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Abstract

Molecular magnetism, though distinctly a field within chemistry, encom-
passes much more than synthesis and has strong links with other disciplines
across the physical sciences. Research goals in this area are currently domi-
nated by magnetic memory and quantum information processing but extend
in other directions toward medical diagnostics and catalysis. This review fo-
cuses on two popular subtopics, single-molecule magnetism and molecular
spin qubits, outlining their design and study and some of the latest outstand-
ing results in the field. The above topics are complemented by an overview of
pertinent electronic structure methods and, in a look towards the future, an
overview of the state of the art in measurement and modeling of molecular
spin—phonon coupling.
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1. INTRODUCTION

The field of molecular magnetism concerns the study of paramagnetic molecule-based materials
and is a fantastic playground for chemists, physicists, materials scientists, experimentalists, and
theorists to explore. The great appeal of these materials is the tunability of their magnetism via
chemistry, where the connection between structure and physical properties can be modulated in
practically infinite ways, a significant difference from solid-state magnetic materials. Further, the
inherent locality of molecular magnetic moments allows the simulation of magnetic states with
Hamiltonians of finite dimension, facilitating the exact treatment of quantum magnetic proper-
ties. The combination of these two features allows the precise construction of magnetic topolo-
gies to study fundamental physics. For instance, slow magnetic dynamics can be engineered in
zero-dimensional (0D) single-molecule magnets (SMMs), which are atomically precise superpara-
magnets with tunable magnetic anisotropy (1); low-dimensional magnetism can be studied in 1D
single-chain magnets (2) or in 2D layered materials (3); the quantum-—classical boundary can be
studied with large spin clusters (4); optical-, thermal-, or pressure-induced spin state switching
can be studied in spin-crossover (SCO) materials (5); magnetic frustration [both Heisenberg (6)
and Ising (7) models] and toroidal spin textures (8) can be studied in cyclic molecules; spin waves
can be studied in larger cyclic molecules (9, 10); and coherent spin dynamics can be manipulated
in molecular spin qubits (11, 12). Beyond an interest in controlling and studying the fundamental
physics of tailored magnetic systems, molecular magnets are often touted for their potential in
high-density data storage (13), quantum information processing (14), and spintronics (15) and are
central in the design of multimodal magnetic resonance imaging (MRI) contrast agents (16). This
review does not dwell on applications, save one exception: highlighting a recent paper showing
the potential of molecule-based magnets. Oyarzabal, Clérac and coworkers have recently studied
the deceptively simple [CrCl;(pyrazine);] coordination polymer, a 2D ferrimagnet consisting of
localized Cr(III) sites with a mixed-valent pair of pyrazine ligands (3), and shown that it can be
reduced to make a new 2D framework, Lip ;[Cr(pyrazine)4]Cly 7+0.25THEF, which features local-
ized Cr(Il) sites and pyrazine radical spins and shows ferrimagnetic ordering up to 510 K and a
coercive field of 0.75 T at 300 K (17). This is an incredible set of properties for a magnet with
a density of ~1.3 g/cm® compared to solid-state alloys which are far denser, such as neodymium
(Nd,Fe 4B, ~7.5 g/cm?), samarium-cobalt (SmCos, ~8.3 g/cm?), AINiCo (~7 g/cm?), or ferrite
(~5 g/cm?®) magnets, and that can also potentially be exfoliated and used as a 2D magnet.

Sections 2 and 3 deal with the specific cases of SMMs and molecular qubits, respectively, which
encapsulate a great deal of research in the field. Section 4 then gives an overview of the relevant
electronic structure theories pertaining to metal ions in molecular magnets. Finally, Section 5
discusses the crucial importance of the spin—phonon interaction before concluding with an outlook
on the field in Section 6.

2. SINGLE-MOLECULE MAGNETS

The identification of large magnetic anisotropy in [Mn;;0;,(CH3;COO);6(H;0)4] [herein
{Mn,}] (18) led to the first observation of molecular magnetic hysteresis and the definition of
SMMs (19, 20): molecules that show memory effects arising from purely intramolecular interac-
tions without the need for long-range order. As such, these 0D magnetic materials have no phase
transitions and are technically superparamagnets. This report sparked an intense investigation
over the subsequent 30 years to find SMMs with slower magnetic dynamics in the hope of realiz-
ing molecule-based high-density magnetic memory (21). The crucial ingredients for SMMs were
clearly laid out: (#) a large magnetic moment, (b) a bistable ground state, and (c) large easy-axis
magnetic anisotropy. The first two points are rather self-explanatory: a very magnetic molecule is
required to make a molecular magnet, and classical binary memory requires two degenerate states
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Illustrative energy barrier to magnetic relaxation (Uef) in single-molecule magnets. Gray bars are doubly
degenerate electronic states (Kramers doublets), which have opposite projections of the total angular
momentum J,. Magnetic relaxation processes mediated by phonons are shown as colored solid arrows, with
red indicating single-phonon processes (the sequence displayed is called the Orbach process) and green
indicating a Raman two-phonon process. The gray dashed line indicates a virtual state, which is not a real
state and simply depicts that all excited states are involved in a second-order perturbation to facilitate the
Raman-like scattering process. Magnetic relaxation mediated by quantum tunneling of the magnetization is
shown as a blue dotted arrow. Thermally assisted quantum tunneling of the magnetization between excited
states is not shown.

that can be switched between. The third requirement is perhaps the most crucial and yet the trick-
iest component to engineer. Magnetic anisotropy is the connection between the physical structure
of a molecule and its magnetic properties, and uniaxial easy-axis anisotropy dictates that a single
spatial direction should have the largest magnetic susceptibility. This set of properties engenders
a well-isolated manifold of magnetic states that display a characteristic shape (Figure 1), where
an intrinsic energy barrier separates a doubly degenerate ground state that each molecule should
climb in order to reverse its magnetization,; this is the origin of slow magnetic dynamics, and hence
memory effects, in SMMs. This energy barrier to magnetic reversal (or magnetic relaxation) is
given the symbol Uy and leads to an exponential temperature dependence of the magnetic relax-
ation rate, which is also called the spin-lattice relaxation rate (7}), as shown in Equation 1 (22),

77l = gy le Vert/keT | 1.

