnetization and, hence, pronounced
butterfly-like magnetic hysteresis were reported in 2017.
These are the heteroleptic two-coordinated Co** based species
reported in ref 11a. Although the 7-bondings accommodate the
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Table 1. Transition Metal and Lanthanide Based SIMs Possessing Extremely High Magnetization-Reversal Barrier E, . Found in
the Literature and Discussed in the Text along with Their Corresponding Blocking Temperature T} and Relaxation Time 7 at the

Low-Temperature Range, T”

Complexes Bparlem™] T (Kl 7(s]  TI[K] Ref.

T
7 IFe(C(SiMeg)yal- 226 45  >3* <8 9

o

L o
1 [(sIPr)CoNDmp] 413 75 >08" <12 lla

i
)7% : [Dy(bbpen)Br] 712 14 >0 <5 7g
X [Dy-5*1[B(CFs),] 1541 80 >10" <10 11b
X [Dy(Cp™™¥) ] [B(CeFs)a] 1468 2 2100 <25 10
»7%«”‘” [Dy(O'Bu); (4-phenylpyridine),]* 1442 8 >0.1" <5 7.e
,%%o RRRR-Dy-DgyFi2 1251 >20 =111"* =<5 11.c

“The local coordination of the listed SIMs is given in the first row. The asterisk symbol indicates that the results for 7, as reported in the
corresponding references, are obtained in the absence of external dc magnetic field. The double asterisk symbol shows that the results are extracted

from time decay magnetization measurements.

Nitrogen ligand very close to the metal center and the average
Co—C distance is no larger than 1.96 A, the overall CF effect
remains weak. As a result, in the absence of external dc magnetic
field the calculated relaxation of the magnetization barrier for all
complexes is reported to lie in the range 297—413 cm™!, or
approximately 36—52 meV. The blocking temperature of the
member with the highest relaxation barrier is a bit higher than
expected. It is approximately two times the boiling temperature
of liquid Helium (4.15 K). However, the corresponding
relaxation time does not exceed more than 0.1 s at 12 K, with
extrapolated saturation slightly less than 1 s. The results for these
compounds are summarized in Table 1.

It is worthwhile to stress that the Co** complexes are 3d’
systems. In other words, they have a highly occupied 3d subshell.
As a result, even for an ideal CF symmetry, the zero-field
magnetization-reversal barrier quickly vanishes as the coordina-
tion number increases. A completely different behavior to that of
the aforementioned linear complexes are the recently inves-
tigated trigonal prismatic Co** compounds, introduced in the
current year in ref 6g. Some of these complexes are reported to
have field-induced slow magnetic relaxation with small zero-field
anisotropy energy.

2.2, Lanthanide SIMs with Extremely High Magnet-
ization-Reversal Barrier. Shortly after the first lanthanide
SIMs were reported in 2003,”" researchers quickly realized the
great potential of 4f elements in designing complexes that retain
their magnetic states for a long period of time. Among all
lanthanide SIMs the highest energy barrier to reversal of the
magnetization and long relaxation time is held by Dy based
complexes,]5 where the Dysprosium ion is in a high-spin state.

A fascinating case is the Br containing pentagonal bipyramidal
Dy** complex with semilinear coordination introduced in
2016.”® The long Dy—Br (~ 2.85 A) and Dy—N (=~ 2.58 A)
distances from the equatorial plane promote the effect of spin—
orbit coupling to the fine structure of the energy spectrum to a
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large extent. That gives rise to a low-temperature, zero-field
barrier’s height of approximately 88.3 meV (712 cm™) and a
broad 2 K magnetic hysteresis loop that closes at around Ty = 14
K for a powder sample. The resulting magnetization blocking
duration is reported to be 41 s at 4 K. For the same temperature
value and 0.2 T dc magnetic field, the time span prolongs up to
1825 s. As it may be expected, far lower is the magnetization-
reversal barrier’s value of the isostructural Cl species, with a Dy—
Cl distance of approximately 2.68 A. The barrier height is about
492 cm™!, and the relaxation time in the absence of a dc field is
reduced to a few milliseconds. These results are a classical
example of how the stronger Cl ligand residing closer to the
metal ion reduces the spin—orbit contribution to the observed
MA properties and how the smaller atomic mass of Cl impacts
the overall metal—ligand vibrational modes altering the
magnetic relaxation.

