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Abstract

Magnetic molecules can host diverse fundamental quantum phenomena such as mag-
netic bistability, entanglement, tunnelling, and coherence of quantum superpositions. Con-
sequently, molecules have the potential to be key ingredients for the second quantum rev-
olution provided that we, on a fundamental level, understand them well enough to harness
their quantum properties. Therefore, the scientific community has a responsibility to pursue
fundamental knowledge about the quantum mechanics at play within molecules.

This thesis investigates a particular quantum phenomenon at play within molecules: delo-
calisation of valence electrons across several magnetic ions. Such delocalisation can give rise
to so-called double exchange interactions, which contribute uniquely to molecular spin dy-
namics. Still, fundamental understanding of the phenomenon remains scarce, in large due to
a lack of adequate experimental methods for probing this intrinsically complex phenomenon.
To tackle this issue, this work sets out to establish inelastic neutron scattering (INS) as a key
spectroscopic probe of double exchange spin dynamics.

To realise this goal, a combination of INS, high-frequency paramagnetic resonance, and
far-infrared magnetospectroscopy was used to investigate the spin dynamics of increasingly
complex valence delocalised molecules. These studies show that INS is highly sensitive to
the unique spin dynamics that emerge in this class of molecules. To aid the interpretation
of the INS data, a spin Hamiltonian modelling tool was developed that, for the first time,
incorporates double exchange alongside traditional magnetic interactions. Simulations of
momentum-resolved INS spectra furthermore showed that experiments performed on single
crystals have the potential to quantify the degree of electron delocalisation based on exper-
imental data. Thus, INS offers the possibility to obtain a complete description of double

exchange spin dynamics.
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Chapter 1

Introduction

This chapter introduces the main topics of this thesis; molecular magnetism and valence
delocalisation. First, a condensed overview of the current state of molecular magnetism re-
search is given, followed by a presentation of the fundamentals of single ion magnetism. From
there, the Heisenberg exchange interaction and the giant spin approximation are introduced,
followed by a section on valence delocalisation and double exchange. In that context, vibronic
coupling in mixed-valence molecules and how it affects delocalisation and double exchange
are also discussed. The reader is assumed to be familiar with quantum mechanics at the level
of a physics undergrad, with basic knowledge of wave functions, Dirac notation and the most

common properties of Hamiltonian matrices.

1.1 Current State of Molecular Magnetism Research

Molecular magnetism is a broad scientific field encompassing the synthesis, character-
isation and physical properties of materials built using molecules containing paramagnetic
centres as the fundamental building blocks. While magnetochemistry has long been a ma-
ture scientific field, molecular magnetism in a modern context rose to prominence in the
early 1990’s spearheaded by the discovery of magnetic bistability in Mn,,, a large molecule
consisting of 12 magnetic centres bridged by acetate ligands [1], [2]. Since then, the near
endless possibilities offered by coordination chemistry has taken the field in a couple of dif-
ferent directions. Significant effort is currently put into the realisation of new molecule-based
permanent magnets highlighted by the recent discoveries of metal-organic frameworks with
a magnetic performance comparable to commercial magnets and of ultra-hard magnetism in
a mixed-valence lanthanide dimer [3], [4]. High-temperature hysteresis within single ions,
for use in e.g. ultra-compact information storage, is also a highly desired synthetic goal. The
current leaders of the field are dysprosocenium derivatives, some of which have hystereses
above liquid nitrogen temperatures, and scientists actively explore avenues for enhancing their
utility and performance via deposition on surfaces or encapsulation within fullerenes [5]—[8].
Single molecules are also being tailored to act as quantum bits, and a molecule was recently
used for a proof-of-concept quantum simulation for the first time [9], [10]. Molecules also
hold promise for use in spintronics, and the recent discovery of chirality-induced spin selec-

tively could make read-out of molecular spin states more efficient [11]-[13].
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1.1. Current State of Molecular Magnetism Research Chapter 1. Introduction

The work of this thesis focuses on molecules containing valence electrons delocalised
between more than one centre, a class of molecules with potential impact to a diverse range
of scientific fields including materials science, quantum information and biology. From the
materials perspective, they are proposed to exhibit magnetic properties that are sensitive to
applied electrical fields, a highly desirable quality for spintronics or sensing applications [14],
[15]. Also, spins within these molecules are usually strongly coupled, which holds promise
for their use in new molecule-based permanent magnets [4]. Biologists are interested in these
molecules since active sites of many enzymes contain valence delocalised clusters [16]. The
most well-know example is probably nitrogenase, which catalyses the transformation of N,
into ammonia at ambient conditions [17], [18]. Elucidation and exploitation of this reac-
tion could have enormous socio-economic consequences. It is estimated that up to 40 %
of the world’s population depend on crops fertilised with ammonia, and the standard indus-
try method for nitrogen fixation, the Harber-Borsch process, consumes towards 1 % of the

world’s energy annually due to extreme temperature and pressure requirements [19].

From a fundamentals perspective, spin-polarisation of the delocalised electron(s) gives
rise to unique spin dynamics that are still poorly understood. This lack of fundamental knowl-
edge hinders the elucidation of more complex phenomena, such as magneto-vibrational and
magneto-electric couplings, which are essential to understand before the full potential of

mixed valence molecules can be realised.

The main issue holding back investigations of valence delocalised spin dynamics is a se-
vere lack of accurate methods for investigating them. Nowadays, scientists within the field
mainly use two experimental methods: magnetometry, which only provides indirect infor-
mation about the magnetic interactions, and visible light spectroscopy, which rarely con-
tains enough information to accurately parameterise the complicated magnetic interactions
within, especially when magnetic and vibrational degrees of freedom are coupled [20], [21].
From a theoretical perspective, ab initio quantum chemistry methods are still best suited for
mononuclear species despite significant recent developments and therefore difficult to apply
to mixed-valence systems [22], [23]. Even when valence delocalisation can be considered,
it is usually limited to two-centre cases due to the problem’s intrinsic complexity [24]. In
contrast, theoretical descriptions relying on parameterised approaches are relatively well de-
veloped, however their utility suffer from the lack of experimental probes capable of providing

enough information for accurate modelling without overparameterisation [25], [26].

The goal of this thesis is to overcome these challenges by using inelastic neutron scat-
tering (INS) and other advanced spectroscopy methods to probe the spin dynamics within
valence delocalised molecules. INS experiments provide direct access to the energy gaps
between molecular spin states and the ability to differentiate between particular types of tran-
sitions via their neutron momentum transfer dependencies. To take full advantage of the
plethora of information these experiments provide, part of the work undertaken during this

thesis has been to incorporate valence delocalisation into spectroscopic simulation tools like

14



Chapter 1. Introduction 1.2. Magnetism of Single lons

Easyspin and mint [27], [28]. This way, we can quantify the agreement between Hamiltonian
models and INS, electron paramagnetic resonance (EPR) and magnetometry experiments.
By combining INS with other experimental techniques, we have developed a compre-
hensive approach for probing the spin dynamics of valence delocalised molecules and other
strongly interacting magnetic systems, which allows us to extract details no single experimen-
tal technique can provide. We apply our methodology to systems with increasing complexity
starting with radical-bridged iron dimers (Chapter 3). In that work we were able to directly
probe elusive strong metal-radical interactions, and it furthermore acted as test bed before
applying our approach to more complicated systems. Next, we investigated a mixed-valence
iron carboxylate trimer in which a valence electron is shared amongst two of the three iron
centres (Chapter 4) [29], [30]. Our INS data provides the first direct spectroscopic evidence
of valence delocalised spin dynamics and allows us to constrain all magnetic interactions and
the single-ion anisotropy of the system. Based on the obtained model, we predict that delo-
calisation excitations have unique momentum transfer dependencies, which can be unravelled
by single-crystal INS experiments. Furthermore, we show that preferential occupation within
partially delocalised molecules can be resolved. With the experience gained from the first two
studies, we turned our attention towards a more complex system; nano-sized iron cluster in
which two valence electrons hop between six magnetic centres (Chapter 5) [31]. With our
approach, we were finally able to pin down the exchange couplings and electron distribution

within this molecule, which showcases that our approach is applicable to complex molecules.

1.2 Magnetism of Single Ions

The fundamental entity in molecular magnetism is the unpaired electrons within a molecule,
which reside on metal ions or organic radicals. The electrons have intrinsic spin angular mo-
mentum, is, as well as orbital angular momentum, /2/; the latter depends on the atomic orbital

occupied by the electron [32]. The spin is governed by the operators [33]

S = s$%+sy5+szl%

1(0 1 1[0 i 1{1 0 (1.1)
Sg = = s Sy = = 5 S = = )
2\1 0 o2\ \=i o0 2\0 —1

here expressed in the eigenbasis of s,. The projections follow the commutation relations
[si,8;] = i€ijrsk and are not simultaneously observable. In contrast, [s%,s,] = 0 which
means that the total spin magnitude and its z—projection can be known at the same time [32].
Thus, an electron spin is uniquely defined by its projection since s = |s| = 1/2 always.

In first-row transition metals (TMs), the most studied magnetic ions and the topic of this
thesis, the valence electrons occupy the 3d shell. It contains five orbitals and thus is five-
fold degenerate for a free ion. In a molecule, the crystal electric field (CEF) generated by the

ligands breaks the degeneracy and the molecular symmetry determines the energetic ordering
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1.2. Magnetism of Single Ions Chapter 1. Introduction
I I
Oy, A Small A

AL A A
N |

Fig. 1.1. Left: Schematic of 3d orbital splitting caused by the crystal electric field (CEF) in octahedral (Op)
and tetrahedral (7};) point symmetry. A is the magnitude of the CEF splitting. Right: Electron occupation in a
3d° ion for weak (small A) and strong (large A) CEF in octahedral symmetry.

of the orbitals as shown in Fig. 1.1 (left). In the octahedral case (O}, symmetry), the d,,, d,.,
and d,, orbitals, collectively denoted t,,, lie lowest since they point in-between the axis of an
octahedron. The d,» and d,>_,» orbitals, collectively denoted e, point along the octahedron
axes and consequently lie lowest in the tetrahedral case (7; symmetry) [33].

When the number of valence electrons is less than or equal to the number of lowest-
lying 3d orbitals, the electron spins align parallel in order to minimise Coulomb repulsion as
summarised by Hund’s rules. When more valence electrons are present the orbital occupation
depends on the strength of the CEF relative to Coulomb repulsion. When the CEF is weak,
the gap A between the two orbital manifolds becomes small. Then, Coulomb repulsion still
governs orbital occupation and high-spin states emerge. When the CEF is strong, A can
become larger than the Coulomb energy, which forces the electrons into the lowest-lying
manifold and creates a low-spin state; this is exemplified for a 3d° ion in Fig. 1.1 (right) [33].

Assessing the magnetic properties of ions in molecules through the lens of atomic orbitals
is not strictly correct. The electrons will occupy molecular orbitals which are superpositions
of metal and ligand orbital as can be calculated by e.g. complete active space self-consistent
field (CASSCF) calculations. However, physical magnetic orbitals will usually have a major
defining component from an atomic orbital of the magnetic ion, which often makes approach-
ing molecular magnetism from the atomic orbital point-of-view a good approximation [34].

The orbital angular momentum of electrons in 3d ions is usually suppressed, or even
vanishing, due to a phenomenon known as orbital quenching. This can be understood by
examining the mathematical properties of the angular momentum operator | = —ir x V and
the CEF. By definition, 1 is Hermitian and purely imaginary, while the CEF is given by a
real function in the case of strict O), symmetry. If the ground state, |0), is non-degenerate
like in the high-spin 3d® case in Fig. 1.1 (right), the wave function of |0) must be real. As

a consequence, (0|1|0) € iR since 1 is purely imaginary. However, it must also be that
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Chapter 1. Introduction 1.2. Magnetism of Single lons

(0/1|0) € R since lis Hermitian. These two statements can only be combined to (0[1]0) = 0,
i.e. the vanishing of orbital angular momentum in the ground state. While this “proof” is not

generally applicable, it sheds light on the mechanisms responsible for orbital quenching [33].

Orbital quenching is rarely complete in real molecules, e.g. due to low CEF symmetry or
orbital degeneracy like the low-spin 3d° cases in Fig. 1.1 (right). However, it is not necessary
to explicitly deal with the remaining orbital angular momentum for most first-row TMs and
the ionic spin, given by the sum of the spins of the electrons, S = ) __s;, becomes the operator
that governs angular momentum. Its magnitude is S = n./2 (n. is the number of unpaired
electrons) and there are 25 + 1 possible projections: —S, —S +1,...,5 — 1, 5. The corre-
sponding spin operators can be built by successive coupling of the entities from eq. (1.1) and

they will obey the same commutation relations as the single-electron operators [35].

We account for the left-over angular momentum by treating spin-orbit coupling [33]
H=AS-L (1.2)

as a second-order (or higher) perturbation, which mixes excited states with finite total angular
momentum (L = .15 0) into the ground state [36]. Ultimately, it is the CEF that governs
the amount of orbital angular momentum since the strength of the perturbation depends on the
energy gap between the ground and excited states, which is determined by the CEF [32]. The
perturbation breaks the degeneracy of the different projections of the total spin S and is usually
called zero-field splitting (ZFS). According to Kramer’s theorem, all states of a half-integer
spin system that obeys time reversal symmetry must be 2n-fold degenerate (n is an integer)
[37]. Therefore, ions with S = 1/2 have no ZFS since the two projections mg = £1/2 must
be degenerate. Another consequence of mixing orbital angular momentum into the ground
state is that the effective moment of an ion can be different from the spin-only value and that

the g-tensor does not have to be single-valued.

The Hamiltonian that governs the spin-CEF interaction can contain arbitrarily high pow-
ers of spin operators depending on the order of the perturbation treatment. In practice, one
takes advantage of the point symmetry of the ion and the irreducible tensor approach to limit
the necessary operators by using the extended Steven’s operators [36]. In this formalism, the
CEF Hamiltonian is given by [38]

H=> B0, (1.3)
k.q

where Oz are the Steven’s operators, which are polynomials of the spin operators and tabu-
lated in e.g. [39]. The B} constants parameterise the strength of each operator. & and ¢ take
integer values; k < 25 for integer S and k£ < 25 — 1 for half-integer S, while —k < ¢ < k
always. The molecular symmetry determines which B{ have non-zero values; in strict O,

symmetry only BY, B}, BY, and B are non-zero [39].
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1.3. Magnetic Interactions Chapter 1. Introduction

1.3 Magnetic Interactions

When a molecule contains more than one magnetic centre (ions with unpaired electrons or
radicals) these can interact with one-another, either via direct overlap of the magnetic orbitals
or overlap mediated by a bridging ligand. Consider the simplest coupled system consisting
of two sites at a and b each containing an electron. By definition the square of the total spin

operator S = s, + s; is given by [32]
S* =82 +57+ 25,8 (1.4)

where s,/ are the single-electron operators and the squared operators are hermitian with
eigenvalues s2 |2, +15) = his(s + 1) |Vo, £%) = 3i/4 |V2, +%). The basis of the coupled
system is spanned by product states generated by taking the Kronecker product of the bases

of the single-electron states [35].

According to the Pauli principle, the overall wave function of the two-electron system
must be antisymmetric since electrons are fermions, and it must also be an eigenfucntion of

S. This leaves the following possibilities for the spin part of the wave function [33]

o=l Dlad)
am-fohe) i) o
- -la-3
av-fohe-hnh) o

where the kets on the RHS describe single-electron wave functions. States A-C' are symmet-
ric, thus their spatial parts must be antisymmetric, whereas the opposite is true for state D.
All states are eigenstates of S with 8?|3) = 21 |3) for states |A)-|C') (they correspond to
S = 1), and S? | D) = 0 (it corresponds to S = 0). Meanwhile, the eigenvalues of s> and s?
are 3/4 for any of the four states. Thus, the eigenvalues of s, - s, must be 1/4 for the S = 1
states and —3 /4 for the S = 0 state to arrive at the correct eigenvalues of S®. Therefore, the
operator S, - S, can parameterise the energy difference between states with different values of
S as

M= ;(Fs + Br) — (s~ Br)s. s (1.6)
where Er is the energy of the triply degenerate (triplet) S = 1 state and Ey is the energy
of the singly degenerate (singlet) S = 0 state. If we assume that the electrons, located at r;

and ry, occupy atomic orbitals ¢, and ¢, on sites a and b, the total singlet and triplet wave
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Chapter 1. Introduction 1.3. Magnetic Interactions

functions become

T = % (6a(00)0(02) + Balr2)s(r) X5 (1.72)
Uy = % (6a(r1)0(02) — Gar2)y(r1)) X (1.7b)

where the spatial parts are given explicitly and s, describe the spin part from egs. (1.5).
By definition the energies of each state is given by Eg/r = [[ dridroU% /T’H\Ifg 7 (* denotes
complex conjugate), which means that the energy difference is given by

Eg — En— / / drydra (1) 0y (02) Hbu (1) (1) = /2 (1.8)

which is known as the exchange integral and J as the exchange constant. This explicitly shows
that the energy difference between the two-electron states is given by the spatial overlap of
the atomic orbitals. If the combined symmetry of the molecule and the atomic orbitals is such
that the integral is positive, /¢ > E7 and nature prefers the triplet state with aligned spins,
while a different symmetry may lead to a negative integral and a singlet ground state. This
shows why molecular symmetry is crucially important for the coupling between magnetic
centres: control of the symmetry offers control of orbital overlaps, and hence, the coupling.
The derivation of the general case where a molecule contains more than two magnetic
centres and each centre contains more than one electron is beyond the scope of this introduc-
tion. However, the result is remarkably similar to the case described above. Most often, the

constant first term in e.q. (1.8) is ignored and the Hamiltonian becomes

iJ

where the 7 and 7 runs over all magnetic centres in the molecule, the electron spin operators s
have been replaced by the ionic spin operators S and .J;; parameterises the coupling between
ions on site 7 and j. This is known as the Heisenberg Hamiltonian. In this particular form J;;
is assumed to be isotropic (i.e. a number), which covers nearly all physical cases. In principle,
however, J;; can be a 3 x 3 symmetric matrix with specific coupling constants for each set of

components of S; and S;.