This is similar to the Arrhenius law for chemical kinetics; for {Mn;,}, U.g/ks = 61 K, and
hysteresis is observable below 4 K. However, as magnetic relaxation involves the exchange of
energy with a bath, nearly any paramagnetic molecule can show out-of-equilibrium behavior (i.e.,
memory effects) if the temperature is low enough and the timescale of the experiment is short
enough. Hence, while it is commonplace to refer to any molecule with observable slow magnetic
dynamics as an SMM, the author prefers a definition that includes the presence of a U, barrier.
The initial area of interest for the development of SMMs was 3d-based polymetallic molecules
in the vein of {Mn,,}, where exchange interactions were harnessed to construct molecules with
giant total spin [culminating recently with § = 91 in a {Ni;; Gdzo} complex (4)]. In this, the first
generation of SMMs, the magnetic anisotropy and U, arise from second-order (excited state)
spin-orbit coupling (SOC) effects in each of the 3d ions, which are projected onto the total spin
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ground state of the molecule. Thus, while magnetic moments can be quite large due to their
large total spin, the magnetic anisotropy of each ion is usually small and tends to cancel out when
projected onto the total ground spin state (as controlling a collinear alignment of many individual
anisotropy axes is synthetically challenging), meaning that Ul values are small.

Inspired by the pioneering work of Ishikawa et al. (23), who in 2003 isolated the Tb(III) SMM
[N"Buy][TbPc;] (H;Pc = phthalocyanine) with Ueg/kp = 331 K, the community turned to the use
of 4fions in SMMs, most often as monometallic complexes (24). This is because 4f ions have near-
unquenched orbital angular momentum and large numbers of unpaired electrons, both of which
are due to the contracted nature of the 4f orbitals, leading to large magnetic moments as well as
large magnetic anisotropy. Here, SOC acts in first order to give total angular momentum J = L +
S ground states in the late 4f period (/ = L — S in the early 4f period), and owing to the contracted
4f orbitals, the crystal field (CF) effects are best described as splitting their total angular momen-
tum states J into projections #z,. As a result, it is irrelevant to talk about 4f bonding or antibonding
interactions with ligands. Thus, the U barrier for monometallic 4f-based SMMs arises from the
splitting of the ground total angular momentum state J by the CF. The requirement for magnetic
bistability can also be ensured by choosing a 4f ion with an odd number of unpaired electrons,
which via Kramers’ theorem ensures twofold degeneracy in zero magnetic field (25). Hence, the
ion of choice to build SMMs was quickly found to be Dy(II), which has a °Hjs/» ground term. After
a scattergun approach to the design of new 4f SMMs, a seminal perspective paper from Rinehart
& Long (26) proposed a method for rational design of 4f-based SMMs. It is of critical importance
how the effective CF of a set of ligands splits the 2, states, which at first glance is a terrifying prob-
lem to reverse engineer, but a crucial piece of the puzzle was actually solved in the 1980s by Sievers
(27), who showed that the 72, states of the free 4f ions have analytical f-electron density distribu-
tions that are strongly anisotropic. Thus, Rinehart and Long proposed to arrange the electrostatic
potential generated by the ligands to stabilize the anisotropic f-electron density of the largest (most
magnetic) 7z; state of a given 4f ion. Indeed, a classical electrostatic model was shown to match
the results of ab initio electronic structure calculations of the ground state magnetic anisotropy
in Dy(III) complexes (28). For Dy(III) the coordination geometry of choice is two-coordinate lin-
ear (29, 30), concentrating negative charge on a single axis (Figure 2), and the strategy has been
validated countless times as yielding vast increases in U barriers (Figure 25) (31).

Recently, a step change in the performance of SMMs was achieved by Goodwin et al.
(32) by fully conforming to this design in the isolation of the first dysprosocenium cation
[Dy(CsH,'Bus),]*, which is a sandwich complex with no equatorial ligands. This is a remark-
ably challenging class of molecule to isolate, and numerous attempts had been made previously
by Layfield and coworkers (33) as well as others (34-36). There are now five other closely related
dysprosocenium SMMs (37, 38), one bis-mono-phospholyl Dy(IIT) SMM ([Dy(C4P*Bu,Me;),]*)
(39), and one neutral terbocene SMM [Th(Cs'Prs),] (40), which have set the new benchmark
in the research field, with U.s/kg between 1,760 and 2,217 K and open magnetic hysteresis up to
80 K (38). These findings have driven both theoretical (32, 39, 41) and experimental (42) studies to
examine how and why this class of compounds has such extraordinary properties, with the conclu-
sions being that (#) the ligands are small and charge dense, (§) the lack of equatorial ligands allows
close approach of the axial ligands, (c) the bulky nature of substituents encourages linear coordina-
tion, (d) the first coordination sphere of the Dy(III) ion contains rigid Cs (or C4P) rings leading to
high-energy intramolecular vibrations (optical phonons), and (e) the bulky substituents on these
cations paired with bulky anions result in diffuse molecular charges, leading to weak intramolecu-
lar interactions and low-energy intermolecular vibrations (acoustic and pseudoacoustic phonons).
Points a— lead to a large CF splitting and hence a large U barrier, slowing down relaxation via
the Orbach mechanism (Equation 1), while 4 and e lead to weak two-phonon coupling, slowing

Chilton



Annu. Rev. Mater. Res. 2022.52:79-101. Downloaded from www.annualreviews.org
Access provided by University of Ljubljana ALL ACCOUNTS on 08/10/23. For personal use only.