The same magnetostructural dependencies are evident from
the magnetic behavior of three hexagonal bipyramidal Dy
SIMs reported in 2019.”" One of the three compounds, the
cation [Dy™(LN®)(Ph;SiO™),]* with the longest average Dy—N
equatorial distance, exhibits the highest magnetization-reversal
barrier at zero applied dc field. It is approximately equal to 781
cm™!. The relaxation time, however, is much shorter than 0.1 s
for T < 10 K in zero dc field, and the corresponding magnetic
hysteresis vanishes for T > T} = 4 K, with measurements taken
on a powder sample. Pushing the limits of the hexagonal
bipyramidal Dy complexes with the same local ligand environ-
ment and symmetry, in the same year Li et al.” reported an even
higher zero-field barrier. In the fourth member of the introduced
family of complexes, the six Nitrogen equatorial ligands reside
farther from the Dy ion than in the remaining members.
Furthermore, the two axial Dy—O bonds are the shortest found.
Accordingly, this member has the largest anisotropy energy
within the presented family. The corresponding barrier’s value is
approximately 930 cm™". Nevertheless, this complex has a short
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relaxation time and, hence, small hysteresis loop that quickly
shrinks while approaching the blocking temperature at about 6
K.

There are few Dysprosium based complexes with extremely
high single-ion anisotropy (SIA), see Table 1. One such a
compound, studied and reported in 2018,"'" is the Dy based
metallocene cation axially coordinated by a pentamethylcyclo-
pentadienyl ligand and a penta-iso-propylcyclopentadienyl
ligand over distances of 2.296 and 2.84 A, respectively. This
complex has a barrier to the magnetization reversal of
approximately 1541 cm™’, a blocking temperature slightly
above the liquid nitrogen one and a relaxation time around 50
s at 80 K. Accordingly, it exhibits a very broad magnetic
hysteresis loop that slowly closes while approaching 70 K. In
addition, during the same year, several metallocenium salts with
similar local coordination and, hence, magnetic behavior were
reported.'’ The magnetization-reversal barriers’ height ranges
from 1280 to 1470 cm™!, with blocking temperatures between
30and 70 K. Accordingly, a slow magnetic relaxation is observed
even for temperatures above 50 K, with a relaxation time span
ranging from 10 to 100 s in a dc field. The magnetic hysteresis
loops, along with susceptibility measurements, for the metal-
locenium species [Dy(Cp™™*™¢),][B(C4F;),] are depicted in
Figure 2.

0T Cooled 0.1 T Cooled
13- Dy3* -
% 6 02K
£ 2} 41 030K oJg00
2 L2 38
) 2 0 o o
M, = 0
=11t -2 23
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Figure 2. Molar susceptibility and magnetization data for the
metallocenium salt [Dy(Cp™™*),][B(C4F;),] from ref 10. The
isolated complexes [Dy(Cp"™*™¢),]* are found to exhibit one of the
highest magnetization-reversal barriers ever reported among the known
mononuclear nanomagnets. It is estimated to be approximately 1468
cm™". The inset depicts the corresponding magnetization hysteresis
loop at two different temperatures, taken with the sweep rates of 3.1 mT
s™'and 132 mT s at B <2 T and B > 2 T, respectively. The complete
data analysis from ref 10 shows that the loop closes at around 62 K. A
ball and stick representation of the local coordination around the Dy
atom (violet sphere) is also given. The gray colored spheres represent
the Carbon atoms.

Recently, in 2021, two investigated types of highly
coordinated Dy complexes have shown unusual features. Ding
et al.”® reported a very large zero-field anisotropy energy in three
octahedral complexes. For one of the members, the barrier’s
height reaches nearly 1442 cm™', which may be unexpected with
regard to the local Dy, symmetry. Nevertheless, the zero-field
measured relaxation time at 5 K is slightly above 0.1 s, and for a
20 mT s™" sweep rate the observed magnetic hysteresis shows a