1.3.1 CEF Effects in Strongly Coupled Systems

The ionic spins in eq. (1.9) can of course also have orbital angular momentum. Then, it is
necessary to add a term like eq. (1.3) to the Hamiltonian for each centre in the molecule and

the Hamiltonian becomes
H=—>" Jijsi-sj+ZZ<BgOZ), (1.10)
i i kg !
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However, the number of parameters grows rapidly, and for molecules with many centres
with large multiplicity their experimental determination becomes practically impossible. In-
stead, it can sometimes be feasible to treat the whole molecule as a single spin entity with
multiplicity equal to that of the ground state produced by the pure Heisenberg Hamiltonian
(eq. (1.9)). This way, it is possible to determine some effective Steven’s parameters to de-
scribe the ZFS within the ground manifold, as has e.g. been done for Mn;, [40], [41]. This
approach, usually referred to as the giant-spin approximation (GSA), is valid only when no
excited spin manifolds have significant thermal population, i.e. when the gap between the

ground state and the lowest-lying spin manifolds is significantly larger than k57" [38].

1.4 Valence Delocalisation

Valence delocalisation is a phenomenon that can occur in chemical compounds that con-
tain ions in formally different oxidation states. Therein, electronic degeneracy can cause
the extra electron(s) to be shared amongst the formally different centres making them (near-
)equivalent. Spin polarisation is a necessary prerequisite for delocalisation between centres
containing localised valence electrons, a mechanism that contributes (usually ferromagneti-
cally) to intramolecular magnetic couplings. This phenomenon, usually referred to as double
exchange, was first described by Zener as an explanation for ferromagnetic coupling in man-

ganese perovskites [42]. Later, Anderson and Hasegawa further developed the theory [43].

The simplest valence-delocalised system is a mixed-valence dimer, and there exists sev-
eral examples in the literature [21], [44]-[57]. These usually contain several localised valence
electrons in addition to the delocalised, spin-polarised ones. For simplicity, we first describe
the case where the delocalised electron is the only valence electron; this simple case already

offers valuable insight.

Assume that the electron occupies one of two degenerate atomic orbitals ¢, /¢, located
on the centres ¢ or b. The introduction of some electronic delocalisation between the sites,
parameterised by 3 = (4| Heir |). creates the eigenstates /20y = ¢, + ¢, which are
split by 2V, = 2|/5|. The interaction has clearly mixed the atomic orbitals causing the extra
electron to simultaneously reside on both a and b in a symmetric or anti-symmetric fashion
depending of the sign of . If the situation is not symmetric the coefficients of . will
differ from 1/2 and the eigenstates will retain some atomic orbital character with preferential

population of one of the two sites [34].

Based on the above considerations alone, any fully symmetric system with non-zero elec-
tronic interaction should be valence delocalised, however that is not the case in real systems.
This is because electronic energy levels couple to vibrational degrees of freedom, a phe-
nomenon known as vibronic coupling. Many vibrations can be present at the site of an ion
(a or b) and they need not be harmonic. However, the total movement of each atom can be

described as harmonic along normal coordinate x as a first-order approximation. Owing to
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Energy

-0.5 0.5 -0.5 0.5 -0.5 0.5
Normal coordinate

Fig. 1.2. Potential energy surfaces (PESs) for the two-state system described in eq. (1.11) for 5 = 0 (left),
B = A/8 (middle) and 23 > A. Orange and blue curves correspond to the ground and excited coupled states,
respectively, and the grey curves correspond to the uncoupled single-site harmonic oscillators. The dashed lines
in the middle plot show the coupled single-site oscillators, and the green arrow marks the IVCT band.

the symmetry of the problem, the energy associated with these harmonic vibrations will be
E = XNz +1/2)*and E = Mz — 1/2)? for a and b, respectively, where ) is a vibronic
coupling parameter. The effect of the electronic interaction is to mix the states with these

vibrational energies. In the eigenbasis of the atomic orbitals the total effective Hamiltonian

becomes [34]
Az +1/2)2 B
off = 1.11
e ( : A(x—1/2>2> (D

which results in two states with the potential energy surfaces (PESs) shown in Fig. 1.2, which

are markedly different depending on the relative magnitudes of |3| and .

For 5 = 0, the PESs do not couple. The minima of the PESs are at z = +1/2 and the
wave functions are still the atomic orbitals. This case corresponds to class I in the Robin-Day

classification scheme for mixed-valence compounds [20], [58].

A moderate |3| < A\/2 leads to minima close to but different from = = £1/2, values of
x where the eigenstates of H.q are still mostly ¢, /¢, in nature. Thus, a transition from the
lower to the upper PES at fixed z still resembles a charge transfer from a to b (or vice-versa
depending of the sign of x). Such transitions can be observed as inter-valence charge transfer
(IVCT) bands in visible light spectroscopy [20]. Also, it is possible to go from z ~ +1/2
to z ~ F1/2 along the lower PES by overcoming a barrier at x = 0 with height Ep =
A/4 —|B] — B*\. Thermal fluctuations can induce transitions between these minima if kT
is comparable to 'z, which leads to 7T'-dependent electron transfer since the wave functions
at the minima still have localised natures. This case corresponds to class II in the Robin-Day
classification scheme, and the compounds of this class usually have properties originating
from both the individual atoms as well as their interaction [20], [58]. The molecules studied

in Chapters 4 and 5 belong to this class of mixed-valence compounds.
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Fig. 1.3. Schematic of the simplest spin-polarised delocalisation (double exchange) mechanism across two sites
with Sy = 1/2. The spins in ¢ /¢ prefer to align due to on-site exchange interactions. Thus, there is a energy
cost associated with antiferromagnetic coupling between the core spin on sites a /b since the delocalised electron
keeps its projection during transfer.

There exists only one minimum for each PES when § > \/2. Itis located at # = 0 where
the atomic orbitals are completely mixed and the eigenstates of eq. (1.11) bear no resemblance
to localised states. In this case the system has unique properties which are fundamentally
different from those of the isolated constituent parts. This corresponds to class III in the
Robin-Day classification scheme, which is clearly different from the two previous cases [20],
[58]. The recent report of record-breaking magnetic coercivity in a class III lanthanide dimer

is an excellent showcase of the unique properties that emerges in this class of compounds [4].

When discussing valence delocalisation in magnetic systems, it is necessary to consider
at least two orthogonal atomic orbitals at each site, ¢,1/d.0 and ¢y /Py, occupied by three
electrons in total (see Fig. 1.3). According to Hund’s first rule, the electrons will singly
occupy these orbitals and the spins on each site will align. The ionic spins can then couple
via Heisenberg exchange as described by eq. (1.9). For simplicity, we assume that ¢,; and ¢y,
are always occupied such that the electron transfer occurs between ¢, and ¢y,. If the dimer
is antiferromagnetically coupled, the transfer of an electron ¢,, <+ ¢ violates the on-site
parallel alignment of the spins, which has an energy cost associated to it (Fig. 1.3 (left)). If
the dimer is ferromagnetically coupled, the spin of the transferred electron will already be
aligned with that of the core electron and there is no cost associated to the electron transfer
(Fig. 1.3 (right)). This exemplifies how valence delocalisation leads to double exchange and

spin polarisation. In dimers, double exchange always favours ferromagnetic coupling [34].

The underlying idea can be generalised from the above example, which leads to a spin

Hamiltonian that combines Heisenberg (eq. (1.9)) and double exchange [59]

H=—Ju [(SE-S;) 0" — (S -S})) O°] + BT, (1.12)

The subscripts refer to specific sites, while the superscripts refer to the location of the extra
electron, which is necessary to track since in influences the spin multiplicities of sites a/b.
O“ is an occupation operator which is equal to the identity operator if the extra electron
occupies site « and zero otherwise. T, transfers the electron (from a to b or vice-versa)
while B = |3|/(25 + 1) is the double exchange constant (S is the spin of each site without

the extra electron). This form of the Hamiltonian assumes that sites a and b are equivalent.
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Fig. 1.4. Left: Effect of the relative strength of double and Heisenberg exchange on the eigenenergies of a dimer
with Sop = 1 and J < 0. Right: Effects of vibronic coupling on the PESs a dimer with Sy = 1, B/|.J| = 5.5
and J < 0. With vibronic coupling the ground state has S = 5/2, however the vibrations have a localising
effect on the lowest-lying PESs which is strongest for low-S states. Consequently, the ground state has S = 1/2.

Fig. 1.4 (left) shows the effects of adding double exchange into an antiferromagnetically
coupled dimer (J < 0); the analytical formula for the eigenenergies is £ = —JS(S + 1) +
B(S+1/2) where S € [1/2,3/2,...,25y+1/2] is the total spin quantum number. Since the
extra electron can be located on either site, each spin state is doubly degenerate in the pure
Heisenberg model, and the effect of double exchange is to split these states into symmetric and
anti-symmetric linear combinations. It is worth noting that double exchange scales linearly
with the total spin in contrast to Heisenberg exchange, which scales as S?. Consequently,
the two mechanisms compete when J < 0 and new ground states with intermediate spin can
emerge as recently reported (see Fig. 1.4 (left)) [56]. It has been theorised that applying an
electric field could bias the potential energy associated with electron transfer, which could
perturb the ground state wave function and ultimately change the ground state [14].

Vibronic coupling is also important in magnetic valence delocalised systems: it tends to
stabilise states with the smallest S. As described for the non-magnetic case, the effects of
vibronic coupling depends on the ratio of the vibronic coupling parameter A and the splitting
A between the linear combinations of the localised orbitals. In the present case, these linear
combinations are the states with equal S, and their splitting depends on S as A = 2B(S +
1/2). Meanwhile, \ remains unchanged. Therefore, when S is small, A may be significantly
smaller than \, which leads to a class II-like situation (A < \/2). Yet, for large S, A can be
larger than \/2 and a class III-like situation is retained. Thus, the influence of the vibronic
coupling parameter effectively becomes smaller for large S [60]. While this is a qualitative
argument, adding a vibronic coupling term to the Hamiltonian in eq. (1.12) has exactly the
predicted effect. Fig. 1.4 (right) shows the resulting PESs and its is clear how the lowest-lying
S = 1/2 state is stabilised more than the S = 5/2 state [56].

Despite the focus on dimeric systems in this section, valence delocalisation is not lim-
ited to two-site systems. However, explicit treatment of larger systems quickly becomes pro-

hibitively complicated and are outside the scope of this introduction. A general solution to
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the Heisenberg-double exchange problem is known and have been implemented in code for

isotropic spins [25], [61]. The generalised form of the total Hamiltonian is [25]

Hue(D1) + U(Ds) T2 T3
= Hue(D U(D
2y — To1 = T3, ue(D2) + U(D2) Tas (1.13)

T =T Ta2 = Toh Hue(Ds) + U(Ds)

where Hyg(D;) is the Heisenberg Hamiltonian governing the localised system with a cer-
tain distribution D); of the extra electron(s). The location of only one electron differs be-
tween two distinct distributions D;/D;. U(D;) is the orbital energy related to a particular
D;. The Hilbert space of the Hamiltonian is spanned by a combination of the product states
|(S1,ms,)(S2, ms,) - - -) of each Hyg and the electron distribution space. Thus, for a situa-
tion where 7;; = 0, the subspace corresponding to each block-diagonal element is spanned
by the basis vectors of the corresponding Heisenberg Hamiltonian.

7i;, the transfer matrix, connects two distributions and is given by [61]
Tij =ty Y chuCivs (1.14)

where t;; is an effective double exchange parameter that, similarly to 3, governs electron
transfer between sites i and j. ¢/c' are the creation and annihilation operators for an elec-
tron in orbital ¢ with projection ¢ on site i/j. The sum contains two terms, ¢ = +1/2,
corresponding to the two possible projections of an electron spin.

Evidently, the effect of double exchange is to mix the subspaces with the extra electron(s)
residing on particular sites. In other words, double exchange mixes the Heisenberg-only sys-
tems defined by the electron distributions D;. As a consequence, more parameters need to be
defined for each pair of sites. For example, up to three J-parameters are needed: ijn_dn for

dnidn-ﬂ—l

when neither site has an extra electron, for when either site has an extra electron and

Jidjnﬂ_dn+1 for when both sites have extra electrons. Analogously, two sets of e.g. anisotropy
parameters and g-tensors should be associated to each site. This model assumes that a site
never accommodates more than one delocalised electron, which is a valid approximation con-
sidering Coulomb repulsion.

The most important new phenomena that emerge when introducing electron delocalisa-
tion into systems with more than two sites is that the double exchange can become antifer-
romagnetic, that the sign of ¢;; becomes important and that the number of available states
increases rapidly when more electron distributions are available [62], [63]. Thus, the char-
acteristics of double exchange being present in a system is the existence of more spin states
and the atypical scaling of their eigenenergies as a function of the spin quantum number. The

effect of double exchange in specific systems will be discussed in Chapters 4 and 5.
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Chapter 2

Experimental Methods and Modelling

This chapter contains an overview of inelastic neutron scattering (INS), the most impor-
tant experimental method for the work presented in Chapters 3-5. At first, the underlying
theory for INS is laid out together with a short overview of instrumentation and the most im-
portant experimental considerations. Lastly, an introduction to state-of-the-art spin Hamilto-

nian modelling tools is given.

2.1 Inelastic Neutron Scattering

INS is an advanced spectroscopic technique capable of probing vibrational and magnetic
dynamics within materials. It is sensitive to vibrational dynamics due to neutrons interacting
with the nuclei in the sample via the strong force. The sensitivity to magnetic dynamics comes
from the neutron magnetic moment interacting with the unpaired electrons within the sample
via the electromagnetic force [64], [65]. Magnetic nuclei are only important for magnetic
INS if the hyperfine coupling is significant since their magnetic moments are three orders of
magnitude smaller than those of unpaired electrons [33].

The observables in an INS experiment are the neutron energy transfer, hiw = i’iz(kl2 —
kfc) /2m,,, and the scattering angle, 260, from which the change of neutron momentum, 2Q =
h(k; — ky) can be deduced. (Q = |Q] is related to the scattering angle as () = 4w sin(0)/\,
where ) is the de Broglie wavelength of the neutron. Fig. 2.1 shows a schematic of a scattering
event [65]. Note that neutron energy loss is defined as positive energy transfer.

Neutrons used for experiments are moderated to have energies of the same order of mag-
nitude as the dynamics under investigation (usually 1-100 meV). Thus, iw is easily detectable
since it is a significant fraction of the neutron’s initial energy. Thereby, one directly probes
the excitation energy I since I¥ = hw due to energy conservation. Furthermore, the wave-
lengths of neutrons in the concerned energy range are such that reasonable scattering angles,
typically around 10° — 100°, provide access to portions of reciprocal space large enough for
obtaining significant spatial information about the investigated dynamics.

Another convenient property is that neutron-matter interactions are weak due to the nature
of the strong force, the small magnetic moment of neutrons, and because neutrons have no
electric charge [64]. Therefore, neutrons can penetrate deep into samples and probe their true

bulk properties. Another unique advantage is that INS probes magnetic excitations directly
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Fig. 2.1. Scheme of the geometry of a scattering event. A neutron with a defined momentum fk; is scattered
and it’s final momentum, K¢, is measured. The scattering angle 26, is the in-plane rotation of the neutron wave
vector, and Q = k; — K¢ is the scattering vector. Figure adapted from [66].

in the absence of magnetic fields in contrast to EPR and FIRMS.

Quantum mechanics governs the neutron scattering process, hence INS should be de-
scribed in a quantum mechanical framework. Fermi’s Golden Rule quantifies the probability
density for a system, subject to a potential V, to transition from one quantum state into another
[35]. It can be used to derive an expression for the partial differential cross section, a sys-
tem’s ability to scatter neutrons with a final energy in the infinitesimal range [E¢:Ef + dEF]

into an infinitesimal solid angle df2, commonly known as the master equation for INS [64]:

m¢n|V’kf¢m> §(E, — Ep +hw)  (2.1)

d*o kf o2V
dE;dQ <27rﬁ2> ks an

<2 ﬁ2> ]/ZfS(Q’ w)

Here m,, is the neutron mass and k; /k are the magnitudes of the initial and final neutron

wave vectors, respectively. The bra and ket refer to the initial and final quantum states of
the neutron-scatterer system, respectively, and the sum runs over all initial and final states.
V is the scattering potential and the d-function ensures energy conservation. The equation
describes a system in thermal equilibrium with Boltzmann population p; of the initial state.
Fermi’s Golden Rule relies on the Born approximation, which implies that all scatterers in-
teract with the unperturbed neutron beam; a good approximation since neutron-matter inter-

actions are weak [64]. S(Q,w) is the measurable quantity [65].

When neutrons scatter from a periodic structure, the average displacement of the scat-
terers from their equilibrium position influences the neutron intensity. This is accounted for
by the so-called Debye-Waller factor, e 2V, in eq. (2.1) [64], [67]. It is equal to unity for
@ = 0 and decreases with increasing (). Formally, W is a function of Q and different for

each type of scatterer in a system. In practice, it is essentially always assumed that the average
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Element Fe N C o H H
Tine (barn, 10724 cm?) | 0.4(11) | 0.5(12) | 0.001(4) | 0.000(8) | 80.26(6) | 2.05(3)

Table 2.1. Table of the nuclear incoherent neutron scattering cross sections, o;,., of most common constituents
of molecular magnets, taken from the ILL neutron data booklet [68].

displacement is isotropic and consequently that W depends on () only. Phenomenologically,
this mechanism can be understood by recalling that large () corresponds to short distances
in real space. Thus, at large (), one probes dynamics at short length scales. As () increases,
the characteristic length scale of the dynamics approaches the average displacement of the
scatterers, which causes the scattered neutrons to be out of phase and the overall intensity
decreases. The decay at large () due to the Debye-Waller factor will be more significant at
higher temperatures since thermal motion, and thus the mean displacement, increases with

temperature. The effect is also present at very low temperatures due to zero-point motion.