4 2,347K
a b 2217K []
X .
1,815K
o
=
&
:0
938K
331K
o[
—
1993 2003 2013 2016 2018 2022

Year

Figure 2

(@) The ideal coordination environment for a Dy(III)-based single-molecule magnet is linear two-coordinate.
X represents anionic ligand donor atom(s), and the rendered shape is the overexaggerated 4f° electron
density for Dy(III) in the 72y = £15/2 state (27). (b)) Timeline of record-breaking U barriers for

different SMMs: 1993, [Mn;,012(CH3 COO)16(H,0)4] (43); 2003, [N"Buy][TbPc;] (23); 2013,
[TbPc(Pc-(OPh-p-‘Bu)s)] (44); 2016, [Dy(O'Bu), (pyridine)s | [B(CoHs)q] (45); 2018,
[Dy(CsMes)(Cs'Prs)][B(CeFs)4] (38); and 2022, [Dy»13(Cs'Prs),] (46).

down relaxation via the Raman mechanism (see below) (42). How to improve on this design is an
open challenge, and theoretical research suggests that U barriers have reached their maximum,
but that progress can be made by judiciously designing the vibrational modes of the SMM (41).

Indeed, other SMMs with similarly large U, barriers do not show open hysteresis to such high
temperatures (31, 47); this is because magnetic relaxation does not follow an exponential tem-
perature dependence in all temperature ranges. Magnetic relaxation, whereby molecules move
between different electronic states, is facilitated by absorption and emission of phonons (see
Section 5). The exponential over barrier process (Orbach process) arises from a concatenated
series of single spin—phonon processes, but there are also Raman-like two-phonon scattering pro-
cesses, which give a power-law temperature dependence to the relaxation rate (25, 48), and quan-
tum tunneling of the magnetization (QTM), which is temperature independent (49, 50), both of
which allow for shortcutting of the U barrier (Figure 1). Thus, two of the most significant ar-
eas in the development of SMMs are (#) unraveling the connection between Raman relaxation
and chemical structure and (b) understanding the drivers of QTM in 4f SMMs. These goals are
strongly intertwined with theory, as discussed further in Section 5.

Through the work on monometallic 4f SMMs that now dominates the field, it has become
well known how to design molecules that exhibit large magnetic anisotropy. However, progress is
not sure to continue along this route owing to fundamental limitations in the possible chemistry
and the underlying physics. Another route to improving the performance of SMMs is through
strong magnetic coupling between 4f ions, which can augment existing strong anisotropy. How-
ever, magnetic interactions between 4f ions are generally weak and often dominated by through-
space dipolar interactions (51); hence, polymetallic 4f molecules tend to behave magnetically as a
collection of individual 4f centers (52). However, strong interactions can be effected by the inclu-
sion of radical spins on suitable bridging ligands, leading to strong 4f—4f coupling (53). Here, the
most emblematic example is [{Tb(tetrahydrofuran)(N{SiMe;},),}>N,], which features a bridging
N3~ radical anion having strong antiferromagnetic coupling to each Tbh(III), leading to a highly
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Figure 3
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Chemical structures of (z) [(Dy(CsMes)s)2 (bipyrimidine)]* (58) and (5) [Dy213(C5'Prs)2] (46) with indication of anisotropic magnetic
moments in the ground state (red arrows). H atoms are omitted for clarity.
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anisotropic ferrimagnetic ground state (54). This molecule held the record for the highest tem-
perature observation of molecular magnetic hysteresis, 14 K, until the advent of dysprosocenium
SMM:s (32), but crucially, these strongly coupled SMMs feature large coercivities (55) that ap-
pear to block the effects of QTM that plague monometallic 4f SMMs (56, 57). However, most
of these radical-bridged SMMs feature anionic radical bridging ligands that coordinate in a per-
pendicular fashion to the main anisotropy axis of each of the metal ions (Figure 34) (55, 58, 59);
it would be preferable if the radical bridge was collinear with the local anisotropy axes such that
(@) any coupling between the metal ions was supported by through-space ferromagnetic dipolar
interactions and (b) the anionic radical bridge enhanced, rather than detracted from, the existing
magnetic anisotropy (Figure 3). An intriguing development in this area has been the advent of
dimeric 4f units encapsulated by fullerene cages that exhibit single-electron metal-metal bonds
that engender very strong magnetic coupling (60). Here, the bonding electron is both the source
of the anisotropy for each Dy(III) ion (negative charge on a single axis) and the source of magnetic
coupling, which, importantly, follows the collinear principle. This leads to an order-of-magnitude
stronger interaction than usually observed (even for radical-bridged complexes) and magnetic
hysteresis open up to 21 K.

Taking inspiration from this idea, Chilton, Harvey, Long, and coworkers (46) have recently
isolated a series of dimetallic 4f complexes [Ln,I3(Cs'Prs),] (Ln = Gd, Tb, Dy) featuring a stable
single-electron bond that is collinear with the local anisotropy axes (Figure 35). The extra elec-
tron resides in a o-bonding 5d,?-5d,? orbital, and hence each Ln ion has a formal valence of +2.5
and the molecules are Robin—-Day class III mixed valent. These remarkable molecules exhibit
incredibly strong 4f-radical coupling (another order of magnitude stronger than the fullerene-
encapsulated dimers), shown to be dominated by direct exchange, and CF splitting larger than
the best monometallic SMM [Dy(CsMe;)(Cs'Prs)][B(CsFs)4]. These two features, including sig-
nificant exchange anisotropy, result in the highest U barrier to date for [Dy,I3(Cs'Prs),] with
U.s/kp = 2,347 K, open magnetic hysteresis up to 80 K, and a coercive field >14 T at 60 K (prelim-
inary measurements estimate a coercive field >25 T at 50 K for [Tb,15(Cs'Prs),]); for comparison,
the coercive field of [Dy(CsMes)(Cs'Prs)][B(CsFs)s] at 60 K is 2.1 T.