blocking temperature of approximately 8 K. Thus, although a
large magnetization-reversal barrier is ensured by the very long
Dy—N equatorial distances, with average value of approximately
2.5 A, the presence of N ligands significantly suppresses the slow
dynamics. On the other hand, in the same year the results
introduced in ref 11c for two macrocyclic Dy** enantiomers
pointed out that both complexes exhibit a low-temperature
barrier of approximately 1251 cm™ at zero dc field. It is also
shown that these complexes demonstrate a very long relaxation
time of almost 2500 s at 2 K and have a blocking temperature Ty
> 20 K. Actually, this is one of the longest time periods for the
reversal of the magnetization recorded at the few Kelvins regime
for complexes with local Dg;, symmetry. What makes these
Kramers ion complexes so effective in retaining the magnet-
ization state is the remote equatorial ligand environment and the
weak contribution of the metal—ligand vibrational modes to the
mixing of low-lying energy eigenstates. Both complexes have an
average Dy—N distance of the hexagonal plane of approximately
2.68 A. For more details on the bond lengths and angles, see the
Supporting Information provided in ref 1lc. The same
magnetostructural correlations are further evident from the
most recently studied macrocycle Dy** complexes reported
quite recently in ref 11d. The study shows and confirms how the
distant Dy—N equatorial CF affects the magnetization-reversal
dynamics. The focus lies on two species distinguishable with
respect to the Dy—N distances, reported to have energy barriers’
heights of approximately 1204 and 1168 cm™". The most recent
case of low-coordinated Dy>* SIM reported in ref 11e, shown to
possess a large energy barrier to the reversal of magnetization, is
definitely another prominent example for the progress made in
the design of mononuclear nanomagnets. The occurrence of two
long Dy—N distances and one very long Dy—I distance gives rise
to an energy barrier height of approximately 1237 cm™' and a
blocking temperature of about 20 K. All of the above-mentioned
Dy based compounds stand as great examples for the
advancement of chemical engineering of SIMs.

3. CRITICAL THEORETICAL ASPECTS

3.1. Models and Background. Despite witnessing
tremendous progress in the synthesis, design and experimental
characterization of SMMs">'® (see also refs 6a and 12a), their
technological application is still beyond reach. Moreover, the
detailed picture representing the magnetostructural correlations
underlying MA and related dynamics is still not fully clear. Note
that inconsistently complementing conceptually distinct the-
oretical methods to calculate the effect of different interactions
strongly contribute to the overall ambiguity. Thus, any
combination of different theoretical techniques to extract useful
knowledge on the magnetostructural dependencies could end
up as a nonconsistent theoretical approach that may yield
nongenuine computational output.

Some of the most elusive representations that may mislead
research, for example, arise from the phenomenological
superposition of incompatible with respect to their physical
background microscopic effective spin models, with the aim to
generate a single multispin Hamiltonian or introduce a giant
spin one.'”'® One multispin Hamiltonian that inconsistently
combines microscopic effective spin models reads

H= z]ijgi'gi + 24D+ D dy (3 x8)
ij i i)j (1)

https://doi.org/10.1021/acsomega.2c06119
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where i # j run over all effective spin centers in the molecular
nanomagnet, J;; are the corresponding exchange couplings,"’D;;
are the one-site traceless symmetric tensors” and d; are the
vectors associated with the Dzyaloshinskii Moriya interac-
tions,21 i.e. the antisymmetric exchange ones. At a given moment
of time, each one of the three terms in eq 1 is inconsistent with
the two others and, thus, should be used individually. For
stationary states, some exceptions might be the cases when each
term acts within a separate Hilbert space, i.e. refers to a particular
group of electrons, or to the same electrons at a different point in
time. The ambiguity occurring from the improper combination
of different complete effective spin models, especially the
bilinear exchange Hamiltonian'® with the conventional ZFS
one,””** is beyond the scope of this review and will be discussed
in a separate paper.14

On the other hand, the direct definition of a relation
between molecular nanomagnets’ FS parameters and the
classical magnetocrystalline anisotropy parameters from the
phenomenological theory of MA in solids’*™*° strongly
misshapes our understanding about the underlying quantum
magnetization-reversal processes. If not properly applied, this
definition yields an inconsistent theoretical approach for
calculating MA and, hence, an unjustified relation between the
phenomenological anisotropy constant “K” and FS parameters
such as the axial D and rhombic E ones used to characterize ZFS
in transition metal complexes. As a result, some molecular
nanomagnets, expected to exhibit large anisotropy energy due to
precalculated large splitting parameters, may in contrary show
negligible or no sign of slow relaxation of magnetization. Then in
these cases an actual absence of anisotropy energy due to QTM
may be misinterpreted as a fast tunneling of magnetization
through an existing full profile magnetization-reversal barrier.
To gain additional knowledge on this matter, with discussion
given in terms of the conventional ZFS parameter, the reader
may further consult refs 21,25, and 27. Along these lines, we may
add a possible confusion of CF splitting as a huge ZFS (see refs
28) or associating the occurrence of large or huge ZFS only to
the spin—orbit coupling.