2.1.1 Nuclear INS

The Fermi pseudo-potential governs the interaction between neutrons and the nuclei in the

system [65]

. 2h?
Vae(X) = —b;8(r — 1) 2.2)

my

where b; is the scattering length of nucleus j. The ¢-function emphasises that the nuclei
are treated as points, a valid approximation since the nuclei are orders of magnitude smaller
than the typical neutron wavelength (1-10 A). Inserting V e into eq. (2.1) reveals that the
nuclear partial differential cross section is a sum of two distinct contributions: 1) The coherent
part, which depends on the correlation between all scatterers within the neutron’s coherence
volume, e.g. the collective motion of particles in a lattice, and 2) the incoherent part, which
depends on the self-correlation of individual particles, i.e. rattling of single atoms. In other
words, inelastic nuclear scattering comes from the vibrational dynamics within the sample.
For molecular crystals, the incoherent vibrations usually contribute more to the measured
INS spectrum. A common trait for both types of vibrational scattering is that for small (),

where the Debye-Waller factor is near constant, the measurable S(Q,w) scales as Q? [64].

The coherent and incoherent cross sections of an isotope can be vastly different and can
vary significantly from one isotope to the next. Tab. 2.1 shows the nuclear incoherent cross
sections, oy, of the most common constituents of molecular magnets [68]. Note that oy,
changes drastically from hydrogen to deuterium. Thus, one can minimise incoherent nuclear
scattering by deuterating a sample, for example to minimise the background when studying
magnetic excitations. If the energy scale of the magnetic interactions significantly overlaps

with that of incoherent vibrations, deuteration is vital for the success of the experiment.
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2.1.2 Magnetic INS

The electromagnetic interaction between the neutron magnetic moment and the unpaired elec-
trons within the sample is mathematically similar to the Fermi pseudo-potential. For an atom
with unpaired electrons located at r; the potential is given by [65]
~ 2mh?
Vinag(r) = ——p; F3(Q)d(r —r;) (2.3)
my
where p; is the linear momentum of atom j and the J-function again specifies that the mag-
netic atoms are treated as points. F} is the magnetic form factor of site j, which is defined
as the spatial Fourier transform of the normalised unpaired electron density. While }’s are
generally element- and oxidation state specific, they are always equal to unity at () = 0 and
decay smoothly with increasing (). Significant effort was put into calculating and measur-
ing magnetic form factors in the 1960’s [69]—[71], however nowadays they are parameterised
using spherical Bessel functions and tabulated in e.g. Ref. [72].
Inserting eq. (2.3) into eq. (2.1) and treating only finite magnetic systems with defined

magnetic centres yields the partial differential cross section for molecular magnets [65],

Po__ Ak
dE¢d) N k;

> Plun(Q)S(E; — Ef +hiw) (24)

where the constant A = (.29 barn collects all prefactors and N is the number of magnetic

centres. [,,,, which contains all Q-dependent information, is given by [65]

: a()b
Lim(Q) = Z Fy (Q)Fj/(QkﬂQ.Rj’jl Z (50"5 o %) (n| 55 [m)(m| 35, n)  (2.5)
7,3’ a,

where the j, j'-sum runs over all sites and the «, 5-sum runs over the Cartesian coordinates.
R, j: is the vector separating magnetic centres at r; and r; while 9, ; is Kronecker’s delta.
The n and m brakets denote the initial and final state of the sample, respectively, and 5 is
the spin operator of site k along the direction « (see eq. (1.1)). The factor (5,5 — Q*Q%/Q?)
describes how neutrons only couple to the parts of the magnetic moments perpendicular to
the neutron wave vector; a key result in magnetic INS.

Eq. (2.5) contains the time and space Fourier transform of the dynamical spin pair cor-
relation function for all permutations of site pairs and Cartesian coordinates. This explic-
itly shows how the partial differential cross section depends on the relative positions of the
magnetic centres and the wave functions involved in a particular magnetic excitation, which
highlights the plethora of information available in an INS experiment. Eqgs. (2.4) and (2.5)
are exactly computable if three things are known: 1) The relative positions of the magnetic
atoms in the investigated molecule, 2) the eigenvalues of the governing spin Hamiltonian, and

3) the eigenvectors corresponding to each eigenvalue. Thus, modelling of molecular magnet
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INS data with Hamiltonian models is well developed as will be elaborated in Section 2.2.

The explicit dependence on the spin operators s;. implies that excitations must obey the
selection rules AS = 0,41 and Amg = 0,+£1, which emphasises another unique trait of
magnetic INS: inter-spin multiplet excitations can be directly probed. These rules, together
with the dependence of the Boltzmann population, make precise temperature control imper-
ative during an INS experiment. Cooling to temperatures close to absolute zero (typically a
few Kelvin) ensures that only the ground state is populated. Thus, the nature of the observed
excitations are more clear thanks to the selection rules. However, the amount of available
states are also limited. Heating the sample will thermally populate excited states and new

excitations may be allowed.

Note also that I,,,, is proportional to the magnetic form factors. Thus, magnetic excita-
tions are most intense at low () and decay as () increases. This behaviour is opposite to that of

vibrational excitations at low () and is used distinguish magnetic and vibrational excitations.

In order to obtain the full 3D Q-dependence of the investigated excitations, experiments
need to be performed on oriented single crystals. This is often a big challenge since large
crystals (masses on the gram scale) are needed due to the weak nature of neutron-matter in-
teractions. Therefore, researchers often compromise and instead study polycrystalline sam-
ples for which obtaining gram-scale amounts is more feasible. In such cases, all directions
in momentum space are probed simultaneously, and the measured spectrum depends only on
(. The that case, I,,,,(Q) in eq. (2.4) is replaced by its averaged form [73]:

* 2. -] =zzz 2. L. ~TZT <Yz
Lim(Q) = Z Fr(Q)Fy(Q) 3 [jo + coja] 3355 + 3 {jo — —C?)jg] (5555 4+ 5Y5%)
JJ’

j2 T =T ~T~ ~Y~T
+5 [3(8555 — 5Y3%) + ¢ (353 + 5Y3%,)]
+J2 [cl(éjéf, +575%) + czl(éjiég, + E?Ej,)] } (2.6)
where jo/j2 are the spherical Bessel functions, which are functions of Q|R; /| = QR; j/, and

the dynamical spin pair correlations are short-handed as 5;15‘]6, = (n| 55 [m)(m| S’f, In). The

constants c” are given by

z 2 T z z
2_1l; (Rg_g ) | e BBy BBy
0 - ’ 1= )20 17 (R..)2
2 RJJI (R]J/) ( M/) 2.7)
T 2 2 x )
PO Ot G PN 2L
(Rjj)? - (Ryj)?

where RS, is the length of component « of R; ;.
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Fig. 2.2. Schematic of the direct geometry cold neutron time-of-flight disk chopper spectrometer INS at Institut
Laue-Langevn in Grenoble, France [74].

2.1.3 Time-of-Flight INS

Neutron spectrometers can be built in a few different ways, but one particular kind is most
commonly used for studies of magnetic excitations within molecules: direct geometry time-
of-flight (df-TOF) spectrometers. These spectrometers can measure large portions of Q, w-
space simultaneously which makes them ideal for measuring excitations that are not disper-
sive in (). An example of such a spectrometer is INS at Institute Laue-Langevin (ILL) in
Grenoble, France, of which Fig. 2.2 shows a schematic [75]. In general terms, dg-TOF spec-
trometers function by having short, well-timed pulses of neutrons with well-defined energies
arrive at the sample position at a precisely defined time. This allows for the flight time after
scattering, ¢z, to be measured alongside the scattering angle 26. The distance from the sam-
ple position to the detector, L, is also known, from which the final neutron energy £'¢ and

momentum transfer () are found as [76]

L Rk? L2
kp = T By =L =T
ﬁtp 2TTI,N QtF
R2Q? my L L (2:8)
o = Ei+ By —2c08(20)\/E,Ey = Ei + QNT ~ cos(26) /2By
my F F

If the sample is an oriented single crystal and the spectrometer is equipped with position-
sensitive detectors, one obtains the four-dimensional S(Q, w) from an experiment (eq. (2.5)).

When polycrystalline samples are used, the powder-averaged S(Q, w) is obtained (eq. (2.6)).

The spectrometer layout has important implications for its performance. ILL is a reactor-
based neutron source, which provides a steady neutron beam. INS5 therefore uses disk chop-
pers to monochromate the beam and cut it into the initial neutron pulses. The biggest source
of background in this type of spectrometers are dark counts and counts from rogue neutrons

that do not follow the intended flight path. Since the amount of dark counts do not change
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over time, the background signal will be approximately flat in the time domain, however in
the energy domain the background scales as (7w)? due to the transformation in eq. (2.8).

Another general feature of dg-TOF spectrometers is that the energy resolution depends
on/w; it is widest at large negative iw and narrows smoothly towards the minimum at largest
attainable +hw. The exact shape depends on the instrument, and for INS the resolution is
approximately constant foriw > 0 when low-energy neutrons are used.

To optimise the energy resolution and remove background, INS uses a pair of counter-
rotating choppers to pulse and monochromate the beam. Their rotation speed can be used to
balance resolution and neutron flux, and the phasing of the choppers controls the energy of
the monochromated neutrons. For the typical speed of 12000 RPM, the resolution full-width-
at-half-maximum athw = 0 is = 2 % of £;. Two additional chopper pairs clean the neutron
beam: one removes contamination from harmonics and one deals with the frame overlap, i.e.
makes sure that no fast neutrons catches up to the slowest neutrons from the previous pulse.
A radial collimator hinders neutrons scattered by the sample environment from reaching the

detectors.

2.1.4 INS studies of Magnetic Molecules

INS has a long history of providing unprecedented experimental insight into the spin dynam-
ics of magnetic molecules. Experiments on polycrystalline samples provided the first direct,
zero-field evidence for the anisotropy parameters responsible for quantum tunneling of the
magnetisation in Mny,, time-resolved INS elucidated Mn;,’s magnetic relaxation and in 2017
single-crystal INS finally pinned down the magnetic interactions within Mn,, 18 years after
the initial INS studies [40], [41], [77], [78].

Following a significant leap forward in instrumentation in the late 2000’s, INS continued
to provide unique information on magnetic molecules. Experiments performed on single
crystals revealed Néel vector tunneling in a Crg ring molecule, entanglement between two
Cr;Ni molecular qubits, and oscillations of the total spin of Cr;Ni entities upon application
of a magnetic field [79]-[81]. Kofu et al directly probed hyperfine coupling within a Tb-Cu
dimer and elucidated its magnetic relaxation via so-called quasi-elastic neutron scattering
[82], [83]. Very recently, it was shown that INS spectra also contain information about the
coupling of magnetic and vibrational degrees of freedom within molecules, which makes the

technique well suited for studying valence delocalised molecules [84].

2.2 Spin Hamiltonian Modelling

Spin Hamiltonian modelling is the premier tool employed to interpret INS and other spec-
troscopic data of magnetic polynuclear metal complexes. At its core, the methodology can
be boiled down to three essential steps: 1) Construct a suitable Hamiltonian model capable

of explaining all observables, 2) Fit the parameters of the model to obtain the best agree-
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2.2. Spin Hamiltonian Modelling Chapter 2. Exp. Methods

ment between model and observables, and 3) Interpret the physical properties that emerge
from the best set of parameters. This approach is particularly well suited for INS since the
observable S(Q,w) for any model can be computed directly from the Hamiltonian eigenval-
ues and -vectors and the related spin operators as outlined in eq. (2.4). In addition, only a
few experimental prefactors need to be taken into account. Still, it can be necessary to make
approximations or combine several experimental methods to constrain all parameters of a
suitable Hamiltonian model as will be elaborated in Chapter 3.

The dimensionality of a Hamiltonian matrix increases rapidly when the model becomes
more complex, hence its construction and diagonalisation is usually handled by tailor-made
computer programs like mint or MAGPACK for INS and Easyspin or PHI for e.g. EPR [27],
[28], [85], [86]. Systems governed by most types of magnetic interactions can be constructed
within these programs, however none of them incorporates double exchange (eq. (1.13)). One
program, MVPACK, can tackle systems governed by double exchange, however it is limited
to calculations of bulk magnetometry measurements of isotropic spin systems [25].

For this thesis, we have implemented the general solution to the double exchange problem
within the framework of Easyspin and mint [61]. With this tool, it is possible to construct
arbitrary spin Hamiltonian models governed by double exchange and all other interactions
built into Easyspin using a coding formalism familiar to Easyspin users. One can furthermore
define oxidation-state dependent parameters to e.g. account for the difference in 3d° — 3d° and
3d® — 3d° Heisenberg exchange interactions. Models incorporating double exchange are fully
compatible with all mint functions, and the tool also outputs the magnetic dipole operators
for use in all Easyspin functions. This provides two major benefits compared to MVPACK:
1) Single-ion anisotropy can be included in the spin Hamiltonian alongside double exchange
and 2) INS (and soon EPR) spectra can easily be calculated using the built-in functions of
mint (and Easyspin). These features were essential for the work presented in Chapter 4. In
that work, our new tool revealed that INS could be able to provide a quantitative handle on
the distribution of electrons with valence delocalised molecules, a hypothesis we investigate
further in Chapter 5.

The trade-off for using our tool instead of MVPACK is that the matrices can become
prohibitively large because Easyspin and mint uses the product state formalism. In contrast,
MVPACK uses the coupled basis and takes full advantage of the irreducible tensor operator
formalism, whereby the Hamiltonian is broken down into block-diagonal elements. For ex-
ample, the full matrix for a system with six coupled 3d° sites and two delocalised electrons
has dimensionality 468000x468000 in the product state basis, whereas the largest spin block
is 7050x7050 in the coupled basis. If the community is interested in calculating INS and EPR
spectra of larger delocalised molecules it could be worth to further develop our tool.
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Chapter 3

Manuscript 1: Combining Spectroscopies
to Unravel Strong Exchange Interactions

within Radical-Bridged Iron(I1I) Dimers

3.1 Prelude to Chapter

The research presented in this chapter sought to figure out how to probe molecular spin
dynamics within molecules with strong intramolecular exchange interactions caused by e.g.
double exchange or direct exchange between metal centres and radical ligands. For sufficiently
large couplings, the gap to excited spin manifolds can approach or even surpass A/kp =
300 K, which makes modelling of the temperature-dependence of the magnetic susceptibility
unreliable. INS can also fall short in these cases because instrumental limitations prevents
probing the low-Q) region of S(Q, w) for short neutron wavelengths, which causes magnetic
transitions to be weak due to the magnetic form factor.

We found that it is possible to combine several spectroscopic techniques that are sensitive
to different terms in the magnetic Hamiltonian and thereby obtain insight no single method
could provide. In particular, we used INS, high-frequency (HF) EPR, FIRMS and magne-
tometry to probe magneto-structural correlations in a series of radical-bridged Fe** dimer
molecules. INS and HF EPR gave access to the magnetic anisotropies (e.q. (1.3)), and mod-
elling of the latter yielded the g-tensors of the investigated molecules. With this knowledge,
we could extract the Heisenberg exchange couplings from FIRMS and magnetometry data,
which would not have been reliable without the prior information obtained from INS and HF
EPR.

This work does not directly involve valence delocalised molecules, however it addresses
an issue relevant for future studies of such molecules. Valence delocalised molecules, espe-
cially dimers, are usually strongly coupled, and the experimental campaign presented here is
directly portable to such systems [21], [50], [56].

We intend to submit this draft to a chemistry journal. Information about individual con-

tributions can be found in within the "Contributions” section within manuscript.
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Abstract

When the gap between the lowest-lying spin manifolds of a molecule approaches
A/kp = 300 K one can no longer rely on the temperature-dependence of the molar mag-
netic susceptibility to get a good estimate of intra-molecular exchange couplings. This
works explores using several spectroscopic techniques to probe different terms in the
magnetic Hamiltonian and thereby arrive at a unified description of molecular spin dy-
namics. Specifically, we combine inelastic neutron scattering, high-frequency electron
paramagnetic resonance, far infrared magneto-spectroscopy and SQUID magnetometry
to elucidate structure-property relationships in a series of newly synthesised iron dimers
derived from [[Fe(cth)]o(dhbq)]®" (Hydhbq = 2,5-dihydroxy-1,4-benzoquinone; cth =
5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane). These dimers have well-
isolated S = 9/2 ground states due to strong direct antiferromagnetic exchange between
the Fe?T centres (S = 5/2) and the radical bridging 7 ligand (S = 1/2). Our combina-
tional approach allows us to determine the parameters of their microscopic Hamilto-
nians including fourth order Steven’s operators and exchange couplings. We find that
ligand-to-metal charge transfer, controlled by bridge functionalisation, significantly im-
pacts the magnetic anisotropy, rhombicity, and exchange coupling. Furthermore, we
show that imposing centrosymmetry via control of capping ligand chiralities makes
the g-tensor isotropic, while other parameters remain largely unchanged. The level of
detail we obtain exemplifies the capabilities of our experimental approach, which can

be directly ported to other studies of molecule-based magnetic compounds.

Introduction

Owing to the remarkable versatility of coordination chemistry, molecule-based magnetic ma-
terials continue to find new applications in various quantum technologies and as new perma-
nent magnets.® In recent years, a particularly successful strategy for creating exciting new
compounds has been to incorporate strongly coupled spin centres via direct metal-radical

exchange or metal-metal bonding.®1? An essential next step towards reaching the full po-
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tential of strongly coupled magnetic compounds is to establish quantitative relationships
between their structures and the couplings within. However, commonly employed experi-
mental methods such as magnetometry can fall short when the couplings become comparable
to or greater than kg - 300 K. Consequently, the elucidation of important structure-property
trends remains a formidable challenge to be tackled by experimentalists. Here, we present a
methodology capable of this task by combining several spectroscopy methods.