3. MOLECULAR QUBITS

Given the quantum origins of magnetism in molecules, it is no surprise that these materials
have found applications in quantum information processing. The fundamental unit of quantum
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computing is the qubit: an entity that has a well-defined two-level quantum system that can
be manipulated and retains phase coherence; the conditions for ideal qubits are laid out by the
DiVincenzo criteria (61). In the case of magnetic molecules, a qubit could be constructed on the
basis of the electron and/or nuclear spins, where the simplest incarnation could be a V(IV) or
Cu(II) complex with one unpaired electron, and the 7g = £1/2 states form the two-level basis.
Candidate qubits must first demonstrate that arbitrary superposition states can be formed, that is,
|Y) = a|+1/2) + B|—1/2), and that the phase coherence remains long enough to be practically
useful. In the realm of molecular qubits, manipulation is dominated by pulsed electron para-
magnetic resonance (EPR) spectroscopy, where the spin-echo coherence time 75 of a qubit can
be measured with pulsed EPR using a Hahn echo sequence (62). This ubiquitous pulse sequence
usually employs a train of 16 ns microwave pulses to (#) flip the magnetization by 90° (/2 pulse)
from being aligned with the field (z) to being perpendicular to it (x), (6) allow the magnetization to
freely precess in the field and individual components in the ensemble to dephase, (¢) flip the mag-
netization by 180° (rt pulse), and (d) allow the magnetization to precess back together and record
the spin echo (along —x). Demonstration of coherent manipulation is routinely shown by per-
forming a nutation experiment, where the result is Rabi oscillations of the magnetization. Modern
spectrometers employ arbitrary waveform generators to generate pulses of arbitrary shape with
subnanosecond resolution, allowing specific pulses that could excite a precise subpopulation in
the ensemble or a broadband pulse to excite the whole sample, for example. The best-performing
molecular qubits show spin-echo coherence times on the order of a microsecond at room
temperature (63-65) and up to almost a millisecond at low temperatures (66) compared to their
solid-state rivals with spin-echo coherence times of a few milliseconds at room temperature for
negative nitrogen vacancy (NV™) defects (67) or up to tens of milliseconds for silicon carbide di-
vacancy defects when driven appropriately at low temperatures (68). Despite the coherence times
of molecular qubits being 10-1,000 times shorter than solid-state alternatives, this is no barrier
to utility given that gate operations issued by microwave pulses are on the order of nanoseconds.

It must be mentioned here, however, that nearly all experiments on molecular qubits are con-
ducted on ensembles and not individual molecules; the initialization, manipulation, and detection
of a single molecular spin is a significant challenge, but not one that is impossible. Given this dif-
ficulty, the question “Why molecular spin qubits?” is pertinent. The answer lies in a basic tenet
of chemistry: A sample of a pure compound contains a very large number (~10?*) of identical
molecules that are prepared simultaneously. This gives molecular qubits a cost and time advan-
tage in their preparation if the difficulties with their use can be addressed. Chemical synthesis also
offers a unique angle for the preparation of more than just two-level systems. Arrays of weakly
interacting two-level systems can be constructed in arbitrary architectures (69, 70), including into
infinite arrays (71-73), and multilevel electronic or nuclear systems can be incorporated (74) to de-
velop simple gates (75-77) and implement error-correction schemes (78). Hence, the near-infinite
tunability of chemical synthesis can be brought to bear on the degrees of freedom of molecular
qubits, which cannot be said about impurity spins in the solid state or fabrications of supercon-
ducting circuits. Moreover, in the realm of quantum sensing, molecules are far more susceptible to
changes in their environment than solid-state impurities or trapped ions, and hence there is cer-
tainly optimism about the role of molecular qubits in the broader space of quantum information
(79, 80).

Many of the challenges associated with the utility of molecular qubits are highlighted when
they are compared with their solid-state counterparts; however, possible solutions to these
challenges can also be taken from the solid state. For instance, the explosion in utility of NV~
centers (81) is enabled by optical initialization and readout, a strategy that is very hard to conceive
of in a molecular analog. However, a molecular spin qubit that can be initialized and read out with
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86

light has recently been reported by Freedman, Awschalom, and coworkers (82), who show that
[Cr(o-tolyl)4] has the requisite spin structure to permit such operations in a molecule. The key
design features are that Cr(IV) is in a tetrahedral environment, assuring an S = 1 ground state for
the d* configuration with small magnetic anisotropy (Figure 44,b), and that aryl carbon ligands
impose a very strong CF, enforcing an S = 0 first excited state (Figure 4b). Here, the design
parameter is the strength of the CF relative to the interelectronic repulsion, which is neatly
expressed with the appropriate Tanabe-Sugano diagram (Figure 4c¢), showing that the tetrahedral
CF must be approximately three times larger than the Racah C parameter (83) in order to achieve
the desired spin state ordering. This strong-field electronic structure facilitates preferential
optical excitation from the mzs = 0 state in the ground S = 1 manifold to the excited S = 0 state,
and so population becomes trapped via luminescence in the dark 7mg = %1 states (Figure 4d);
similar strategies are possible with V(III) complexes (84). In a similar vein, Coronado, Hill,
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(a,b) Schematic of an avoided crossing in Nag[Ho(W50O13),] leading to clock-like protected electron paramagnetic resonance (EPR)
transitions, as explained in Reference 92. Vertical oscillations indicate longitudinal magnetic field noise, leading to small changes in the
EPR transition frequency at the clock transition (red) or large changes off the clock point (blue). (c) Schematic of electron—nuclear
avoided crossings of [TbPc;], as explained in Reference 93. The colored lines represent the different nuclear spin projections of I = 3/2
for 39Tb. (d) Schematic of conductance jumps in [ThPc;] owing to quantum tunneling of the magnetization at avoided crossings. The
colored lines show the conductance measured when the molecule is in each of the corresponding nuclear spin states in panel ¢. The
inset shows the molecular structure of [TbPc;]™ (99).