An important step forward in molecular nanomagnets’
comprehensive theoretical characterization is the use of well-
established methods within their self-consistent framework: for
example, the perturbation method”””’ incorporating the
residual electronic repulsion approach that ensures the conven-
tional irreducible representation of orbital states and the
complete active space variational one® (see also ref 29b)
based on the direct diagonalization technique. The accurate use
of these methods will reduce the number of possible
computational errors to the minimum. To some extent, ab
initio reformulations of both methods alone have the potential
to provide a genuine knowledge on the contribution of all
relevant interactions to the ground state magnetic properties as
well as the electronic spectra and the underlying electron—
electron and electron—nuclei correlations. Furthermore, DFT>"
and CE/LF** methods may be separately applied to elucidate
the effects of bonding and coordination, respectively. The
adequate use of the above-mentioned methods would
significantly facilitate the efforts in reducing the gaps between
them and, hence, in suppressing nonphysical features in the
studies.

In particular, most important features for the design of SIMs,
adatoms or low-dimensional systems of well isolated complexes
with extremely high MA are the CF symmetry, spin—orbit
interactions of relativistic origin and the spin exchange

5,17,23

interactions. Having at hand either a perturbation or direct
diagonalization self-consistent method to unequivocally deter-
mine the influence and interplay of these interactions on the fine
structure associated with the ground state (FSG) would be of
great benefit. As mentioned above, it is expected to get rid of any
puzzlement that has a long-standing impact on our knowledge of
the genuine behavior of SIMs.

3.2. Anisotropy Energy in SIMs. One puzzle that may arise
and be counterproductive to gaining insight into the properties
of mononuclear molecular magnets is generated by the intricate
correlation between MA/SIA and the zero-field FSG. That
interrelationship may embed the notion that within a zero-field
FSG an anisotropy energy always exists and its highest value is
proportional to the overall ZFS. Furthermore, there is a
corresponding slow relaxation of magnetization that is sup-
pressed by QTM.

The notion that MA/SIA is inextricably related to the
presence of ZFS may be traced back to the use of the
semiclassical approach in studying the magnetization-reversal in
SIMs, when as a matter of fact some SIMs have distinct quantum
magnetic behaviors. In this case the internal energy per single
complex may not be directionally dependent and, hence, even in
the presence of apparent ZFS an anisotropic behavior may be
absent. One particular group of SIMs that behave quantum
mechanically even at low magnetic fields includes all complexes
with the total magnetic quantum number m being a good
quantum number; that is, the square of total spin @ component
commutes with the system’s total Hamiltonian, where «a is the
quantization axis. Accordingly, these are all complexes that have
low-lying energy eigenstates represented as a superposition of
equal by absolute value and opposite by sign magnetic quantum
numbers. A trivial example are SIMs having the ground state

lyp,) = %(I—s) + ls)), where s is the maximal value of the total

spin quantum number. Such SIMs may exhibit FSG but cannot
generate a zero dc field magnetization-reversal barrier and do
not show MA properties. That is because the quantum basis
states |—s) and Is) are equally favorable by energy and most
importantly the spin-reversal pathways involving all or some
excited energy eigenstates with Iml < s are not required by the
laws of quantum mechanics, as it would be the case if the system
is approximated to a classical one. Therefore, by virtue of the
quantum oscillations between the states |—s) and Is), the energy
gaps separating the ground state from the excited ones do not
mediate the zero-field ground state magnetization dynamics.
This is a conventional case of QTM, since the spin-reversal at
zero or low field and low temperature occurs without any
exchange of energy and contribution from the intermediate spin
states. Consequently, the direction cosines and respective
anglesm’33 (see also ref 20a) have discrete values, and at low
temperatures the average internal energy of the system
represented as a function of the direction angles has a discrete
domain, D: {-7, 0, 7z} and range, R: {0, 0, 0}. Hence, an
anisotropy energy does not exist, and neither step-like nor
continuous magnetization-reversal processes defined within the
domain D’ = (—7, x) take place.