Specifically, we study the effects of chemical tailoring on a family of new radical-bridged
Fe*™ dimers based on [[Fe(cth)],(dhbq)]*t (A, cth = 5,5,7,12,12,14-hexamethyl-1,4,8,11-
tetraaza-cyclotetradecane; Hydhbq = 2,5-dihydroxy-1,4-benzoquinone). This molecule, orig-
inally investigated by Dei et al,'* consists of two Fe*" ions (high-spin 3d°) which are strongly
coupled to a radical dhbq®™ 7 bridge and capped by chiral cth ligands. Our synthesis of
new derivatives provides the possibility for investigating the potential avenues for chemical
tunability through a comparative study. Also, the methods we employ provide more detailed
insight into the properties of derivatives of A compared to previous studies.

Molecules closely related to A have exciting properties, which further motivates our
study. [Fe(RR—cth)Co(SS—cth)(dhbq)]*", for example, shows electronic pyroelectricity,
and the pure Co analogue undergoes a photo-induced valence tautomeric transition from
5Co* T —dhbg® —"Co3" to 5Co*T—dhbg? —5Co3*.1%16 In addition, functionalisation of the
dhbq bridge in iron and cobalt dimers capped by TPA(=tris(2-pyridylmethyl)amine) has
proven to be a successful strategy for tailoring their magnetic properties,!” 2! and dhbq
derivatives are frequently used as linkers in 0D, 1D, 2D, and 3D Fe-based molecular sys-
tems.?*® These examples highlight the tunability of transition metal (TM) dimers bridged
by dhbq derivatives and underline the need for quantifying structure-property relationships
to tune the properties of systems incorporating dhbq derivatives as bridging ligands.

Our dimer series consists of three molecules: An enantiopure version of A (1-H), its ana-
logue with a dcbq bridge (1-Cl, Hydcbq = 3,6-dichloro-2,5-dihydroxy-1,4-benzoquinone),

and a racemic version of A (2-H). The first two have crystallographically different iron
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centres, while the iron centres are related by inversion symmetry in the latter. Thus, we
investigate two avenues for tailoring the magnetism of our dimers: 1) Increasing the electron
withdrawing potential of the radical bridge by Cl substitution and 2) imposing inversion sym-
metry on the Fe centres via control of the relative capping ligand chirality. Radical ligands
have been widely used as building blocks within molecular magnetism and were recently in-
dispensable for building a metal-organic magnet with a record-breaking critical temperature,
which shows that tailoring the character of the radical bridge provides a promising avenue
for tunability.®?° Control of chirality has also proved useful for engineering the properties of
both small molecules and extended molecular systems, but quantitative information about
its effect on magnetic coupling and anisotropy within molecules is lacking, which motivates
exploring this engineering route.3%3!

We investigate our dimers by combining inelastic neutron scattering (INS), high-frequency
electron paramagnetic resonance spectroscopy (HF-EPR), far infrared magneto-spectroscopy
(FIRMS), and SQUID magnetometry into a comprehensive experimental approach. These
spectroscopic techniques have previously unravelled highly detailed information about mag-

32735 Here, they provide access

netic anisotropy and spin dynamics within magnetic molecules.
to Fe*T-radical exchange couplings and magnetic anisotropy parameters of the Fe*" sites, in-
cluding fourth order Steven’s operators. From there, we establish structure-property trends
that can guide exploration of other coordination compounds utilising metal-radical exchange
interactions and chiral ligands. This exemplifies the capabilities of our experimental approach

to unravel the microscopic Hamiltonians of molecular systems without overparametrisation,

an approach which is directly transferable to studies of other coordination compounds.
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Experimental Methods

Samples

We synthesise the dimers using a three-step process: 1) Synthesis of the mononuclear species
[Fe(AcO)L](PFy) with L = Rac-cth, RR-cth or SS-cth (cth = 5,5,7,12,12,14-hexamethyl-
1,4,8,11-tetraazacyclotetradecane), 2) synthesis of the dicationic precursor [[FeL],A](PFy),
from the mononuclear analogue with HyA = 2 5-dihydroxy-1,4-benzoquinone (H,dhbq) or
3,6-dichloro-2,5-dihydroxy-1,4-benzoquinone (H,dcbq), 3) oxidation of the dicationic precur-
sor with AgPFy in solution. The ligands (L) were synthesised using previously reported meth-
ods, and other chemicals and solvents were used as purchased from commercial sources. 3
The crystal structures were determined based on single-crystal X-ray diffraction data
collected at T = 100 K on a Rigaku XtaLab Synergy-R/DW diffractometer equipped
with a HyPix-6000 area detector using multi-layer mirror monochromated Mo-Ka radiation
(A = 0.71073 A). The structures were solved by a direct method and refined using full-matrix
least-squares on F? using the SHELX implemented in the OLEX2. All non-hydrogen atom
were refined using anisotropic thermal parameters and the hydrogen atoms were geometri-
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cally added and refined by the riding model.3"3° Complete structural information for the

tricationic dimers can be found in Tab. S1.

[Fe(AcO)L](PF,)

Freshly purchased Fe(AcO), (3.3 mmol, 521 mg) and the appropriate ligand (L = Rac-cth,
RR-cth or SS-cth, 3.3 mmol, 850 mg) were added to 10 ml EtOH from which dissolved
oxygen had been removed by bubbling for several minutes with N,. The solution was then
heated to 70 °C and left until it became brown and transparent. Then, we added NH,PF
(3.3 mmol, 540 mg), and a white solid ([Fe(AcO)L|PFy) to gradually precipitated accelerated
by cooling in an ice bath for 15 minutes. Afterwards, we filtered the white solid and washed

it with cold EtOH and ether (yield 980 mg, 54 %, independent of L).
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[[Fe(RR—cth)],(dhbq)](PFg), - H,O - MeOH, 1-H

We first mixed H,dhbq (1 mmol, 140 mg) and triethylamine (2 mmol, 280 ul) in MeOH (50
ml) under the protection of a N, flow. Next, [Fe(AcO)(RR—cth)](PFg) (2 mmol, 1089 mg)
was added to the mixture, which was then stirred at 60 °C for 30 min. Afterwards, we added
30 ml of aqueous solution of KPFy (1.5 mmol, 276 mg) was to the dark mixture, slowly
cooled it to room temperature and left it to precipitate overnight. The dark-grey product,
[(Fe(RR—cth))(pu—dhbq)(Fe( RR—cth))](PFg),, was filtered and washed with H,O (yield 820
mg, 74 %).

The intermediate product, [(Fe(RR—cth))(u—dhbq)(Fe( RR—cth))](PFg), (1 mmol, 1109
mg), was then dissolved in 50 ml MeOH, to which an aqueous solution of AgPF (1 mmol, 252
mg) was added. The solution was stirred at room temperature for 30 minutes and thereafter
filtered multiple times to remove any residual silver. The solution was then gradually evapo-
rated until the crude product, [(Fe(RR—cth))(u—dhbq)(Fe(RR—cth))](PFy),, fully precipi-
tated. The obtained dark green solid was subsequently filtered and washed with ether (yield
800 mg, 61 %). We then performed a recrystallisation to obtain the pure product. The
crude product (120 mg) was dissolved in a mixture of methanol and water (2:1 ratio) and

left under a N, flow for several days, which afforded dark-green stick crystals (yield 70 mg,
58 %).

[[Fe(Rac—cth)],(dhba)] (PF),, 2-H

The crude product, [(Fe(Rac—cth))(u—dhbq)(Fe(Rac—cth))](PFg);, was obtained in the
same manner as for 1-H using L = Rac-cth for the synthesis of the mononuclear precursor
(yield 780 mg, 62 %). The yield of the dicationic precursor was 98 % (1095 mg). For the re-
crystallisation, the crude product (120 mg) was dissolved in a mixture of methanol and water
(1:1 ratio) with a few drops of acetonitrile added. The solution was left to evaporate slowly

under a nitrogen atmosphere over several days, resulting in the formation of dark-green plate

crystals (yield 50 mg, 41 %).
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[[Fe(SS—cth)],(dcbq)](PFg); - H,O - MeOH, 1-C1

The crude product, [(Fe(SS—cth))(u—dcbq)(Fe(SS—cth))](PFy),, was obtained in the same
manner as for 1-H using L = SS-cth for the synthesis of the mononuclear precursor and
replacing H,dhbq with Hydcbq (yield 557 mg, 40 %). The yield of the dicationic precursor
was 55 % (650 mg). The recrystallisation was carried out the same way as for 1-H using 80

mg crude product, again yielding dark-green stick crystals (yield 30 mg, 37.5 %).

SQUID Magnetometry

We performed our magnetisation measurements with a Quantum Design MPMS3 SQUID
magnetometer. Samples (=~ 15 mg) were ground to a fine powder, mixed with liquid eicosane
(Thax = 45 °C) and contained in gelatin capsules. Variable-field measurements, M (H),
were conducted at 7" = 2, 3, 5, and 10 K (AH = 70 mT/s), and variable-temperature
measurements, M (T'), were conducted while applying a moderate field of H = 100 mT
(AT = 2 K/min). We calculated the magnetic susceptibility, x, of our samples using the
linear approximation Xsample(Z') = M(T")/H — Xin — Xenv, Where Xeny is the contribution from
the eicosane and gelatin, corrected for by subtracting a measurement of an empty sample

holder, and Y, is the sample’s intrinsic diamagnetism estimated using Pascal’s constants.*°

Inelastic Neutron Scattering

We performed our INS experiments at two facilities: At Institut Laue-Langevin (ILL) in
Grenoble, France, where we used the direct geometry time-of-flight (dg-TOF') spectrometer
IN5 and the backscattering-and-time-of-flight spectrometer IN16b, and at the Spallation
Neutron Source at Oak Ridge National Laboratory (ORNL) in Tennessee, USA, where we
used the dg-TOF spectrometer SEQUOIA.*"#* For all experiments, we used approximately
1 g of polycrystalline sample, which was contained in annular aluminium cylinders, and

the relative efficiencies of the neutron detectors were always normalised using a standard
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vanadium sample. Mantid was used to reduce, integrate and cut the INS data.4546

At INb5, we used incident neutron energies, FE;’s, of 1.94 and 3.47 meV, with chopper
settings such that the energy resolution (FWHM) at zero energy transfer was 39 neV and 90
neV for E; = 1.94 and 3.47 meV, respectively. An ILL orange cryostat cooled the sample to
temperatures between T'= 1.5 K and T" = 50 K. We collected data for 1 hour for E; = 1.94
and for 1.5 hours for F; = 3.47 meV independently of the temperature. The ILL reactor
ran at reduced power (27 MW), thus the neutron flux was reduced by approximately 50 %
compared to normal.

For the SEQUOIA experiment, we used FE;’s of 35 and 100 meV and a closed-cycle
refrigerator cooled the samples to 5 K.

At IN16b, we used the instrument in BATS mode with Sij;; backscattering analysers
corresponding to Fy=2.08 meV and a @-range of 0.2-1.8 A=, We used the 14° slit in the
pulse chopper at 315 Hz for increased flux at relaxed resolution of 5.6 ueV. To increase the
dynamic range, we combined several acquisitions with the energy transfer range centred at
—380, —150 and 4150 ueV with a counting time of 3 hours per acquisition with the reactor

running at 44 MW, 4243

Electron Paramagnetic Resonance

Our HF EPR experiments took place at the French Laboratory for High Magnetic Fields at
Institut Néel in Grenoble, France. The samples were ground to a fine powder, pressed to
pellets (to avoid torquing effects, thickness ~ 3 mm), wrapped in Teflon tape and placed in
helium exchange gas inside a superconducting solenoid (7' = 8-18 K, B = 0-15.8 T).

For our measurements, we used a multi-frequency spectrometer, which was setup in
a double-pass configuration and operated in transmission mode. Two frequency sources
equipped with multipliers provided the radiation. These sources can operate either with a
fixed value (110.4 GHz for one and 127.68 GHz for the other) or with a step-tunable value

in a range of the fixed value +10 GHz.
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Our X-band EPR spectra were collected with a Bruker EMX+ spectrometer at the EP-
SRC National Service for Electron Paramagnetic Resonance Spectroscopy at the Photon
Science Institute, University of Manchester, UK. We ground the polycrystalline samples (mg
scale) into eicosane to fix them to avoid field-induced orientation. The spectrometer ran with
the following settings: v = 9.375 GHz microwave radiation, power of 2.2 mW, attenuation
of 20 dB, 0.2 mT modulation amplitude and 100 KHz modulation frequency. A closed-cycle

refrigerator cooled the sample to temperatures down to 5 K.

Far-Infrared Magneto-spectroscopy

Our FIRMS experiment also took place at the French Laboratory for High Magnetic Fields
at Institut Néel in Grenoble, France. A mercury lamp generated the non-polarised radiation
for the experiment and a Bruker Vertex 80v Fourier-transform spectrometer analysed the
radiation. Light-pipe optics delivered the light to the sample, which was placed inside a
superconducting solenoid (0-16 T) submerged in liquid helium (7" = 4.2 K). To ensure IR
transmission through the samples, we ground them to fine powders, diluted them in eicosane
and pressed them to pellets. After trying several configurations, we obtained the most intense
signal by using a 1:20 sample-to-eicosane ratio and ~ 2 mm thick pellets. The setup ran in
a Faraday configuration (k || B). A composite bolometer, placed below the sample, detected
the transmitted light. Spectra were collected between 0 and 16 T in steps of 0.25 T.

We used Field-Optic to treat our data.*” Field-dependent spectra of a pure eicosane pellet
(tickness ~ 0.5 mm) were used to correct for the eicosane contribution to the sample spectrum
and for the field-dependence of the sensitivity of the bolometer. The magneto-transmission
colourmap was obtained by normalising the derivative of raw spectra, measured at field
strength B, to the average of derivatives of spectra measured at B 4 3.75 T. To correct for
a sloping baseline along the field direction of the spectrum, we fit a linear function to the
average of the central part of the spectrum (14-24.5 meV) and subsequently subtracted that

from all spectra.
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Results and discussion

Fig. 1: ORTEP drawing of 1-H with 75 % probability ellipsoids with H, C, O, N and Fe in
beige, brown, red, blue and gold, respectively. Hydrogens not bound to the dhbq bridge are
left out for clarity, and only the atoms discussed in the text are labelled. The structure is
derived from single-crystal X-ray diffraction patterns measured at T' = 100 K.

Figs. 1 and S1 show the structures of 1-H, 2-H and 1-Cl, and Tab. 1 summarises the most
important structural information (see Tab. S1 for complete crystallographic information). In
all dimers, the irons are coordinated to two oxygens from the bridge and four nitrogens from
the capping ligand, which leads to distorted octahedral environments. In the enantiopure
versions, the coordination environment of the two irons are formally distinguishable, albeit
similar, while the irons in the racemic analogue are related by inversion symmetry. The
average N-Fe-N and O-Fe-O bond angles are always close to 100° and 80°, respectively, which
suggests that the distorted symmetry is closer to Cs, rather than O,.*® The enantiopure
versions crystallise in the P2; space group while 2-H crystallises in P2;/¢; all compounds
have two structurally identical molecules oriented differently within the unit cell.

The structures contain significant information about the oxidation state of the irons and
the redox-active bridges with the most important indicators being the Fe-O, C-O and C-C
(within the chelating ring) bond lengths. At T'= 100 K, the average Fe-O bond lengths are
1.984(5) A (1-H), 1.986(7) (2-H) and 1.979(5) A (1-Cl), which are all short and consistent

with an Fe*™ assignment in line with Ref. 14.262% This implies that the dhbq/dcbq bridges
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Tab. 1: Selected bond lengths and angles for [Fe(RR—cth)],(dhbq)]** (1-H) and derivatives
at T'= 100 K. The numbering of atoms for 2-H and 1-Cl follow that of 1-H in Fig. 1.

1-H 2-H 1-Cl
Fel-O1 [A] || 1.987(2) 1.978(4) 1.962(4)
Fe2-02 [A] || 1.982(2) 1.989(4)
Fel-O3 [A] || 1.979(2) L979(3) 2.005(3)
Fe2-04  [A]|| 1.987(3) | 1.989(3)
C1-C3 [A] || 1.481(4) L479(7) 1.463(7)
C2-C4 A] || 1.493(4) | 1.473(7)
C1-01 [A] || 1.293(4) 1.201(5) 1.294(6)
C2-02 Al 1203(a) | 1.284(6)
C3-03 [A] || 1.296(4) 1.202(6) 1.268(6)
C4-04 Al 120204) | 1.298(6)
O1-Fel-03  [°] || 79.99(8) 80.27(14) 79.50(13)
02-Fe2-04 [ || 79.53(8) | 79.36(15)
N1-Fel-N2  [°] || 101.31(10) 07.92(14) 101.65(14)
N4-Fe2-N3  [] | 101.72(10) | 100.83(14)
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must be in the trianionic state since the dimer as a whole is tricationic. A trianionic bridge
would be immediately visible in the structure. C-O bond lengths in trianionic dcbq are
around 1.30+0.01 A, while typical values lie around 1.25 A in the dianionic case. The trend
is reversed for C-C bond lengths, which are around 1.4540.02 A in debq®™ but usually exceed
1.49 A in debg? .2628 The average C-O and C-C bond lengths within the chelating ring in
our dimers are 1.294(8) and 1.487(6) A (1-H), 1.292(8) and 1.479(7) A (2-H) and 1.286(12)

and 1.468(10) A (1-C1), which unambiguously confirms the trianionic assignments.
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Fig. 2: Temperature dependence of molar magnetic susceptibility-temperature products for
1-H (purple circles), 2-H (green triangles) and 1-Cl (blue triangles) alongside simulations
based on eq. (1) with parameters from Tab. 2 (full lines). The simulations are scaled to
correct for errors in the molecular weights as described in the text. The dashed line shows
the model for 1-H with J = —225 cm~! which fits the susceptibility data equally well but
is ruled out by X-band EPR data (see Fig. S8).