and coworkers (85) have taken inspiration from atomic physics, where protected atomic clock
transitions lead to ultrastable and sharp spectroscopic lines (86), to develop molecular qubits with
orders-of-magnitude enhancement in spin-echo coherence times at electron-nuclear hyperfine
avoided crossings in a Ho(III) molecular qubit, Nag[Ho(W5Oys),]. Here, the ground state is
m; = +4, arising from a CF of near-D4y symmetry acting on the °Ig ground term. However,
the ground state is not perfectly degenerate because the ion has an even spin, S = 2, and thus
is non-Kramers; hence, the low-symmetry component of the CF can completely remove the
electronic degeneracy in zero field. In this case, the leading CF term lower than D4y symmetry
has fourfold rotational symmetry and thus mixes the #; = £4 with each other in second order,
leading to an unusually large avoided crossing at zero field (~0.3 cm™!; Figure 54). This avoided
crossing results in an EPR transition frequency that is insensitive to longitudinal magnetic field
noise at first order (Figure 5b), and hence the two-level system is protected against decoherence
from such sources when operated at this clock point. In reality, the **Ho isotope has I = 7/2
and so there are actually eight avoided crossings, one for each projection of the nuclear spin 7z;.
Even more recently, the team has also demonstrated this effect in a Lu(III) molecular qubit (87).
When operated at the clock points, it becomes the spin-lattice 77 time that begins to limit the
phase memory of molecular qubits, and hence the same questions of spin—-phonon engineering
arise as for SMMs. In this respect, Atzori, Sessoli, Salvadori, and coworkers (88-90) have made
important contributions in probing spin dynamics and vibrations in vanadyl(IV) molecular qubits,
demonstrating the link between molecular rigidity and improved 73 and 7 times.
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However, to date, there has been only one successful demonstration of a complete quantum
algorithm using a single molecule spin qubit processor, with the pace being set by Candini, Ruben,
Wernsdorfer, Balestro, and coworkers (94-98). Here, the team has long favored the use of the
first 4f SMM, [TbPc;]~ (23); this molecule features large uniaxial easy axis magnetic anisotropy
imposed by the CF on the " Fg ground term of Tb(III), leading to a near-degenerate pair of nz; = £6
ground states. Similar to Nag[Ho(W5O1s);], the ground state is not degenerate because Tb(IIT)
is a non-Kramers ion, and here the avoided crossing at zero field (Figure 54) facilitates QTM
when the field is swept through zero. This abrupt reversal of magnetization via QTM leads to a
measurable change in the conductivity of the molecule when placed on a graphene nanoribbon
(94) or carbon nanotube (95), and thus the magnetization of the sample can be measured via
conductance. However, there is a single stable isotope, 1’ Tb, which has nuclear spin I = 3/2, and
hence there are actually four avoided crossings at different field positions owing to the hyperfine
coupling (Figure 5¢), meaning that conductance measurements of a single molecule in a gold break
junction allow measurement of the projection 7 of a single nuclear spin (Figure 54) (93). Thus,
the nuclear spin of this molecule can be initialized in a particular 7 state by sweeping the magnetic
field and then coherently manipulated with microwaves (97), allowing for the demonstration of
the Grover search algorithm in a single molecular qubit (98).

4. ELECTRONIC STRUCTURE AND MODELING
OF MOLECULAR MAGNETS

For most contexts in molecular magnetism, it is sufficient to consider metal ions as gas-phase ions
perturbed by a molecular environment (i.e., an ionic bonding model as opposed to a covalent one).
This simplification can break down in cases of strong metal-ligand bonding [e.g., organometal-
lic compounds such as ferrocene (100)], significant metal-metal interactions [e.g., mixed-valence
chemistry (101)], incorporation of redox noninnocent character [e.g., Ce(III)/Ce(IV) complexes
(102, 103)], and low-valent complexes [e.g., divalent 4f-block chemistry (104, 105)]; however, it is
usually still a good starting point for understanding magnetic properties.

Under the single-configuration approximation of gas-phase metal ions, the leading perturba-
tions removing the degeneracy of d” or f” configurations are interelectron repulsion (IER) and
SOC. The latter, being a relativistic effect, becomes more significant for heavier elements, but
even for the 3d metals it gives rise to many interesting properties in molecular magnetism. The
parametric models of atomic and ionic electronic structure as developed by Slater (106) and Con-
don (107) [and later developed in spherical tensor mathematical form by Racah (108, 109)] provide
convenient tools to model the electronic energy levels owing to these perturbations. These meth-
ods allow the classification of states by their Russell-Saunders terms, defined by total spin quan-
tum number S, total orbital angular momentum quantum number L, and total angular momentum
quantum number J; in spectroscopic notation, this is 25*!L;. When incorporated into molecular
complexes, it is usually assumed that the IER and SOC are more-or-less unchanged and the main
perturbation to the metal ion is the loss of degeneracy of the d- or f-orbitals. In reality, this is
due to the formation of molecular orbitals, but in an ionic metal-ion-centric picture this is often
described in terms of CF or ligand field (LF) theory. The distinction between CF and LF theo-
ries is largely a matter of definitions; the original CF theory described by Bethe (110) assumed a
purely ionic model where perturbations to the free-ion electronic structure were caused by point-
charge electrostatics, while LF theory accounts for the formation of bonding/antibonding orbital
interactions in molecular complexes (111), along with corrections for polarization, screening, or-
thogonality, etc. (112). However, in modern research it is understood that any description of the
environment of a metal ion, whether in a molecular complex or a solid-state impurity, in terms of
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a symmetry-adapted expansion acting on a basis of metal angular momentum functions, such as
in Equation 2,

. even & .