Hereon, focusing on a more realistic case demonstrating the
absence of MA and hence anisotropic energy in the presence of a
zero-field FSG, we consider a spin-one transition metal SIM. For
the cases of lanthanide SIMs, the reader may consult refs7a and d
and the references therein.

We consider a system composed of indistinguishable
homoleptic ideal trigonal bipyramidal 3d*> complexes. Each
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complex is characterized by metal—ligand bond distances of 2 A
and ligand charge numbers equal to unity. The metal center’s
charge number is constrained to Z = 9 and the covalence factor
to unity. The calculations are performed with the aid of the
method presented in ref 30c. The ground state of the
investigated complex is I1) as labeled in Figure 3(a). Given in

meV 1072 meV
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Figure 3. (2) Energy versus magnetic moment plot of the first six energy
eigenstates, li),i=1, ..., 6, of an ideal trigonal bipyramidal 3d* complex at
zero field. The magnetic moment ¢, designates the expectation value of
the total magnetic moment’s z component. The z axis is parallel to the
principal one. The values of all relevant parameters are given in Section
3.2. All arrows indicate possible pathways for the reversal of y¢,. The gray
and green colored ones show those requiring an external energy source.
The red one depicts the ground state magnetization-reversal GSMR
dynamics. (b) Internal energy per single complex U as a function of
the direction angle ¢ between the principle axis of the considered
complex and the expectation value of its total magnetic moment. The
corresponding vector is colored with the color map of the data for better
visualization. As a function of the remaining two direction angles, Ugis
zero.

Ug units, for the corresponding expectation values of the spin and
orbital magnetic moments we have g, , = (0, 0, —1.34125) and
#1,=(0,0,2.02009), respectively. Within the first exited state [2)
, of energy 7 X 107> meV, the respective expectation values are
Mo =(0,0,1.34158) and pt,; = (0, 0, —2.02054). Thus, we have
an unquenched orbital moment occurring due to the ground
state orbital degeneracy and lack of core orbitals, i.e.
E;, - Edyz =0 and dez,yz - dey = 0. Moreover, we have

huge energy gaps (see Figure 3(a)) partially resulting from the
energy difference E; — E 4, ~ 66 meV.

Although the total ab initio ZFS is considerably large,
approximately 282 cm™' (~35 meV), the zero-field magnet-
ization-reversal barrier’s height, calculated per single complex
with respect to its principle axis, is no larger than 0.9 X 107> meV
(shown in Figure 3(b)). Note that the barrier is not identically
zero since E, — E; & 7 X 107> meV. Hence, neither the energy
nor magnetization are directionally specific. In particular, the
barrier’s profile, i.e. the domain and range of the internal energy
per single complex U,g, shows that the magnetization-reversal is
neither step-like nor continuous. In other words the magnet-
ization per single ion decreases from 0.678 g to zero and then
further to —0.678 uy and vice versa without crossing the plane
perpendicular to the principle axis. This is unlike the
semiclassical and classical views of the magnetization dynamics,

where the total magnetic moment flips and the associated
magnetization-reversal barrier has a well-defined “peak” that
represents the maximal anisotropy energy value. In the
considered case shown in Figure 3(b) the barrier’s “peak”
does not exist because the ground state dynamics of an
individual complex’s total magnetic moment depends only on
the energy eigenstates|1) and|2) that are not a function of the s =
0 quantum basis states. The latter enter only into the
superposition of the very high in energy excited energy
eigenstates that are particularly related to the magnetization-
reversal processes requiring an external energy source, such as
the photon and phonon scattering and absorption/emission.
Such dynamics is indicated by a red double arrow in Figure 3(a)
and is referred to as QTM, since it does not require an
intermediate state and applied external energy source. Thus, at T
=0.05 K, the associated first order phenomenological anisotropy
constant per single complex is K < 107> meV and the domains of
the directional cosines are represented by the discrete set {—;, 0,
7}, That is the case even at a few Kelvins.