In TM compounds bridged by radical dhbq derivatives, spatial overlap of the frontier
orbitals usually leads to direct exchange, which causes strong antiferromagnetic coupling
and creates well-isolated spin ground states with S = 2S5ty — 1/2; for a bsFe3t dimer the
ground state would be S = 9/2.1417:2829 Qur dimers follow the same trend according to their
magnetic susceptibilities as shown in Fig. 2, in excellent agreement with the expectations
from our structural analysis. Upon lowering the temperature, each x7' curve slowly increases
from its room-temperature value towards a plateau around 7' = 50 K. For 1-H, xT = 12.2

em?® K/mol at T' = 50 K, which is nearly equal to 12.375 cm?® K/mol, the expected value for
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an isolated S = 9/2 ground state with ¢ = 2. In contrast, for 2-H and 1-Cl, x7'=11.6 and
11.0 cm? K/mol at T'= 50 K which would infer that go.;x = 1.94 and ¢1.c1 = 1.89 assuming
S = 9/2. However, our HF EPR experiments (vide infra) clearly show that g > 1.99 for
these compounds meaning that reduced g-values cannot be the origin of this discrepancy.
Instead, we ascribe the reduction of x7T" at 50 K to imprecisions in the molecular weights used
for data normalisation. Other spin ground states with large S can also be excluded since
their x7T" values would be either significantly smaller (xy7' = 7.785 cm® K/mol for S = 7/2,
g = 2) or larger (xT = 15 cm® K/mol for S = 5, g = 2) and low-temperature field-dependent
magnetisation measurements are also consistent with S = 9/2 ground states (see Fig. S2).
Thus, the xT' data confirms that our dimers have well-isolated S = 9/2 ground states and
that population of excited states with S < 9/2 drives the decrease in x7T" upon heating.

We attribute the steep decline at the lowest temperatures to significant zero-field splitting
(ZFS) within the ground state manifolds caused by intrinsic magnetic anisotropies of the Fe**
centres; an idea which is further supported by the absence of magnetic saturation in any of
the dimers at 7' =2 K and H = 5 T (see Fig. S2). This is somewhat unexpected, since
Fe*' and radicals are usually isotropic. It was recently suggested that partial ligand-to-metal
charge transfer (LMCT) is the mechanism behind strong anisotropy in a Fe** —dcbq® ™ metal-
organic framework, and the same mechanism is probably responsible for the anisotropy of
our dimers.?® From a naive point-of-view, this can be viewed as giving rise to some Fe*"
character at the metal centre, which is orbitally degenerate and therefore anisotropic. Several
dhbq/dcbg-bridged compounds with Fe and Co centres show valence tautomeric transitions,
which shows that such LMCT is possible.2!:23:24,26

Based on the above discussion, it is necessary to use a Hamiltonian of the following form

to model the magnetism of the dimers:

H = —2J(S1-Ss+S2-Sa) + 3 BL(OL(S)) + OL(Ss)) + 1z [BTe(S: +S3) + 9B - Ss] (1)

k,q
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where S; = S5 = 5/2 refer to the Fe** centres, So = 1/2 refers to the radical bridge and
J parameterises the exchange coupling between them. We leave out a term describing Fe-
Fe superexchange since we expect it to be insignificant compared to direct metal-radical
exchange. Stevens operators, O}, describe the anisotropies of the Fe centres, which are
parameterised by the B{ constants. These are assumed to be equal for both Fe sites to avoid
overparameterisation. The last term describes the Zeeman interaction where B is the applied
magnetic field (7" denotes transpose), g is the Fe*" g-tensor (assumed to be diagonal) and
g = 2 is the radical g-value, which for simplicity is assumed to be isotropic. The magnetic
susceptibility curves alone do not contain enough information to uniquely determine the
parameters of this Hamiltonian, not even in the rather conservative case where only two
Steven’s operators, an exchange coupling and an isotropic g-tensor sufficiently describes the
magnetism. Thus, it is necessary to combine several experimental approaches to pin down
each term of the Hamiltonian.

INS can probe the ZFS within the ground spin manifold directly in zero field since the
energy change of the scattered neutrons is equal to the ZFS gaps. Fig. 3 contains the
INS spectra of all dimers and we assign each peak to a transition between doublets within
the S = 9/2 ground manifold based on their momentum transfer dependencies and the
Amg = £1 INS selection rule. We model the spectra with a combination of Gaussians
accounting for each peak and a polynomial background which we fit to the data using a
x2-method. Afterwards, we subtract the background and extract the excitation energies
as the best-fit values of the means of the Gaussians. At T" = 50 K we find excitations at
0.4076(6), 0.532(2), 0.6267(4) and 0.8752(3) meV for 1-H, 0.4221(5), 0.5099(15), 0.6627(7)
and 0.9197(8) meV for 2-H and 0.364(6), 0.5890(15) and 0.8081(11) meV for 1-Cl. For the
dhbg-bridged analogues, the T-dependence of the spectra (see also Fig. S3) revealed that
each peak corresponds to the transition from one doublet within the ground manifold to
the next, which raises the question of whether a fourth peak is missing in the spectrum of

1-Cl1 closer to E = 0. High-resolution INS experiments rules out this possibility (see Fig.
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Fig. 3: INS spectra of 1-H (top), 2-H (middle) and 1-C1 (bottom) measured with INS@QILL
at 50 K (green circles), 7.5 (blue triangles) and 1.5 K (purple triangles) using F; = 1.94 meV
and integrated over the momentum transfer range Q = (1+0.5) A=' . The black lines show
spectra calculated using mint with the Hamiltonian in eq. (1) and the parameters in Tab.
2.4 Fig. S3 show the T-dependent spectra of 2-H and 1-Cl.
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S4) and a closer inspection of the relative intensities of the peaks in Fig. 3 reveal that the
peak at £ = 0.364(6) meV must contain spectral weight from more than one excitation.
Consequently, the gaps from the second to the third and fourth excited doublets must be
nearly equal. Based on this analysis we construct the level schemes in Fig. 4 and use them

to fit the parameters of the Hamiltonian.

E [meV]
e 25109)
— 21309
———  2.0045(12
Tooosz) MU
1.761(6)
oo L0
1.3971(15)
0.8752(2)  0-9197(8) 0.8081(11)
O..
]_—H 2_H 1-Cl

Fig. 4: Level splitting diagrams for the doublets within the S = 9/2 ground manifolds of all
dimers based on the T-dependence of INS spectra in Figs. 3 and S3.

To avoid overparameterisation when modelling the INS data, the number of fitted pa-
rameters cannot exceed the number of experimentally determined eigenvalues. Based on
the x7 data, the S = 9/2 ground states are well isolated at 7" < 50 K due to strong an-
tiferromagnetic exchange, which makes the ZFS parameters independent of the value of J.
Therefore, we fix the exchange at J = —225 cm™! for the dhbq analogues and at J = —300
cm~! for 1-Cl during our INS modelling. Models with two or three anisotropy parameters
proved insufficient for accurately reproducing INS spectra, which further justifies keeping J
fixed to allow for using more ZFS parameters for the fitting.

Normally, the coordination symmetry of the metal centres determines what Steven’s
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operators are allowed, but the Fe centres have no formal symmetry and therefore put no
constraints on the choice of operators. However, since the effective symmetry is close to Cs,
as previously mentioned, we use the simplest operators that are allowed for this symmetry,
which leaves the following parameters to be fit: BY and B3, which respectively describe
easy-axis and rhombic anisotropies, as well as B} and B} which parameterise fourth-order
corrections.®® We leave out B} for 1-Cl since only three gaps were determined experimentally
and three parameters were sufficient to accurately model the data.

We use Easyspin to construct the Hamiltonians, a y?-method to fit the parameters and
mint to simulate the INS spectra of models that best fit the eigenvalues.**5! Tab. 2 shows
the parameters we obtain and the black lines in Fig. 3 show the simulated INS spectra,
which are near-perfect matches to data. The parameters for 1-H and 2-H are rather simi-
lar, which shows that the symmetry differences between 1-H and 2-H have little influence
on their anisotropies. This was counter-intuitive at first since symmetry is often the pre-
dominant factor that governs magnetic anisotropy. Ultimately, this agrees well with the
idea that LMCT is the origin of the anisotropy, since centrosymmetry should not greatly
influence LMCT. Conversely, this lead us to expect that altering metal-radical covalency
by substituting an electron-withdrawing Cl group onto the bridging radical would have a
larger influence on the anisotropy. Previously, such a substitution stabilised the radical in a
Co**—dcbq® —Co®*" dimer compared to its dhbq analogue and made its valence tautomeric
transition inaccessible, which shows that Cl substitution can significantly perturb the na-
ture of the radical.'”?! The numbers in Tab. 2 clearly show that the substitution perturbs
the magnetic anisotropy of our dimer, potentially caused by hindering of LMCT by the
electron-withdrawing Cl group.

The simulations of the spectra of 1-H and 1-Cl use Gaussian line broadenings of 50
neV (FWHM), i.e. slightly larger than the instrumental resolution, which suggests that our
samples contain molecules with a distribution of anisotropies. This distribution is probably

a consequence of the co-crystallised solvent in these samples which creates slightly different
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Tab. 2: Parameters from the best fits of the Hamiltonian in eq. (1) to INS, HF-EPR, FIRMS,
and SQUID data for 1-H, 1-Cl and 2-H.

1-H 2-H 1-Cl
9. | NJ/A 1.980(10) 2 ~2.15
g | N/A 2 2 2

g. | NJA 2 2 2

BY | em™' || -0.56906(12) | -0.5940(2) | -0.5158(4)
B:| cm™! -0.3075(9) | -0.2867(14) | -0.186(5)
BY 1074 em™! | -2.56(10) -3.3(2) -3.4(4)
B} | 1074 cm™! 47(5) 37(9) 0

J | em™! -210(10) -225(2) | -300(10)

surroundings for individual molecules. In contrast, Gaussians with FWHM equal to the
instrumental resolution (40 peV) accurately reproduce the experimental line widths of 2-H,
which contains no solvent. However, to capture the asymmetry of the peaks at 0.6627(7)
and 0.9197(8) meV in the spectrum of 2-H, it is necessary to add a minor 1-H species (15
%) to the simulated spectrum.

Fig. 5 shows the momentum transfer () dependence of the intensity of the highest-energy
excitation in 2-H (£ = 0.9197(8) meV). Modulations of the INS intensity as a function of
(@ depends on the relative positions of the magnetic centres and their magnetic form factors
(MFFs).52 MFFs decay as a function of @ and are defined as the spatial Fourier transform
of the normalised unpaired electron density of a spin centre, which is delocalised over a
large area for an aromatic, organic radical like dhbq®  and derivatives. Therefore, the MFFs
of such radicals are expected to decay more quickly with increasing () compared to those
of metal centres. Nonetheless, little attention is usually paid to the MFF of radicals and
they are not tabulated unlike their metal counterparts.®* In our case, a simulation which
neglects the MFF of the bridging radical does not reproduce the experimentally observed

intensity modulation (Fig. 5, dashed line). The MFF of dhbq®~ is not known in the literature
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Fig. 5: Momentum transfer of the excitation at £ = 0.9197(8) meV = 7.418(6) cm™! in 2-H
measured at "= 1.5 K using E; = 3.47 meV and integrated over the energy transfer range
E = (0.925 £ 1) meV. The full and dashed lines show mint calculations with and without
the magnetic form factor of a bridging radical, respectively.*’

and measuring it is outside the scope of this work. Instead, we included the known MFF of
radical pyrazine, a similar aromatic organic radical, in our simulation.® This significantly
improved the quality of our simulation and further confirmed the radical character of the
dhbq bridge.

HF EPR is an accurate technique for probing Zeeman terms in the Hamiltonian of
molecules, which made it a natural next step in our investigation. EPR furthermore probes
the ZFS within the ground manifold of molecules and can thereby compliment our INS data.
The black lines in Fig. 6 show EPR spectra of 1-H, 2-H and 1-CI recorded up to B = 15.8
T at T = 18, 18 and 8 K using v = 331.2, 319.5 and 220.8 GHz, respectively, and Figs. S5-S7
show spectra measured with additional frequencies at more temperatures. The spectra are
normalised such that the leftmost major transitions have equal peak intensities.

Based on the modelling of the INS data, we expected the spectra of the dhbq analogues to
be similar and that is indeed the case. They both show three nearly equidistant resonances
at B < 8 T, which correspond to consecutive axial (B || g,.) transitions between the lowest-
lying four doublets within the ground manifold according to their T-dependencies. The rich

behaviour around B = 11.83 T and B = 11.42 T, which correspond to g = 2 for v = 331.2
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Fig. 6: HF EPR spectra (black) with Easyspin simulations (red) calculated using the Hamil-
tonian in eq. (1) and the parameters in Tab. 2 with a Lorentzian lineshape (FWHM = 36
mT).? 1-H: T = 18 K, v = 331.2 GHz and 5 % BY-strain; 2-H: T' = 18 K, v = 319.5 GHz
and 5 % BY-strain; 1Cl: T = 8 K, v = 220.8 GHz and 15 % B3-strain. Figs. S5, S6 and S7
show additional temperatures and frequencies.
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and 319.5 GHz, respectively, originates from the in-plane (B L g,.) transitions. The less
intense peaks at B < 4 T are forbidden transitions (Amg > 1) which gain intensity due to
state mixing caused by the non-zero fourth order Steven’s operators. The axial transitions
are slightly wider than the in-plane ones, which is usually caused by a distribution of axial
B}l parameters. The spectrum of 1-Cl is resolved worse compared to the two others. As a
consequence, the axial transition close to B ~ 1 T is only clearly distinguishable from the
background in the spectra measured at T' = 8 K where the spectral weight is distributed
across fewer peaks due to limited thermal population of excited states. In contrast, the
in-plane transitions around B & 7.89 T, which is equivalent to g = 2 for v = 220.8 GHz, are
resolved better, and for this reason we ascribe the worse resolution to a larger strain on the
axial B{ parameters. Partial solvent loss or absorption of moisture from the atmosphere are
possible origins of the increased strain.

We model the EPR spectra based on the Hamiltonian in eq. 1 with the g-tensor as the
only free parameter since the INS experiments already provided the anisotropy parameters
and we still operate well within the strongly coupled regime (7" < 50 K) where the spectra
are independent of J. We accounted for the observed anisotropy strains by including strains
on the BY-parameters (5 % for 1-H and 2-H, 15 % for 1-Cl). Due to the nature of the
our HF EPR setup, which works without an optical cavity in contrast to commercial EPR
spectrometers, it is not possible to asses any quantitative agreement between simulated and
experimental spectra. It is, for example, commonly known that transitions at low magnetic
fields can be less intense in simulated spectra compared to experiments. Also, the phase of
the microwave radiation is not controlled explicitly and can therefore change because of the
applied magnetic field, which can flip the sign of the measured spectrum during a sweep.

The red lines in Fig. 6 show the best simulations with g as the only free parameter.
They are an excellent match to the measured spectra and thereby cements the Steven’s
parameters obtained from the INS data (Tab. 2 contains the optimal g-values). For 2-

H, the centrosymmetric dimer, we find no evidence for g-tensor anisotropy while g, # 2
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for both enantiopure dimers. The g-anisotropy is small for 1-H, however it was strictly
necessary for aligning the principal in-plane transition to the experimentally observed value
at all frequencies. For 1-Cl, the g-anisotropy appears to be rather large, however the quality
of the spectrum makes it difficult to quantitatively asses. Still, given the major displacement
of the main in-plane peak from the isotropic case it is likely that g,, > 2. The complete
nature of the underlying mechanism is not clear, however it well known that lower structural
symmetry causes lower electronic symmetry.

With the Zeeman and anisotropy terms of the Hamiltonian pinned down by HF EPR
and INS, respectively, we turn our focus to the exchange term. Based on the slopes of xT'
data we expect the excited spin multiplets to lie 20-40 meV above the ground state and
that the coupling within 1-Cl is stronger than in the dhbq analogues. This agrees with
temperature-dependent X-band EPR spectra (see Fig. S8) in which a narrow line emerges
around B = 335 mT (equivalent to g = 2) between 100 and 200 K for both dhbq analogues.
We assign this line as originating from the radical bridge when the thermal energy is large
enough to compete with the exchange coupling. The feature emerges at lower temperatures
for 1-H than for 2-H, which suggests that |Ji.g| < |J2-H|-

INS is one of the only spectroscopic techniques that can directly probe inter-multiplet
transitions, and therefore exchange constants, due to its unique selection rule AS = +1.
Unfortunately, the ability of INS to probe magnetic transitions in the expected energy range
is inherently limited. Low-(@) regions become inaccessible when the energies of the incident
neutrons increase, thus signals become weak due to the intrinsic decay associated with the
MFFs. The phonon partial density-of-states (pDOS) of molecules containing organic ligands
furthermore often overlap with the expected magnetic transitions, which can cause vibra-
tional scattering to dominate magnetic signals in INS spectra due to the large incoherent
neutron cross section of hydrogen.?® The spectra in Fig. S9 shows that this is indeed the
case for our dimers. They only contain intense vibrational transitions recognised by the

characteristic momentum transfer dependence (I oc Q?).
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Fig. 7: Left: FIRMS spectrum of 2-H at T' = 4.2 K. Right: Field-dependence of excitation
energies from the ground state (|9/2, —9/2)) to states within the first excited S = 7/2 mani-
fold calculated with eq. (1) using the parameters in Tab. 2. Bottom: Magneto-transmission
of 2-H for selected magnetic fields. Each line is the average of three scans separated by 0.25
T. The arrows mark the magnetic absorption features.
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Instead, we used FIRMS to probe the exchange coupling within our dimers. Inter-
multiplet transitions are formally forbidden (only Amg = +1, 0 is allowed), but magnetic
features can emerge if vibronic coupling is significant, or if the wave functions of the involved
states contain components with different S. Fig. 7 (Left and Bottom) shows the FIRMS
spectrum of 2-H collected at T' = 4.2 K, which contains a feature emerging from £ = 28.7(2)
meV with g = 2. A second feature with g ~ 4 is present at slightly higher energy, however
its weak intensity and the overlap with the strong artefact at 30.5 meV makes it difficult
to extract a precise excitation energy by extrapolating to B = 0. Both features cease to
exist upon crossing the artefact at £ = 30.5 meV, which is caused by poor normalisation of
a particularly strong vibrational absorption. While quantitative simulation of spin-phonon
coupling is outside the scope of this work, one can speculate whether the envelope effect for
vibronic FIRMS transitions, described by Kragskow et al, plays a role.®

Based on the slopes of the field-dependent features, we assign them as the transitions
from |9/2,—9/2) to |7/2,—7/2) and |7/2, —5/2) within the first excited spin manifold, where
|S, mg) refers to states with total spin S and projection mg. Insertion of J = —225(2)
em ™! into eq. (1) with all other parameters fixed at the previously determined values yields
E7/2,—7/2) — Elg/2,—9/2y = 28.75 meV in perfect agreement with the FIRMS observation. Fig.
7 (Right) shows the calculated excitations energies from [9/2, —9/2) to all states within the
S = 7/2 manifold, which supports assigning the second feature as [9/2, -9/2) — |7/2,—5/2).