Her= Y > B0, 2.

2<k<2J g=—k

is purely phenomenological. Hence, we are agnostic as to the distinction between CF and LF
formalisms and happily use them synonymously. The CF potential can be written in terms of
the single-electron orbital angular momentum functions of the microstate basis /, the total or-
bital angular momentum states L, or the total angular momentum basis J, and most commonly
the extended Stevens operators (OZ, based on the tesseral harmonics) are employed (113). These
operators are also closely related to those used to describe the effective zero-field splitting (ZFS)
of spin-only states measured with EPR spectroscopy, but care must be taken to avoid confusion
between conventions and the two rather different electronic structure paradigms (114).

The confluence of these three components of metal-ion electronic structure—IER, SOC, and
CF—compete to dictate the magnetic properties of a molecular complex and allow the grouping
of different blocks of the periodic table into different classes. For 3d ions where IER ~ CF >
SOC, it is vitally important to understand the 3d orbital energies and ordering that lead to a
particular electronic ground state before the importance of SOC can be considered. For instance,
3d complexes often have quenched orbital angular momentum in the ground state so that SOC is
a minor perturbation (but care must be taken in specific cases; e.g., a weak octahedral CF for 3d’
gives a triply degenerate orbital ground state and hence non-zero orbital angular momentum). In
contrast, for the 4f ions where IER > SOC > CF, 4f orbital splitting is more-or-less irrelevant,
and it is usually the ground Russell-Saunders total angular momentum term 2S*!L; that the CF
is considered to split. For other metal ions in the periodic table, IER ~ CF ~ SOC, and so the
electronic structure is not trivial and must be considered on a case-by-case basis.

Measurement of the magnetic moment of transition metal complexes in addition to optical ab-
sorption spectroscopy provides information on the coordination geometry and CF splitting of the
metal ions and forms the cornerstone of inorganic chemistry experiments in many undergradu-
ate programs. While experimental characterization of molecular magnets by thermodynamic and
spectroscopic measurements provides crucial data, they can be insufficient on their own to fully
characterize the electronic states; the data may not be complete, they may not have sufficient res-
olution, or perhaps samples are not amenable to some techniques. Hence, in modern research,
physical measurements of molecular magnets are usually accompanied by a quantum mechanical
model to reproduce and hence explain the experimental data; the most powerful models are the
simplest models that can reproduce all observables. These often take the form of model Hamil-
tonians, where the choice of basis (e.g., full configuration d” or f” microstate basis, CF term,
Russell-Saunders term, or pseudospin ground state) depends on the experimental data available.
The golden rule is to model only the states that can be observed, as the bigger the model, the more
parameters that require data to be well defined. For instance, in low-temperature EPR experiments
where only the lowest states within a few wavenumbers are detected, only the ground spin state
or lowest Kramers doublet is required; in the case of 4f luminescence spectroscopy where many
different excited terms are observed, an f” microstate basis is mandated. Many excellent software
packages are available nowadays for performing such analyses, such as EasySpin (115), CONDON
(116), and PHI (117).

In many cases, such phenomenological models are an excellent means of comparing differ-
ent molecular magnets and explaining differences via transferrable model parameters. However,
there are cases where even the simplest of such models are vastly overparameterized, and a mul-
titude of different parameterizations provide adequate fits to experimental data. For example,
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one could build a model CF Hamiltonian acting on the ground Russell-Saunders term to model
the magnetic properties of a 4f ion in a molecule; however, in cases of low symmetry (which
form the overwhelming majority of molecular magnets), such a model would have a minimum of
26 CF parameters (112). Even with optical spectroscopy, EPR, and magnetic data, the parameter
space is so large that it is impractical to find the true parameterization. Hence, these days it is
commonplace that a full characterization of a molecular magnet includes some form of ab initio
computation to provide estimates for, or validation of, model parameters. The calculation of the
electronic structure and magnetic properties of metal complexes is not a trivial exercise; one must
accommodate the strong electron correlation in metal ions while incorporating excited states and
accounting for spin—orbit coupling, all in the presence of often large and low-symmetry organic
ligands. While density-functional theory (DFT) remains the gold standard in the solid state, it
is a single-configurational theory and hence is unable to describe the first-order static correla-
tion of near-degenerate d- or f-orbitals with unequal occupations. However, given the intrinsic
finite nature of molecules, relatively high levels of theory are amenable to treating such prob-
lems, and complete active space self-consistent field (CASSCF) (118) calculations have emerged
as the de facto standard for approximating the magnetic properties of molecules (119). CASSCF
is a multiconfigurational method that allows direct treatment of the strong electron correlation
present in metal ions and is usually performed with a relativistic approximation accounting for
scalar effects at the spin-free level with SOC included a posteriori, often termed CASSCF-SO.
This method requires definition of an active space of molecular orbitals in which electron cor-
relation effects are exactly determined, which leads to its utility in the calculation of magnetic
properties of metal complexes where the definition of the active space can be as simple as the d-
or f-orbitals (of course, more advanced treatments require more than this minimal active space).
Hence, there is no need for empirical corrections, such as the popular DET+U Hubbard model
(120, 121), in CASSCF-SO. However, it is important to note that electron correlation for the
fully occupied and unoccupied molecular orbitals is completely absent (these electrons are essen-
tially treated with Hartree-Fock theory), and hence CASSCF methods do not account for the
important effects of dynamic correlation (122). It is for these reasons that DFT methods, where
electron correlation is approximated, are still very useful for structural properties in cases without
critical strong correlation effects [e.g., diamagnetic or spin-only complexes such as Mn(II), Fe(III),
Gd(I1I), and octahedral Cr(IIT)]. The effects of dynamic correlation can be included in CASSCF
methods via perturbative approaches such as CASPT?2 (123) or NEVPT2 (124); however, these
are very demanding calculations that have their own shortcomings and difficulties and so are of-
ten omitted in the molecular magnetism community. Nonetheless, the basic CASSCF-SO method
usually provides accurate enough results to verify experimental results or provide a good starting
guess for model parameters.