Finally, the excited energy eigenstates 13), ..., 16) govern only
direct or thermally activated magnetic excitations followed by
Raman and/or Orbach relaxations””*" shown by double gray
and green arrows in Figure 3(a). These processes may affect the
magnetization state but do not define its ground state magnetic
properties. Nevertheless, the Raman and Orbach relaxations
may have a significant impact on the near ground state
magnetization-reversal dynamics of complexes exhibiting a full
profile barrier. The design of the latter is one of the main goals in
the field of mononuclear nanomagnets, since QTM would be
suppressed, giving rise to a step-like magnetization-reversal that
can be properly manipulated by an external magnetic field. A
model based on the diatomic molecule [DyO]" showing step-
like magnetization-reversal through a thermally activated
relaxation was introduced in ref 7d. The corresponding energy
level diagram is depicted in Figure 4.

We would like to point out that for a large number of
electrons, ligands and active space the probability to have a
ground state represented as a superposition of all magnetic
multiplets is larger. As a consequence, the corresponding

+
3 [DyO]

24 FT T T T
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12 F
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Figure 4. Energy versus magnetic moment plot of the idealistic
diatomic system [DyO]*, with a Dy—O bond distance of 1.74 A. Data
provided by ref 7d. The inset sketches the step-like reversal of the
corresponding magnetic moment.

https://doi.org/10.1021/acsomega.2c06119
ACS Omega 2022, 7, 42664—42673


https://pubs.acs.org/doi/10.1021/acsomega.2c06119?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06119?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06119?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06119?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06119?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06119?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06119?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06119?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

magnetization-reversal process may resemble a classical one. In
this respect, the polynuclear molecular magnets stand as a
notable instance for testing whether the corresponding principle
holds.

3.3. The Lack of Zero-Field FSG in Some SIMs. In the
theory of transition metal complexes, there are cases when the
absence of conventional ZFS is hindered by the emergence of
nontrivial zero-field FS with an intricate interrelationship to MA.
The most prominent cases that demonstrate how elusive the
determination of true ZFS and its relation to MA can be are the
complexes composed of metal ions with an almost completely
filled valence subshell. Among the first-row transition metal
SIMs, the Ni** trigonal bipyramidal complexes are a notable
example.”* A low-lying energy level sequence of a homoleptic
slightly elongated trigonal bipyramidal complex, with Ni** metal
center of charge number Z = 12, is shown in Figure S(b). For

Studying the ground state magnetic properties of Ni*"
complexes, we consider the multiconfigurational approach
discussed in ref 30b. We demonstrate that the only physical
source that may lead to a huge ZFS in 3d® complexes is the
restricted mutual orbital motion of both unpaired electrons. The
corresponding degrees of freedom are restricted by imposing a
constraint over the phases ¢ related to the orbital states of the
unpaired electrons. As a result of that constraint, the direct
exchange interactions influence FSG by favoring the singlet
configurations in addition to the triplet ones. The resultant
superposition of singlet and triplet states lifts the excited energy
levels from FSG to extreme values. FSG in the case of ideal
trigonal bipyramidal geometry, with 2 A bonds, Nickel’s charge
number Z = 12, ligands charge numbers and covalence factor
equal to unity and values of the constraint, as a function of ¢ in
the range [0.23697, 0.27897], is depicted in Figure 6. The

d)lczd;zd)lcydiz,yzdﬁz
d3pdy,daydy, ,d2,
60
dld2,d2 d!, 2

xzyzPxy@ya_y2 %
2 g1 42 41 2
ffdxzdyzdxydxzyzdzz

)

40

Energy [meV]

20
d?,d?,dk d?, ,d!

xz%yzBxySx2_y2%

/dzzd;zdzyd;_yzd;x

(a) (b)

Figure S. First few low-lying energy levels of two Ni?* complexes with
slightly elongated axial bonds. (a) Octahedral coordination and (b)
trigonal bipyramidal one. The values of all relevant parameters are
provided in Section 3.3. All energy values are normalized such that the
ground state one starts at zero.