A calculation of xT using J = —225 cm™! and the rest of the values in Tab. 2 excellently
matches data (black line on green triangles in Fig. 2), which confirms that we are indeed
probing excitations to the excited spin manifold. To our knowledge, this is the first direct
observation of a molecular spin excitation with FIRMS and the first quantification of an Fe3'-
dhbq?®~ exchange coupling. This J-value is two orders of magnitude larger than previously
reported antiferromagnetic couplings of Fe centres via innocent dhbq?~ bridges; instead it
resembles those reported oxo-bridged Fe*™ dimers.?® This underlines the difference between

bride-mediated Fe-Fe superexchange and direct Fe-radical exchange.®"8
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Despite trying several pellet thicknesses and sample-to-eicosane ratios, we were not able
to detect a FIRMS signal for any of the enantiopure dimers. This is probably due a change
in vibronic coupling that occurs alongside the loss of molecular centrosymmetry as suggested
by INS data. Fig. S9 clearly shows that the pDOS of 1-H is different from that of 2-H.
Therefore, we have to rely on x7T to estimate the exchange couplings within 1-H and 1-Cl1
while keeping the rest of the parameters fixed. The former has a slope similar to 2-H in
the range 50 K - 300 K, thus we expect their couplings to be similar. Both J = —225 cm™!
and J = —210 cm™! provide good agreements with data (dashed and full lines on purple
circles in Fig. 2, respectively), and based on the expectations from X-band EPR data we
take J = —210(10) cm™! as the best estimate.

For 1-Cl, J = —300(10) cm™! provided the best match of the data (black line on blue
triangles in Fig. 2). This is 33 — 43 % larger than the dhbq analogues, which shows that
functionalisation of the dhbq®~ bridge can affect the magnetic properties of Fe dimers in
contrast to reports from Ref. 59. To our knowledge, this is the first report of a Fe3'-
debg®~ coupling. In comparison, Fe*T-dcbq?™ couplings are ferromagnetic and two order
of magnitude weaker.'”?? Like for the dhbq analogues, this dramatic increase in coupling
strength probably happens because the exchange mechanism becomes direct upon reduction.

The change of sign of J upon dcbq reduction stands out compared to the TPA-capped
Fe** analogues in which J > 0 regardless of the oxidation state of dcbq. Another difference is
that reduction of decbq?~ only enhances the coupling by one order of magnitude instead of two
in that series. ™8 At first glance, it is tempting to conclude that these differences are related
to the change in Fe oxidation state since the coordination environments provided by TPA and
cth are quite similar. However, adding three methyl groups to TPA changes the Fe*"-dcbq®™
couplings from Jrpa = 19 cm~! to IMesTPA = —60 cm~! without dramatic changes to the
first coordination sphere of the Fe ions.? This shows that ligand modifications far way from
the metal centres can have significant impact and that couplings in Fe*"-based dcbg-bridged

molecules can follow the same trend upon bridge reduction as their Fe** counterparts. Thus,
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the reason for the striking difference between J = —300 cm™! and J = 19 cm™! mediated
by debq®™ in 1-Cl and [Fe*"(TPA)],(dcbq), respectively, remains unresolved, and the lack
of a crystal structure for [Fe*™(TPA)],(dcbq) prevents further preclusion. Oxygen K-edge
spectroscopy could in theory shed light on differences in Fe-O orbital overlaps responsible
for the different Fe-dcbq couplings. Unfortunately, 1-H and 2-H decompose instantly when

exposed to a soft X-ray beam, which makes this avenue impossible.

Conclusion and Outlook

We have shown how a comprehensive experimental approach encompassing INS, HF EPR,
FIRMS, and SQUID magnetometry can unravel the governing magnetic Hamiltonian of
strongly coupled radical-bridged transition metal dimers, including exchange interactions
and fourth order Steven’s parameters. We used the approach to elucidate structure-property
relationships in a series of newly synthesised Fe*™ dimers bridged by dhbg®~ and dcbg?~
radicals, however our methodology is generally applicable and future studies of strongly
coupled molecular materials could benefit from adopting similar strategies. In particular,
our direct observation of a molecular spin excitation with FIRMS hold promise for future
investigations.

Our modelling showed that substitution of electron-withdrawing Cl groups onto the bridg-
ing ligand in 1-H enhances antiferromagnetic Fe-radical coupling. Thus, functionalisation
of radical dhbq derivatives can provide an avenue for tuning magnetic properties in contrast
to previous findings.?® INS data revealed significant ZFSs for the typically isotropic Fe**
ions in all three dimers, presumably caused by LMCT as previously suggested.?> Compared
to 2-H, the ZFS of 1-H was left largely unaffected when the molecular centrosymmetry
was broken by the capping ligand chirality. In contrast, our HF EPR data showed that
the g-tensor becomes anisotropic when centrosymmetry is broken, however the underlying

mechanism remains unknown.
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The differences between the vibrational pDOS of 1-H and 2-H alongside the absence of
any FIRMS intensity for 1-H suggests that vibronic coupling is different in the two molecules,
and consequently, that vibronic coupling can be controlled via the relative chirality of the
capping ligands. Since control of vibronic coupling is essential for engineering single-molecule
magnets (SMMs), our work shows that control of relative ligand chiralities could provide an

avenue for tuning SMM properties.
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Supporting Information Available

Fig. S1: ORTEP drawings of 2-H (left) and 1-Cl (right) with 50 % probability ellipsoids
and Fe, O, N, C, H and Cl in orange, red, blue, grey, white and green, respectively. H’s not
bound to bridge are left out for clarity.
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Tab. S1: Complete structural information for 1-H, 2-H and 1-Cl obtained from single-
crystal X-ray diffraction data obtained at 7' = 100 K. The structures are submitted to the

Cambridge Crystallographic Data Base under number XX, YY, ZZ.

1-H 2-H 1-Cl
Formula | N/A || CygHgoF3Fe,NgOgPy | CygHoyF o Fe,NgO Py | Cyg CLH F s Fe, N OGPy
Weight | g/mol 1303.7 1253.6 1372.6
Z N/A 2 2 2
Space N/A P2, P2, /c P2,
Group
a [A] 9.33011(15) 8.9086(4) 9.4816(3)
b [A] 18.8759(3) 30.8224(9) 18.7282(6)
c [A] 16.1790(3) 10.2987(5) 16.5658(5)
B [°] 89.9946(14) 110.692(5) 93.989(3)
1% [A3] 2849.36(8) 2645.4(2) 2934.52(16)
m N/A 0.701 0.749 0.774
Fyo | N/A 1348 1300.992 1420
Rad. | N/A Mo Ko (A = 0.71073 A)
—12<h <12 —12<h <12 —13<h<11
Index N/A 26 <k <24 —42 <k <43 —17< k<25
ranees ~23<1<23 14<1<13 22 < <22
GoF | N/A 1.029 1.0299 1.048
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Fig. S2: Field-dependent magnetisation of 1-H (top), 2-H (mid) and 1-CI (bottom) mea-
sured at T'= 2, 3, 5 and 10 K.
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Fig. S3: Temperature dependence of INS spectra of 2-H (left) and 1-Cl1 (right) measured at
50 K (green circles), 7.5 (blue triangles) and 1.5 K (purple triangles) using E; = 1.94 meV
and integrated over the momentum transfer range @ = (1£0.5) A~! . The black line shows
mint simulations with the parameters from Tab. 2.4
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Fig. S4: High-resolution INS spectrum of 1-Cl measured with IN16bQILL at T = 1.6, 10
and 15 K in purple, blue and green, respectively. The magnetic excitation at hw = —0.364
meV changes with temperature, which confirms its magnetic origin, while the non-magnetic
feature at ~ +0.15 meV is temperature independent.
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Fig. S5: Temperature dependence of HF EPR spectra of 1-H measured at 7' = 8 K (purple)
and 18 K (green) using v = 220.8, 255.36 and 331.2 GHz. The spectra are not normalised.
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2-H (mid row) and 1-Cl1 (bottom row) measured using £; = 35 meV (left column) and 100
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Chapter 4

Manuscript 2: Double Exchange Spin
Dynamics within a Valence Delocalised

Molecule

4.1 Prelude to Chapter

The research presented in this chapter sought to quantify valence delocalised spin dy-
namics within a molecule using INS for the first time. We chose to study a well-known
molecule from the literature, 2 Fe**Fe’*O[0,CC(CD3)3]¢(CsDsN); (Fez-Piv) [29]. Among
other things, the crystallographic details about this molecule are well known, which allowed
us to focus on the particular details about its spin dynamics rather than a more general descrip-
tion. The existence of analogous localised, delocalised, and mixed-metal molecules further-
more allowed us to do a comparative study [87]-[92]. Lastly, the facile synthesis of Fe3-Piv
and the availability of deuterated precursors meant that we had access to high-quality deuter-
ated powder samples on the gramme scale.

Using the cold neutron time-of-flight spectrometer LET at ISIS Neutron and Muon Source,
we were able to obtain rich INS data of high-quality. To interpret the observed spin dynam-
ics, we developed a spin Hamiltonian modelling tool capable of simulating the INS spectra
of models including Heisenberg exchange, double exchange and single-ion anisotropies. Our
best fit provided an excellent description of most of the observed magnetic excitations and
established Fe;-Piv as a class II valence delocalised molecule with a mobile electron be-
ing shared at a 88/12 % distribution between two centres within the ground state. We also
showcased the capability of our new modelling tool to calculate the 3D momentum tranfer
dependencies of double exchange excitations. Simulations of our best model predicts that
INS is sensitive to partial localisation within molecules, which future single-crystal INS ex-
periments on deuterated single crystals could unravel.

Dr C. Balz carried out the INS experiment with online participation from R. T. Chris-
tiansen. Complete information about individual contributions can be found in the “Author

Contributions” section within the draft, which we intend to submit to a chemistry journal.
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Abstract

Delocalisation of the extra electron(s) within mixed-valence molecules can con-
tribute to intramolecular magnetic exchange alongside conventional mechanisms. This
interaction, typically named double exchange, can lead to exotic magnetic phenomena
like intermediate spin ground states and molecular multiferroicity. However, quanti-
tative assessment of valence delocalised spin dynamics have remained elusive despite
significant fundamental interest and the promising utility of mixed-valence molecules.

We show that combining inelastic neutron scattering (INS) with our newly developed
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modelling tool can fully characterise the spin dynamics of valence delocalised molecules,
exemplified by our study of a pair-delocalised Fe?5t-Fe?**-Fe3* trimer. We find that
double exchange is responsible for the emergence of novel low-energy spin excitations
absent in analogous localised trimers. Our simulations predict that certain double
exchange excitations have unique the momentum transfer (Q) dependencies and that
the Q-dependencies of all probed excitations are highly sensitive to preferential occu-
pation of the delocalised electron(s). This shows that single-crystal INS experiments,
which directly probe the Q-dependencies of molecular spin excitations, could provide
quantitative measurements of the distribution of delocalised valence electron(s) within

mixed-valence molecules.

Introduction

Magnetic molecules have been the subject of intense studies since the discovery of magnetic
bistability in Mn ,-acetate in the early 90’s.! They have provided unique model systems for
investigating fundamental quantum phenomena like tunnelling of the magnetisation and of
the Néel vector and quantum coherence.?® Molecule-based magnetic materials are also on
the forefront of technological development with promising utility as e.g. next-generation per-

8710 and as molecular-sized switches for magnetic memory and

manent magnets,G’7 as qubits,
spintronic applications. ''™13 Motivated by this wide array of potential applications scientists
continue to search for breakthroughs that would elevate molecular materials to the next
level of applicability. A particularly desirable quantity would be easy and efficient control of
molecular spin states via external stimuli, for example applied electric fields. 415

In theory, magnetic molecules that contain metal centres in formally different oxidation
states, mixed-valence (MV) molecules, are excellent candidates for realising this goal. Within
these clusters, the ”extra” valence electron(s) can become delocalised when the available or-
bitals are (near-)degenerate. As a consequence, an additional intramolecular magnetic inter-

16-18

action, known as double exchange, emerges. Double exchange scales linearly with .S, the
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total spin quantum number, and usually promotes a parallel alignment of neighbouring spins
due to spin polarisation of the delocalised electron. In contrast, conventional Heisenberg ex-
change scales as S(S+1) and tends to promote anti-parallel alignment. Evidently, situations
where these two mechanisms compete can occur, which can give rise to unique intermediate-
spin ground states.'® Supposedly, this competition can be controlled by applying an electric
field, which perturbs the delocalisation potential and causes the spin ground state to change
for sufficiently strong fields.???! In biology, many enzymes contain MV molecules at their
active sites, and electron transfer plays a critical role for their reactivity.??

Unfortunately, the magneto-structural correlations that govern double exchange within
molecules remain poorly understood due to a lack of quantitative experimental evidence,
largely because the typical methods for probing the magnetism of MV molecules, such as
magnetometry and visible light spectroscopy, only provide indirect information about the
spin dynamics. Furthermore, the lack of powerful modelling tools has often lead to overpa-
rameterisation and has hindered the simultaneous elucidation of important mechanisms like
exchange couplings and single-ion anisotropies.

We propose to use INS to tackle this problem. To make this feasible, we have developed
a spin Hamiltonian modelling tool capable of incorporating double exchange, conventional
exchange interactions and single-ion anisotropies, including higher-order Steven’s operators,
into the same model. The tool utilises the analytical solution to the isotropic Heisenberg-
double exchange problem from Ref. 23, which we have implemented into a formalism com-
patible with Easyspin and mint.?4?® This compatibility makes it possible to, for the first
time, calculate the magnetic properties of arbitrary spin Hamiltonian models with both dou-
ble exchange and other traditional magnetic interactions included. Furthermore, the tool
can simulate inelastic neutron scattering (INS) spectra of both powders and single crystals,
which has the potential to provide unprecedented information about valence delocalised spin
dynamics. Lastly, the tool also quantifies the distribution of the delocalised electron(s) for

each eigenstate.
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We exemplify the capabilities of our approach through the first direct investigation of
the electronic structure of 2 Fe**Fe? O[0,CC(CD;),)s(C5DsN),, a proposed class 11 valence
delocalised molecule in which an electron undergoes thermally activated electrons transfer
between two of the three iron sites.?%?” Powder INS experiments provide the empirical ba-
sis for constraining a double exchange model that accurately describes the spin dynamics
of Feg-Piv, which a localised model fails to do. Furthermore, simulations of single-crystal
INS experiments show that particular double exchange excitations have unique signatures
in their momentum transfer (Q) dependencies and that single-crystal INS has the poten-
tial to quantify the distribution of delocalised valence electrons within molecules based on

experimental data.

Results and Discussion

Fes;-Piv, the Valence Delocalised Molecule

Fig. 1: Structure of 2 Fe**Fe* O[0,CC(CD;),)s(CsDsN), (Fes-Piv) with 50 % probability
ellipsoids, obtained from single-crystal X-ray diffraction data and plotted using VESTA.26:%
Brown: C, blue: N, red: O, gold: Fe. Hydrogens/deuteriums are omitted for clarity.

Fig. 1 shows the structure of Fes-Piv, the molecule we chose to study to exemplify

26,29-31

the capabilities of our newly developed approach. It is an extraordinarily well charac-
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terised member of the general carboxylate trimer family, [M;0(O,CR)4L;](S), which notably
also encompasses its oxidised (R = C(CH,);, L = MeOH, S = Cl) and mixed-metal (M>*
= Mn*"/Ni*") analogues (Fe;Ni-Piv and Fe;Mn-Piv), which all only contain localised
electrons. The mixed-valence acetate analogue (R = CH;, S = C;H;N, Fe3-OAc), has also
been investigated. 3237

Fe3-Piv contains a near-isosceles triangular core of iron ions with a combined valence
of +8 connected by a central p3-O within the Fe plane. Two pivalate groups bridge the
irons along each edge of the triangle, and terminal pyridines complete the pseudo-octahedral
iron coordination. The Fe-Fe distance along the unique edge is 3.2424(17) A, while the
separations along the near-equal edges are 3.359(2) A and 3.3144(19) A, respectively. The
molecule is neutral overall and crystallises without solvent in the P2, space group with only
one molecule in the asymmetric unit. These two features simply data analysis, and together
with the possibility for comparing our results to several analogues, they make Fes-Piv an
excellent model system.

Formally, the core of Fes-Piv contains three high-spin iron ions, two Fe*" (s = 5/2)
and one Fe*™ (s = 2). However, thermally activated electron transfer occurs between the
two sites on the unique edge of the isosceles triangle, while the last site remains Fe*" at all
times. Consequently, it is proposed that Fez-Piv belongs class II in the typical Robin and
Day classification scheme for valence delocalised molecules.?"3%42 While the physical origin
of the lowering from C'3, point symmetry has not been experimentally verified, it likely comes
from the combined effects of double exchange and vibronic coupling. It is well established
that coupling of magnetic degrees of freedom to the in-plane asymmetric stretch of the Fe;O
core can cause this kind of symmetry breaking, which suggests that double exchange is indeed
important for the spin dynamics of this molecule. 4344

Magnetic measurements (see Fig. S1) show that Fez-Piv has an S = 2 magnetic ground
state with a substantial easy-axis anisotropy. The magnetic susceptibility plateaus at xT' = 3

cm?® K/mol around T' = 40 K, the exact value expected for an isolated S = 2 ground state.
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Field-dependent magnetisation curves measured at 7' = 2 and 5 K do not reach saturation
at B = 7 T, which suggest that the zero-field splitting (ZFS) between the mg = 42 and
mg = £1 doublets within the ground manifold is A ~ 1.2meV ~ 10 cm~!. The orbital
degeneracy of the Fe?" site presumably causes this anisotropy.