5. SPIN-PHONON INTERACTIONS

Spin—phonon interactions are important throughout molecular magnetism because they lead to
loss of memory in SMMs and contribute to loss of phase coherence in molecular qubits, among
other things, but understanding these interactions is very difficult. This is for several reasons:
(@) there are lots of phonon modes in solids, (5) spin—phonon interactions are hard to measure, and
(¢) these interactions are hard to calculate. Various techniques can be employed to address the first
challenge, that is, experimental characterization of the phonon density of states (DOS). Undoubt-
edly the most common measurements are infrared (IR) and Raman spectroscopies; however, these
are only able to probe phonon modes at the center of the first Brillouin zone (the gamma point),
while phonons of all wave vectors participate in spin—phonon coupling. While also only capable
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(@) Neutron-weighted phonon density of states (nwDOS) of the first dysprosocenium single-molecule magnet [Dy(Cp*Bus);],
measured by inelastic neutron scattering (INS) (colored dots) and calculated by density-functional theory (DFT) (black line). The inset
shows the total phonon DOS calculated with DFT. Panel adapted from Reference 42 (CC BY 4.0). () Phonon dispersion curves for
[VO(acetylacetate);] calculated with DFT (black lines) and measured with INS (red dots); blue circles show avoided crossings between
acoustic and optical modes. The letters on the x-axis represent special positions within the first Brillouin zone. Panel adapted from

Reference 129 (CC BY 4.0).

of probing gamma point phonons, nuclear resonant vibrational spectroscopy (NRVS) has recently
been shown to be an excellent method capable of directly measuring element-specific vibrations
(125). Here, Scherthan, Powell, Schiinemann, and coworkers (125) used a synchrotron source to
measure NRVS for a Dy(III) SMM, which allowed direct evaluation of phonon modes involving
motion of the Dy nucleus—modes that are very likely to be most important in spin—phonon
coupling. However, one of the most useful techniques to experimentally probe the phonon DOS is
inelastic neutron scattering (INS). INS spectroscopy, in principle, allows for experimental access
to phonons of all wave vectors, subject to instrumental limitations. While the use of INS to probe
the phonon DOS of materials is widespread, its use in molecular magnetism has been more focused
on exploring magnetic transitions (126-128). However, Mills, Chilton, Caretta, and coworkers
have recently demonstrated its utility to probe the phonon DOS of the first dysprosocenium
SMM and shown that periodic DFT calculations (see below) provide an excellent approximation
of the data (42) (Figure 64). The catch for INS measurements of the phonon DOS is that the
data are weighted by the neutron scattering cross section of each nucleus and hence direct access
to the DOS is not available; as such, corresponding first-principles calculations are still required
to make this leap (Figure 64). Indeed, going beyond the phonon DOS, one would ideally like to
directly measure the phonon dispersion, but this is a significant challenge for molecular crystals,
which are often hard to grow large enough for single-crystal INS experiments. However, this
exact feat has recently been achieved by Guidi, Sessoli, Carretta, and coworkers (129), who used
an aligned array of 40 single crystals to measure the dispersion curves of a V(IV) molecular qubit,
[VO(acetylacetate),]. Their results show excellent agreement with DFT calculations of phonon
dispersion curves (Figure 6b), and their analysis is further supplemented by first-principles cal-
culation of the spin—phonon coupling to show how avoided crossings between low-energy optical
and acoustic modes induce transfer of strong spin—phonon coupling from the flat optical modes to
the dispersive acoustic modes, which has implications for magnetic relaxation at low temperatures.
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Regarding the second challenge, measurements most often reveal only the result of spin—
phonon coupling (e.g., measurement of 7 times in SMMs or molecular qubits), and direct probing
of the underlying interactions is much rarer. Quite recently, however, there has been some success
in employing ultrafast spectroscopy to probe spin—-phonon coupling in magnetic molecules more
directly. Johansson and coworkers (130) have employed ultrafast transient absorption measure-
ments to show that d-d excitations in a trinuclear Mn(III) SMM are coherently coupled to the
in-phase asymmetric stretch along the Jahn-Teller axis, suggesting that optical control of spins in
SMMs might be possible. On the other hand, McCusker and coworkers (131) have used ultra-
fast spectroscopy to characterize the metal-to-ligand charge transfer dynamics in an Fe(II) chro-
mophore and then chemically modified the molecule to inhibit the vibrational modes involved,
yielding a chromophore with an MLCT lifetime enhanced by more than an order of magnitude.
Although this demonstrates that chemical control of spin—-phonon coupling is possible and that it
can be employed to deliver improved properties, it remains to be seen how far chemical interven-
tions can be taken to improve spin relaxation properties in molecular magnets.

Aside from ultrafast experiments, a more traditional method to measure the steady-state cou-
pling is with far infrared magnetospectroscopy (FIRMS). This is more-or-less a standard Fourier-
transform IR spectrum measured as a function of magnetic field (132). The very small shifts in
the IR absorption bands as a function of field must arise due to either spin—phonon transitions
or pure electronic transitions, as only the electronic degrees of freedom have a field dependence.
Such measurements have been employed to good effect to measure the spin—-phonon coupling in
magnetic molecules; much of this research has involved the group led by Xue (133-135) as well
as from van Slageren and coworkers (136). Recently, Piligkos, Hill, Chilton, and coworkers (137)
have used FIRMS to measure and a combination of DFT and CASSCF methods to calculate the
spin—phonon coupling in a Yb(III)-based molecular qubit, [Yb(trensal)] [where H;trensal = 2,2,2-
tris(salicylideneimino)trimethylamine], finding excellent agreement between experiment and the-
ory (Figure 7a,b). This is an important step beyond standard modeling of FIRMS data to deter-
mine spin—phonon coupling and allowed the authors to show that the spectra are subject to an
envelope effect whereby only spin—phonon excitations near pure electronic transitions have large
intensity (Figure 7¢), while the underlying spin-phonon coupling strength is significant across
all energy ranges (Figure 7d). Thus, it is crucial when interpreting FIRMS spectra not to assume
that only the observed transitions have significant spin—-phonon coupling.