comparison the low-lying energy level sequence of the
octahedral Ni** analog is depicted in Figure 5(a). The covalence
factor k = 1, and all ligands are considered to have a unity charge
number. The axial and planar bond distances equal 2.1 and 2 A,
respectively. The energy spectra are calculated with the aid of an
adapted to 3d® systems exact diagonalization approach
introduced in ref 30c. In both cases we have a highly spin
degenerate ground state and excited spin multiplets being a
component of FS far from the ground state due to the action of
the CF. In other words, no zero-field FSG and unquenched
orbital moment exist. Note that the occurrence of unquenched
orbital moment in highly coordinated 3d® complexes is not
allowed by the Pauli principle. Therefore, a trigonal bipyramidal
3d® complex, localized to a large extent around the metal center
electrons, cannot exhibit huge ZFS and giant MA driven by the
spin—orbit coupling alone. We would like to point out that the
lack of ZFS is observed even for distorted trigonal bipyramidal
structures, except the highly compressed and elongated
bipyramidal cases for which the overall ZFS value does not
exceed a few tens of cm™. Nevertheless, these complexes show
no sign of spin—orbit driven anisotropy properties and, hence,
no slow relaxation of the magnetization.
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Figure 6. Low-lying energy levels of an ideal trigonal bipyramidal Ni**
complex as a function of the phase difference ¢ between the orbital
states of both unpaired electrons. The values of all relevant model
parameters are given in Section 3.3. The capital letters “S” and “T” stand
for singlet and triplet, respectively. In contrast to the lack of FSG
depicted in Figure S (b), here we observe a complex FSG resulting from
the restricted mutual orbital motion of both unpaired electrons.

overall ZFS ranges from approximately 40 to 5.2 meV, or 322
cm™' to 42 cm™!, respectively. The obtained ab initio energy
level sequence near the boundary ¢ — 0.23697 could be
effectively represented with the aid of the spin-sigma
Hamiltonian®® (see e.g. ref 30b for further details), given by

H =J(6;8, + 6,8) 2)
where ] is the corresponding effective intraexchange constant,

. A~ A
fori=1,2,8, = (8 )rl={x,y,z}

the sigma operator 6, = (6"),— (s,

is an effective spin-half operator and
, is defined under the

relation

Al _ Al
6ls, m), =a

0 Si Is, m>n5’ n € Z,

Here, a, , are real parameters and Is, m), are the eigenstates of
s

1,
eq 2, where s = 0, 1 and m = 0, 1. Note that the conventional
bilinear exchange model," obtained within the approximation

a,, = 1, Vs, n, can account for only a fraction of that sequence.

At the limit ¢ — 0.27897, FSG could be effectively represented
by the effective ZFS Hamiltonians
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where § = (Sa), a = x, y, z is the corresponding effective spin-
one operator, D is a traceless symmetric tensor, with elements
Dy € R, a, f = %, y, z, and D and E are the axial and rhombic

FSG parameters. Relations between the D tensor components
and the conventional (D, E) ZFS parameters can be found in refs
20a, 22, and 32b.

The occurrence of FSG and particularly huge ZFS in Nickel
based trigonal bipyramidal complexes is an ongoing discussion
that has the potential to reshape part of the conventional
understanding about the electron correlations governing the
ground state magnetic properties of complexes composed of
metals with a highly occupied 3d subshell. A thorough analysis of
the ground state magnetic properties of 3d°® complexes will be
published in a separate paper."* Therein we unravel the only
possible physical terms upholding the probability of observing
huge ZFS.

4. FUTURE OUTLOOK

Considering the constantly growing interest in engineering
nanosized information storage devices operating on the
boundary between quantum and classical physics, any
experimental and theoretical progress in the field of molecular
nanomagnetism would be of great significance. One of the main
goals prior to the assembly of such devices would require the
design of reliable SMMs, SIMs and low-dimensional units
composed of adatoms or SIMs that possess the correct MA
properties and, hence, remanence of pure molecular origin. In
that respect, the last two decades have seen considerable
progress that further fuels and ensures the future growth of the
field. That includes the synthesis of many low-coordinated
mononuclear molecular nanomagnets with exceptionally large
magnetization-reversal barriers, blocking temperatures and
relaxation time, fit for manipulation with an external magnetic
field or a laser source. We review some of the most prominent
cases based on 3d and 4f elements in Sections 2.1 and 2.2,
respectively. Of course the realization of high-density magnetic
storage devices based on SIMs or adatoms is tightly related to
the processes of adsorption on a surface, which underline the
other main goal that will power up future efforts in the field.
Moreover, controlling the process of aggregation will pave the
way of molecular nanomagnets’ design to their technological
implementation.
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