This is in stark contrast to Feg-OAc, which has an S = 1 ground state.®* One would
expect the magnetic interactions in this class of compounds to predominantly be mediated
by the central u3-O, and, as a consequence, that substitutions on the carboxylate bridge
would only have minor effects on the magnetic properties. However, the change in spin
ground state between Fez-Piv and Fez-OAc show that this is not the case. Once again,
this can be understood in the light of vibronic coupling. IR vibrational spectroscopy studies
of isotope-enriched Fes-Piv samples showed that the in-plane asymmetric stretching mode
Vre,0 couples to the carboxylate deformation mode.* This explains how substitution on
the carboxylate bridges, far away from the magnetic core, can affect vibronic coupling and
thereby influence the magnetic properties.

Our magnetic measurements also contains preliminary information about the intramolec-
ular magnetic interactions. The susceptibility-temperature product increases with increasing
temperature, which tells that significant antiferromagnetic interactions are at play like in the
localised mixed-metal analogues Fe;Ni-Piv and Fe,Mn-Piv.?” However, the yT-curve does

not contain sufficient information for constraining the spin dynamics of Fez-Piv.

Inelastic Neutron Scattering

INS is a unique spectroscopic probe capable of directly measuring the energy gaps between
the magnetic states of a molecule thanks to the magnetic moment of the neutron. Two
sets of strong selection rules, AS = +1,0 and Amg = 41,0, give experimental access to
molecular spin excitations and ZFSs, respecively. Fig. 2 shows INS spectra measured on a
deuterated powder sample; three high-resolution spectra measured at 7" = 1.6, 5, and 25 K

using neutrons with incident energy F; = 3 meV and one broad-band spectrum measured at
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Fig. 2: Powder INS spectra of Fes-Piv. Top: S(E) measured using E; = 3 meV at T'= 1.6
K (purple circles), 5 K (blue triangles) and 25 K (green squares). The dotted line is a guide
to the eye. Bottom: S(E) measured using E; = 10 meV at T = 1.6 K (black circles)
overplotted with a simulation (red line) based on the best fit of the scalene triangle model
(Fig. 3) to the positions and relative intensities of the INS transitions. The cluster of peaks
centred at 5 meV are all incoherent phonons. Letters and roman numerals numerate the
observed transitions in both plots. Errorbars are smaller than the markers in both plots.
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T =1.6 K using F; = 10 meV.

The E; = 3 meV spectra contain 4 magnetic excitations from the ground state (cold
transitions), labelled A, B, I and II. For T' > 5 K, they also contain two excitations between
excited states (hot transitions), B—I and A—II. All four features can be assigned as magnetic
due their decrease in intensity with increasing @) = |Q| (see Fig. S2). The broad-band
spectrum also contains I and IT alongside three additional cold magnetic excitations, labelled
ITI-V. The features centered at E ~ 5 meV are incoherent phonons recognised by their
characteristic Q-dependence (S(Q) o Q?). Fitting of appropriate line shapes (Lorentzian
for II, Gaussin for the others) revealed that the seven magnetic transitions are located at
hw = 0.3634(4), 0.4747(7), 1.4336(4), 2.2101(6), 3.4452(6), 4.0098(6), and 6.5052(5) meV.
The integrated intensities of I-V at 7' = 1.6 K are 0.0436(3), 0.0925(7), 0.0313(3), 0.0209(2),
and 0.0248(3), respectively.

Excitation I resembles the transition from the ground mg = +2 doublet to the excited
mg = £1 doublet within the ground S = 2 manifold based on its quick decay with increasing
Q) (see Fig. 5). The excitation energy, fuww = 1.4336(4) meV, agrees excellently with the
estimate of A =~ 1.2 meV from field-dependent magnetisation data.

We assign excitations 1I-V as transitions to excited spin manifolds based on the modu-
lation of their intensities as a function of @ (see Figs. S2 and 5). These modulations are
governed by the relative positions of the magnetic ions and the composition of the wave func-
tions of the involved states. Therefore, they can be used to differentiate between different
types of excitations.*®47 Unfortunately, our data contains significant phonon contributions at
Q > 2 A1 despite our use of deuterated samples from which phonon scattering is weaker due
to the small incoherent neutron cross section of deuterium.*® Therefore, the Q-dependencies
could only be extracted after significant background corrections that introduce significant
uncertainties at Q > 2 A~1. Consequently, the intensity modulations of all excitations are
difficult to distinguish, except for excitation II, which shows less pronounced oscillations (see

Fig. S2). However, II also has the largest phonon background, which complicates the back-
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ground subtraction and presumably hides the oscillations. Excitation IT does however stand
out when it comes to its INS line shape, it is Lorentizian instead of Gaussian. Furthermore,
its full width at half maximum (FWHM) shows a pronounced temperature dependence; it
is approximately twice as large at T" = 25 K compared to 7' = 1.6 K. This suggests that a
phonon-assisted process could be related to the relaxation from II, however measurements
at more temperatures are necessary to quantify this further. %5

The presence of one ZFS excitation and four spin excitations below hw = 7 meV in
Fes3-Piv is in stark contrast to the energy levels reported for its oxidised and mixed-metal
analogues. Those clusters, which only contain localised electrons, all have one low-lying spin
excitation around Aw = 2.3 meV, while the remaining spin excitations lie above hw = 9
meV.3>37 This shows that the magnetic interactions that govern the spin dynamics of Fes-
Piv are fundamentally different from its localised counterparts.

Even Fe3z-OAc, in which the extra electron undergoes thermally activated transfer be-
tween 112 K and 191 K, has a magnetic spectrum that closely resembles those of the localised
clusters, the reason being that electron transfer likely does not occur at the temperature of
the reported INS measurements (7" = 5 K).?3%152 The onset of electron transfer in Fes-
OAc is related to one of its four structural phase transitions. It is likely that the structural
changes affect the energies of the accessible orbitals such that delocalisation suddenly be-
comes possible at T' > 112 K.52 This explains why the magnetic spectrum collected at 7' = 5
K resembles those of the localised analogues. No structural phase transitions appear in Fes-
Piv. Instead, its crystal structure shows that electron transfer remains 7T-dependent down
to 10 K. At that point, there is not enough thermal energy to overcome the transfer barrier.
The electron occupation asymmetry suggests that there is a gap between the minima of the
potential energy surface that correspond to electron localisation on either site within the
delocalised pair. Wilson et al estimate that this gap is less than 12.4 meV.?¢

With the nature of transitions I-V accounted for we shift our focus to excitations A and B.

The quick decays of their intensities with increasing () alongside the existence of hot bands
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B—I and A—II provide unambiguous evidence for their magnetic origin, yet their exact
natures remain unclear. Their intensities decrease faster with increasing ) than expected
for a ZFS excitation (see Fig. S2). Our modelling furthermore showed that including them
in a description of the ZFS alongside excitation I is incompatible with the observed field-
dependent magnetisation, the equal INS intensities of A/B and the temperature dependence
of the INS spectra. Thus, single-ion anisotropies, which are typically the origin of low-lying
magnetic excitations in transition metal compounds, cannot be the origin of A and B.
Without further context, one could assign A and B as coming from intermolecular inter-
actions. In Fez-OAc, intermolecular interactions mediated by m-7 stacking of the pyridine
ligands in neighbouring molecules have been proposed as the origin of a forest of magnetic
excitations found between 0.24 meV and 2.2 meV. At 200 K, the iron sites in Fes-OAc are
indistinguishable due to dynamic rotational disorder caused by intramolecular electron trans-
fer. As the temperature decreases and the electrons become localised, these intermolecular
interactions supposedly cause domian formation with local ordering of the now localised elec-
tron, which creates local field anisotropies that split the ground state of molecules in slightly
different local environments. However, such a mechanism is not possible in Feg-Piv. Only
one molecule exists in the asymmetric unit, and the three iron sites are crystallographically
distinguishable at all temperatures, which means that such local field anisotropies cannot
emerge. Also, the pyridine ligands of neighbouring Fez-Piv molecules are at angle to one-
another (= 30°) in contrast to in Fez-OAc, where they are co-planar. Thus, intermolecular
interactions in Feg-Piv would be mediated via long H---H bonds (~ 3 A) instead of -7
stacking, which would make them significantly weaker than in Feg-OAc.?® Consequently,
the natures of A and B remain unknown despite their unambiguous magnetic origin, which

prevents them from being incorporated into our model going forward.
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The Double Exchange Model

Our analysis of the powder INS spectra in Fig. 2 showed that the spin dynamics of Fes-
Piv are rich and fundamentally different from its localised analogues, which necessitates the
inclusion of double exchange when modelling its properties. In a general case, this inclusion
necessitates accurate tracking of all possible distributions D; of the mobile electron(s).??
For Fes-Piv there are effectively only two such distributions, the extra electron residing on
either site within the delocalised pair, since the combination of double exchange and vibronic
coupling prevents delocalisation onto the third site. Including the third distribution without
explicitly accounting for vibronic coupling will lead to models that represent undesirable
physical situations such as delocalised electron density on the third site.

The effect of double exchange is to mix all the localised systems that are defined by the

electron distributions D;. For Fes-Piv the double exchange Hamiltonian is given by %3

Hioea (D7) + U(D T
Hpegpny — | e PV U )
7— Hlocal(-DZ) + U(DQ)

where Hjoca1(D;) is the Hamiltonian describing the localised system i with distribution D; of
the extra electron. U(D;) defines a possible intrinsic energy cost associated with a particular
electron distribution, e.g. inequality of certain magnetic centres. For Fez-Piv we assume
that U = 0 and let the differences between Hioca(D1) and Higeal(D2) govern the inequality
of the two sites within the delocalised pair.

The local Hamiltonians contain the Heisenberg exchange interactions between each site

as well as the their axial single-ion anisotropies:

Hlocal = - Z Jij(si ' Sj) + Z dzég,z (2)
64,145 i
where S; is the spin operator for site 7, J;; is the Heisenberg exchange constant between

sites ¢ and j, 5., is the spin projection operator along z for site ¢ and d; is the anisotropy
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parameter for the same site. We assume that the local anisotropy axes are perpendicular to
the Fe;O plane. Note that J;; for a particular pair may vary drastically for different D’s. For
carboxylate trimers, M?*-Fe*" exchange constants typically lie around Ji=d" =9 5 meV,
33,35

while J4"~9"’s are three to four times larger.

T governs the mixing of the localised systems and is given by?3

T =t Z b g Clo0 (3)

where t parameterises the strength of double exchange within the delocalised pair and the op-
erators cztba /Ciso are the second quantisation operators that create and annihilate an electron
with spin ¢ in orbital ¢ on site 7, respectively.

Evidently, the dimension of Hges-piv is twice that of the local Hamiltonians, who are
usually expressed in the product state basis |ms1) [ms2) - - |ms ) for a system with N
magnetic centres. When including double exchange, one constructs the basis vectors by
combining the product state vectors for each Hipcal. For Hpes-piv, the basis vectors become
|D,mg1,ms2,ms3), where D = 1,2 denotes the electron distribution and m; is the pro-
jection of the spin of site i. There are always two s = 5/2 sites and one s = 2 site; D
determines which site has s = 2. In this basis, the contribution of a distribution D’ to the
overall distribution of the extra electron(s) is given by the trace over the subspace defined by
D’ of the outer product of an eigenstate with itself. For example, for an arbitrary eigenstate
[0), Trpi(|Y)Xv]) yields a number between 0 and 1 that represents the contribution of D;
to the overall distribution of the delocalised electron within [¢). Trpi(|¢)¢|) = 0.91 would,
for example, mean that 91 % of the delocalised electron density is located on site 1 for an
Fes-Piv molecule in state |1).

Fig. 3 (LHS) shows a schematic of the model we employed to fit the INS data. It contains
six parameters in total: ¢, which parameterises double exchange within the delocalised pair,

J, which parameterises both J%"~4" and JI" 4" for each bond, d;/d2, which parameterise
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( 1 +62)Jdn-dn+1

( 1 +52)Jdn-dn+1

Fig. 3: Schematic of the scalene triangle double exchange model for Fes-Piv (LHS). Dou-
ble exchange, parameterised by ¢, mixes the localised systems on the RHS. In the double
exchange model, J contains two contributions, J% =% and Jdn_d"H, which correspond to
Fe*t-Fe*t and Fe*'-Fe*" Heisenberg interactions, respectively. §; and 8y quantify the de-
viation from equilateral symmetry. Within each localised system, we assume that only the
Fe?* site is anisotropic, an axial anisotropy governed by d.

the departure from equilateral symmetry, and d, which parameterises the axial anisotropy
of the Fe?T site. The Fe®' site may also have minor anisotropy, however, for simplicity, we
assume that it is vanishing in comparison to the Fe*™ anisotropy. The RHS of Fig. 3 shows
the two localised systems that get mixed by double exchange.

To limit the number of free parameters, we chose to describe the Heisenberg exchange
part of the model with two exchange couplings, J¢ =" and Jdn*dnﬂ, alongside the two
distortion parameters d;/ds instead of five independent exchange constants. The bonding
of each Fe site to the p3-O, which constitutes the main exchange pathway, are only slightly
different, which justifies this approach. Equal treatment of similar bonds, which would limit
the number of Heisenberg parameters to two, is however not possible. Any model with equal
treatment of the two bonds involving the always-Fe?* site leads to a 50/50 distribution of
the extra electron within the delocalised pair, which contradicts the 10 K crystal structure.
Preferential occupation only emerges when the isosceles symmetry of the triangle is broken.
In fact, small differences (1-2 %) between the couplings along these bonds leads to significant
asymmetry of the electron distribution.

It is necessary to also add d, in order to replicate the relative intensities of the INS peaks.
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Certain relative intensities remain effectively constant in an isosceles model, while symmetry
lowering has a profound impact on the intensities of the INS transitions. Since the distance
between the two Fe sites within the delocalised pair is &~ 0.1 A shorter than the other Fe-Fe
distances, there is solid physical reasoning behind adding this parameter.

We use our newly developed modelling tool to simulate the properties of the model in Fig.
3. Exact diagonalisation of the Hamiltonian (eq. (1)) yields the eigenvectors and eigenvalues
from which we simulate the powder-averaged INS spectrum using a modified version of

t.% Based on those simulations, we fit the model to the experimentally determined

min
excitation energies and INS intensities by minimising the y* (see Methods for in-depth
explanation of the fitting procedure). The red line in Fig. 2 (bottom) shows the best fit, which
yielded the parameters J*' ~%" = —7.76(3) meV, J¥" =" = —1.92(2) meV, §; = —0.0128(5),
9y = 0.107(11), |t| = 5.48(11) meV and dpe2+ = —0.480(7) meV. Fig. 4 shows the resulting
energy level scheme.

The model excellently reproduces the excitation energies of I-IV and the relative inten-
sities of III-V. It slightly overestimates the intensity of I, the ZFS excitation, which could
mean two things: 1) That including only the anisotropy of Fe*" is an over-simplification
or 2) that we did not accurately subtract the phonon background, which has a pronounced
energy dependence around hw = 1.42 meV. Neither case is detrimental for the quality for
the fit. Because of the large phonon contribution the the intensity of II, the model cannot
replicate the intensity of that peak as discussed in the Methods section.

The Heisenberg exchange parameters are very similar to those in other iron carboxylate
trimers, which clearly tells that the emergence of the low-energy spin excitations in Fez-Piv

is a consequence of double exchange.333

The parameters also align closely with what one
would anticipate based on the crystal structure. 91, which governs the inequality of magnetic
couplings along the two bonds with near-equal Fe-Fe distances, is less than 1.5 %, while the

coupling along the unique bond is ~11 % larger. Given the low value of d;, this parameter

may seem redundant. However, the asymmetry it imposes is the lone origin of the electron

93



Energy [meV]
S

©

N
T

o
T

1 0
T T T T T 1
18 |
-
| —
16
14
121 o .
— |
I [ —
\%
6
v
4 JI] —
11
I
L | 0
1 2
Stot

Fig. 4: Energy level scheme for Fes-Piv based on the best fit of the scalene triangle model
(Fig. 3) to powder INS data. Black arrows mark the observed INS transitions from the
ground state, and the red arrow marks the hot transition observed at T = 25 K using
E; = 10 meV. The colours mark the distribution of the extra electron within the delocalised
pair for each state; left corresponds to site 1 and right to site 2. The ground state has
preferential occupation of the site 1 with a ratio of 88 %/12 %.
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I, E; =3 meV
hw = 1.3-1.5 meV

S(Q) [A.U]

QA

Fig. 5: Simulations of S(Q) for each INS transition (coloured lines) based on the best fit of the
scalene model (Fig. 3) to powder INS data overlayed with the experimental ()-dependence of
I (blue triangles) and III (yellow circles). The data is scaled to match the arbitraty intensity
scale of the simulation.

distribution asymmetry that the 10 K crystal structure tells is necessary. The ground state
electron distribution is asymmetric with 88 % occupation of the site 1, which agrees well with
the T" = 10 K crystal structure. In contrast, the mobile electron is predominantly located on
site 2 in the first excited state (£ = 2.18 meV), thus this excitation has a pronounced charge
transfer nature. This agrees well with the predictions from Ref. 26, which gave an upper
limit of 12.4 meV for the gap between these two minima of the potential energy surface.
Our modified version of mint can also simulate the intensity modulation of INS excitations
as a function of Q; Fig. 5 shows the simulated @)-dependencies alongside the experimentally
determined intensity modulations of I and III. These two are clearly different as expected for
intra- and inter-multiplet transitions. The model excellently reproduces the ()-dependence
of I and correctly determines the maximum at @ ~ 1.25 A~! for III, which confirms that
the natures of the wave functions produced by the model are correct. At Q > 2 A~ the
agreement between simulation and data is worse due to incomplete subtraction of the phonon
background in this region. The ()-dependencies of the remaining excitations can be found

in the supporting information (Fig. S2).
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Fig. 6: Normalised S(Q,, Q) for the transition at 6.52 meV (excitation V) simulated based
on the best fit of the scalene triangle model (Fig. 3) to powder INS data. The Fe-Fe bond
within the delocalised pair lies along z.