Regarding the third challenge, calculation of the spin—phonon coupling is hard because
phonons obey quantum mechanics, and hence the nuclear degrees of freedom of a set of atoms
should technically be treated in a full many-body quantum framework along with electronic de-
grees of freedom. While there are theoretical approaches that go to this limit (138), and cer-
tainly strong spin—phonon interactions are a crucial ingredient of conventional superconductivity
(139), the most common starting point is to separate the nuclear and electronic wave functions via
the Born-Oppenheimer approximation. This implicitly assumes the weak spin—phonon coupling
limit, which is hoped to be valid for molecular materials. Then, the challenge becomes twofold:
(@) calculation of the phonon modes themselves and (/) determination of how each phonon mode
perturbs the electronic states of the molecules (140). For (), first-principles determination of
phonon modes most often employs periodic DFT, where a plane-wave ansatz is used to describe
the valence electron wave functions of the molecules and effective core potentials describe the core
electrons (141). This facilitates the treatment of entire unit cells of molecular crystals and accom-
modates the use of the Bloch theorem to account for periodicity (142); such techniques have been
employed in the solid state to great effect, for instance, in driving innovations in perovskite pho-
tovoltaics (143). Indeed, excellent agreement between DFT-calculated and experimental phonon
data has been observed for molecular magnets (42, 129), but there is still room for improvement
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electronic excited state from first-order perturbation theory. (d) Calculated spin—phonon coupling strength for vibrational modes in
[Yb(trensal)]. The 3445 label indicates the transitions observed in panels # and 4. Figure adapted from Reference 137 (CC BY 4.0).

in the treatment of the weak van der Waals interactions in molecular crystals (129) that is crucial
for determining the low-energy phonon spectrum. Nonetheless, the accuracy of DFT for calcu-

lation of phonons is sufficient in many cases to use as the basis of first-principles calculation of the

spin—phonon coupling. Once vibrational properties are known, (b) is then a task of scale: For each
phononic degree of freedom, of which there can be between 10? and 10* for molecular crystals, the
ways in which the electronic Hamiltonian is modulated needs to be determined. Most often this is
done via CASSCF-type calculations (32, 39, 41, 144-147), but there has been exploration of using
semiempirical schemes (148) and deploying machine learning algorithms (149) to greatly reduce
the computational burden. These calculations are then recast in the form of a model Hamiltonian
(see Section 4), which enables the identification of spin—phonon coupling coefficients in a given
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model framework; usually this is a CF Hamiltonian for 4f ions (e.g., Equation 3,

even  k
Apae= 3 Y (gg%) o, 3,
2<k<2J qg=—k eq
where the derivatives of the CF parameters as a function of each vibrational normal mode coor-
dinate Q; are the spin—phonon coupling coefficients) (41) and the ZFS and Zeeman Hamiltonian
for 3d ions (144). With these coefficients in hand, it is possible to simulate experimental data such
as spin-lattice relaxation 7} times for SMMs (32, 39, 41, 150) and qubits (88, 145-147), as well as
FIRMS maps (137). Indeed, the agreement between experiment and theory appears to be at the
level where predictions can be reliably made for new and improved molecular magnets (41).
This section concludes with a few comments on relaxation via QTM. QTM has been thor-
oughly described for the original 3d-based SMMs (50), where mixing between 7g states of op-
posing projections due to low-symmetry CF perturbations generates avoided crossings leading to
magnetic relaxation via adiabatic passage. However, such avoided crossings cannot occur in a zero
magnetic field for Dy(IIT) SMMs owing to Kramers’ theorem. Hence, extrinsic factors must be
invoked to describe the presence of QTM; the most common candidates are transverse dipolar
magnetic fields and hyperfine coupling. The impact of dipolar fields can be investigated by means
of magnetic dilution experiments (most studies of SMMs these days include such a comparison),
and the impact of hyperfine coupling can be probed with isotopic enrichment (57, 151-153). How-
ever, even when both components are suppressed to some extent, the QTM in Dy(III) SMM:s is
not quenched (57). Zheng, Liddle, Mills, Chilton, and coworkers (57, 154) have proposed that the
spin—phonon coupling plays a role in QTM once Kramers degeneracy is broken by an extrinsic
perturbation (such as a dipolar or hyperfine field, neither of which can be completely removed).
"This has some support from theoretical studies (155), but there is certainly much work to be done
to explain why QTM is so prevalent in 4f SMMs with half-integer spin.

6. CONCLUSIONS AND OUTLOOK

This article gives only a brief overview of the field of molecular magnetism. While the focus of
this review is on the subtopics of SMMs and molecular qubits, the breadth of activity in the field
is astounding, ranging from biochemistry to fundamental physics. In all these areas, however, the
structural and spin dynamics of molecular magnets are currently in the spotlight. Here, there is
a demand for more focus on the molecule-environment interaction via experimental, theoretical,
and computational means. In particular, the crucial role of the spin—phonon coupling has been
highlighted, and unraveling the details of this interaction and learning how it can be controlled
with chemistry is a big challenge, as is understanding how and why Kramers-conjugate electronic
states of the best-performing SMM:s are so affected by QTM. On the other hand, considering
molecular spin qubits, there has been astounding progress in designing molecules with long co-
herence times. But now the challenge is to make more practical advances involving coupling and
switching of arrays of qubits, and subsequently, further demonstrations of quantum algorithms
running on molecular hardware should be a central goal.
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