In addition to the observables discussed so far, our model predicts the existence of ad-
ditional excited S = 2 states around 12 and 17 meV; an energy region we were not able
to probe with INS. The energies of the predicted states agree reasonably well with strong
features at 12.0(2) and 16.2(2) meV in far infrared magneto-spectroscopy (FIRMS) mea-
surement on Fez-Piv (Fig. S3). This gives us more confidence in our model and suggests
that FIRMS can indeed provide information about molecular spin excitations as previously
found for radical-bridged iron dimers.** However, further development of FIRMS simulations
based on spin Hamiltonian models including vibronic coupling and intramolecular exchange

is necessary to extract reliable quantitative information about the spin dynamics.

Simulations of Single-Crystal INS

While the intensity modulations along () for the low-lying excited spin states are difficult to
distinguish (see Fig. 4), the situation is entirely different for their 3D Q-dependencies. Our
modified version of mint can also simulate these observables, which can be determined from
INS experiments performed on large, oriented single crystals (m 2 200 mg). If the difficul-
ties with acquiring crystals of this size can be overcome, such experiments have provided

important information about magnetic molecules. 3556
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Fig. 7: Normalised Q-dependencies of excitation III simulated based on the best fit of the
scalene (top row, see Fig. 3) and equilateral (bottom row) models to powder INS data. The
Fe-Fe bond within the delocalised pair lies along x.
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Our simulations show that this could also the case for Fes-Piv and systems governed
by double exchange in general. Fig. 6 shows a simulation of the the intensity distribution
of excitation V as function of ), and @),, the plane in which the Fey triangle lies. Similar
patterns did not emerge from simulations of trimer models without double exchange, which
shows that this is a unique double exchange feature. Thus, experimental observation of a
pattern similar to that in Fig. 6 would provide indisputable evidence for the presence of
double exchange in a system. Similar patterns also emerge in equilateral double exchange
models without preferential occupation.

Single-crystal INS would also be highly sensitive to preferential occupation of the de-
localised electron according to our simulations. Fig. 7 shows a comparison between the
simulated Q-dependencies of excitation III in the scalene model and a similar equilateral
model with 50/50 electron distribution within the delocalised pair. Clearly, the preferential
occupation in the scalene model has a profound impact on the Q-dependence. This shows
that single-crystal INS has the possibility to quantify preferential occupation of delocalised

electrons within mixed-valence molecules based on experimental evidence.

Conclusion and Outlook

This work showcases how INS can be used for investigating valence delocalised spin dynamics
within magnetic molecules thanks to our newly developed modelling tool. We applied our
approach to a proposed partially delocalised class II iron carboxylate trimer, Fes-Piv. Pow-
der INS experiments showed that Fes-Piv has several low-lying excited spin states which
can only be explained by including double exchange in a spin Hamiltonian model. From
the relative intensities of the INS peaks, we were able to quantify the deviations from an
equilateral model. This symmetry breaking causes significant preferential occupation of the
delocalised electron within the ground state in agreement with crystallographic data. Our

model furthermore shows that Fes-Piv has low-lying excited states with electron distribu-
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tions opposite to that of the ground state, which gives rise to thermally activated electron
transfer. Thereby, we firmly establish Fesz-Piv as a Class II valence delocalised molecule.

The charge-transfer nature of the excitation to the first excited spin state (II, iw=2.2101(6)
meV) agrees well with the predictions from Ref. 26, where an upper limit of fuww < 12.4 meV
is given for this excitation. The Lorentzian line shape of II and the pronounced tempera-
ture dependence of its FWHM suggest that a phonon-assisted process is responsible for the
relaxation from this state exactly as expected for electron hopping in a class II valence delo-
calised molecule. On this basis, we propose that a full mapping of the T-dependence of this
excitation’s FWHM could shed light on the electron transfer process between the involved
states.

Based on the obtained delocalised model for Fes-Piv, our simulations predict that certain
double exchange excitations have unique Q-dependencies. Our model furthermore predicts
that transitions involving states with preferential occupation have very distinct signatures
in their Q-dependencies in comparison with completely delocalised models. This shows that
single-crystal INS experiments, which directly measure the Q-dependencies of molecular spin
excitations, could provide unambiguous evidence for molecular double exchange excitations
and a method for quantifying the distribution of delocalised electrons within molecules. Such
studies of Fez-Piv are currently on the way.

Finally, the differences between the magnetic properties of Fez-Piv and Fez-OAc high-
lights the potential for tuning the magnetic properties of larger valence delocalised molecules.
A promising strategy could be to tailor vibronic coupling by carboxylate functionalisation
analogously to how bridge substitution in dichalcogenide iron complexes controls the total
spin of the ground state.'® This shows that carboxylate trimers could be a good framework
for realising molecular nanomagnets with useful properties and highlights the importance
of our ongoing work of establishing a solid methodology for probing spin dynamics within

valence delocalised molecules.
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Methods

Sample

We synthesised Fe;O(0,C(CHy)3)6(CsH;N); (Fes-Piv) and its deuterated analogue in two
steps. First, we made the (deuterated) pivalic acid adduct Fe;O(O,C(CDj3)4)4(HO,CC(CDj)4)4
(A), which we then recrystallised from (deuterated) pyridine (C;H;N) under a nitrogen at-
mosphere to give Fez-Piv. All reagents and solvents were from commercial sources and
used without further purification except for deuterated pivalic acid-Dy ((CD4);CCO,H),
which was made at the ISIS Deuteration Facility. Other syntheses of A and Fes-Piv were

previously reported. 26:40:57:58
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Fe;0(0,C(CD3)3)6(HO,CC(CDy);); (A)

First, we mixed pivalic acid (CD4);CCO,H (16.5 g, 148.4 mmol) and potassium hydroxide
KOH (4.5 g, 80.2 mmol) in 50 ml deionised water in a nitrogen atmosphere and stirred it at
T = 30 °C for ~ 30 min. Thereafter, we added iron(II) sulfate heptahydrate FeSO, - 7H,O
(10.0 g, 35.97 mmol) to the mixture and stirred for another 30 minutes. Afterwards and still
in a nitrogen atmosphere, we added 50 ml of diethyl ether and stirred the mixture vigorously
for another ~ 30 minutes. We then extracted the product on air by first separating the water
from the dark brown diethyl ether layer using a funnel-separator and subsequently quickly
filtrating the dark brown liquid using a filter paper. We then diluted the dark filtrate with 10
ml of deoxygenated acetonitrile and removed the diethyl ether under reduced pressure. We
filtered the obtained product (black-brown crystals) once more, washed it with deoxygenated
acetonitrile (3x 10 ml) and dried it in a stream of nitrogen. Yield: 3.85 g. Anal. Calc. for
CysH3Dg, OgFes: C, 45.87; Fe, 14.22. Found: C, 46.54; Fe, 14.43.

Fe;O(0,C(CHy)3)6(CsHsN) ;3 (Fes-Piv)

In a nitrogen atmosphere, we stirred compound A into a mixture of 10 ml diethyl ether and
6 ml (74.88 mmol) (deuterated) pyridine (C;H;N) for ~ 15 min at room temperature. Then,
we removed the diethyl ether by distillation in a stream of nitrogen. We kept the obtained
pyridine solution at 7" = 100 °C for another ~ 15 min and then left it to cool slowly to room
temperature. The next day, we collected the precipitated crystals (including ones suitable for
single-crystal X-ray diffraction) by filtration, washed them with a small quantity of cooled
deoxygenated acetonitrile (~ 20 ml), and dried them at room temperature in a stream of
nitrogen. Yield: 3.03 g (90 %). Anal. Calc. for C;;DoN;0,Fe;: C, 49.27; N, 3.83; Fe, 15.27.
Found: C, 49.71; N, 3.99; Fe, 15.57.

The synthesis utilises that the oxidising process of iron(II) carboxylates to fully oxidised
iron(III) carboxylates proceeds in steps. In each step, the ratio of Fe?T to Fe*" differs, and

so does their solubility compared to that of the initial iron(II) and iron(IIl) analogues. This
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methodology was the first, largely used by Gerbeleu et al., for synthesising complexes with
a 2 Fe,> Fe?* O core with other aliphatic carboxylic acids besides the acetate anion. >
Single crystal X-ray diffraction was used to determine the crystal structure of the obtained
sample of Fesz-Piv, which was found to be isostructural to the crystals reported in Ref. 26.
Diffraction data were collected on a Rikagu XtaLAB AFCI11 (RINC): quarter-chi single
diffractometer at T = 100 K using Cu Ka radiation with A = 1.552 A doing w scans. The
structure was solved with SHELXT® and refined with SHELXLS" both within OLEX2.%2

An absorption correction was performed with CrysAlisPro,% and the structure was checked

with CheckCIF (https://checkeif.iucr.org).

Magnetometry

Variable-field (VF) and variable-temperature (VT) direct current magnetisation were mea-
sured using a Quantum Design MPMS®3 SQUID magnetometer. Ca. 10 mg of Feg-Piv
(powder form) was mixed with eicosane and mounted in a gelatin capsule. VT measurements
were performed from 7' = 2-300 K in B = 500 Oe applied field, and VF measurements were
performed from B = 0-7 T at T = 2 K and 5 K. The temperature dependence of the
magnetic susceptibility, x(7"), was obtained from VT data using the linear medium approx-
imation x(7") = M(T')/B, where M(T') is the temperature-dependent magnetisation. The
diamagnetism of the eicosane was subsequently subtracted, and the diamagnetism of the

constituents of Fes-Piv was corrected for using Pascal’s constants. %

Inelastic Neutron Scattering

The powder INS experiment was performed with the time-of-flight spectrometer LET at the
ISIS Pulsed Neutron and Muon Source at the STFC Rutherford Appleton Laboratory, UK. 5
We used approximately one gram of polycrystalline Fes-Piv packed in a hollow cylinder
geometry in an aluminium sample holder to prevent multiple scattering. LET was run in

replication rate multiplication (RRM) mode with the RRM chopper spinning at 140 Hz
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leading to simultaneous measurements with F; = 2.95 meV, 4.96 meV, 10.01 meV and 29.81
meV. Data was collected at T" = 1.55 K for 5 hours, 5 K for 5 hours and at 25 K for 2 hours.
We used MANTID to reduce and analyse the data.56:67

For F; = 3 meV, the background contribution is negligible and we do not correct for it.
For S(FE) measured with E; = 10 meV, we account for the phonon background contribution
by fitting a cubic spline alongside the Gaussian and Lorentzian peak shapes. In Fig. 2,
this background contribution has been subtracted. For S(Q) data measured with E; > 5
meV, we estimate the phonon contribution to a particular peak by integrating over a narrow
energy transfer region in the vicinity of the magnetic excitation.

When fitting the scalene triangle model (Fig. 3) we determine the level of agreement
between the experimental and simulated peak positions and intensities with a x? method,
and fit the model to data by minimising the y2. We exclude the intensity of excitation
II from the evaluation of the x? since a phonon background contributes significantly to its
integrated intensity, a feature our modelling tool cannot capture. To force our algorithm
to fit the relative intensities more accurately, we introduced a weighting of the different
contributions to the x? as x2, = pxi, + (1 — p)xi.; p = 0.1 provided a good trade-off
between accurately reproducing both peak positions and intensities.

We estimate the parameter errors based on the parameter variations that induce unam-
biguously worse visual agreement between the simulation and the powder INS data. Due to
large systematic errors, such as phonon contributions to the relative intensities of magnetic
peaks, statistical error estimation overestimates the precision of the parameter estimates

from the fitted model by two orders of magnitude.

Supporting Information Available

CIF files will be shared upon request via email to the corresponding author.
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Fig. S1: Left: Iso-thermal field-dependent magnetisation of Fes-Piv at 7" = 2 K (black
circles) and 5 K (black triangles). The red lines are fits of the scalene triangle model from the
main text with gp,2+ as the only free parameter and a fixed gps+ = 2. Right: Temperature-
dependence of the magnetic susceptibility of Fes-Piv (black circles) overplotted with a

simulation (red line) of the scalene model from the main text with the g-values from the fit
of M(H).
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Fig. S2: S(Q) for INS excitations A/B, II, IV, and V with E;’s and exact integration
ranges are written on the plots. For II, IV, and V, the lines depict simulations of their
()-dependencies based on the best fit of scalene triangle model (Fig. 3) to INS peak position
and intensities. For A/B, the line depicts the @-dependence of I, the ZFS excitation, and
the red data points mark regions with significant experimental artefacts. The data is scaled
to match the intensity scale of the simulations.
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Fig. S3: Derivative of IR magneto-transmission through polycrystalline Fez-Piv suspended
in eicosane as a function of applied magnetic field. Fourier transform IR spectra are measured
at T'= 4.2K between 0 and 16 T in steps of 0.25 T. The derivative of a spectrum measured
at B = B’ is normalised to average of derivatives of spectra measured at B’ +3.75 T.
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Chapter 5

Manuscript 3: Spin Dynamics of a
Molecular Nanomagnet with two Valence

Electrons Delocalised Across Six Sites

5.1 Prelude to Chapter

The research presented in this paper draft sought to investigate the elusive spin dynam-
ics of the nanosized complex [Fe(Tp)(CN);]g[Fe(H,O)(DMSO)]¢ (Feq4, Tp~=hydrotris(pyra-
zolyl)borate; DMSO=dimethyl sulfoxide) [31]. Within this unique molecule, two electrons
undergo thermally activated transfer between six formally high-spin Fe** sites. It provides a
rare possibility for probing the effects of electron delocalisation across multiple sites, which
is crucial for the fundamental understanding of valence delocalisation. It furthermore pro-
vides a platform for investigating the influence of Coulomb repulsion between two delocalised
electrons, which had a larger influence on the spin dynamics than anticipated.

Experiments using INS@ILL provided high-quality INS data that revealed several low-
lying (hw < 1 meV) spin excitations for which we could also probe the momentum transfers.
Because of the increased intrinsic complexity of Fe;, compared to Fe;-Piv from Chapter 4,
the modelling had to be performed with MVPACK instead of the modelling tool developed
during this thesis (see section 2.2). Therefore, we could not simulate the INS spectra of
the employed model. Instead, we had to rely on comparison of experimentally observed
excitation energies with Hamiltonian eigenvalues, as well as qualitative arguments, to assess
the agreement between model and data. In the future, we would like to expand our analysis to
also include INS simulations. We are currently in contact with the developers of MVPACK
discussing a possible collaboration.

We intend to submit this draft to a physics journal. Contribtuions: R. T. Christiansen
treated the raw INS data, analysed it, performed the modelling and wrote the manuscript.
Dr M. S. Huzan, Dr M. L. Baker, and Dr J. Ollivier performed the INS measurements with
preliminary measurements by Dr T. Guidi. Dr S.-Q. Wu and Prof. O. Sato provided the
samples. Dr J. Ollivier and Dr M. L. Baker supervised the project.
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Quantitative information about valence delocalised electrons within molecules remains elusive
despite the ubiquity of the mechanism in biological systems and the promising utility of valence
delocalised molecules in quantum materials. The problem is especially challenging when more than
one electron becomes delocalised. We present inelastic neutron scattering (INS) studies of Fey4, a
proposed partially delocalised molecule in which two electrons undergo thermally activated electron
transfer between six high-spin Fe3t ions. We identify four low-lying magnetic levels which can
be reproduced by a spin Hamiltonian model incorporating double exchange, Heisenberg exchange,

and Coulomb repulsion.

Our best fit shows that ferromagnetic Heisenberg exchange overcomes
antiferromagnetic double exchange to arrive at the S = 14 ground state.

We also extract the

distribution of the delocalised electrons for each eigenstate based on the spin Hamiltonian model,
which confirms the partially delocalised nature of Feis. Also, the electron distributions can be
correlated to the momentum transfer dependencies of the excitations probed by INS.

I. INTRODUCTION

Magnetic molecules can host various fundamental
quantum phenomena such as magnetic bistability, quan-
tum tunnelling and coherence of quantum superpositions
[1-5]. Today, significant effort is being put into engineer-
ing molecule-based materials that harness these phenom-
ena for various applications, for example high-density in-
formation storage, spintronics, quantum information pro-
cessing and quantum sensing [6-14]. Therefore, it is cru-
cially important to improve fundamental understanding
of molecular spin dynamics.

A particularly desirable property for molecular mate-
rial building blocks is addressability by external stimuli,
for example light or electromagnetic fields. Electric fields
are particularly promising since they are easy and quick
to manipulate, unlike e.g. magnetic fields, and it is pos-
sible to address individual molecules on a surface using
an STM tip [15, 16]. Yet, efficient magneto-electrical
coupling within molecules remains elusive despite recent
developments [17-20].

Valence delocalised molecules could provide a promis-
ing platform for realising magneto-electric coupling on
a molecular scale. In these molecules, double exchange
can contribute to intramolecular magnetic interactions
alongside Heisenberg superexchange mechanisms, which,
for example, can lead to novel intermediate-spin ground
states [21-23]. Since double exchange relies on the dy-
namical delocalisation of spin-polarised valence electrons,
electric fields could bias the potential energy of the delo-
calisation and thereby modify the character of the ground

* michael.baker@manchester.ac.uk

FIG. 1. Structure of the core of Feis with non-magnetic iron
(A-sites) in gold and magnetic iron (B-sites) in purple. Brown
and blue, respectively, depict the carbon and nitrogen atoms
of the cyanide bridges. The dashed lines outline the cube-like
structure. Capping ligands are omitted for clarity.

state wave function. Ultimately, this could lead to spin
state switching when superexchange and double exchange
compete [24, 25].

We present inelastic neutron scattering (INS) studies of
Fe14, a magnetic molecule with a diameter slightly larger
than Cgo (see Fig. 1) [26, 27]. Eight non-magnetic Fe®*
ions (the A-sites, low-spin 3d%) define the corners of the
cube-like structure, and the magnetic ions are located at
the cube faces (the B-sites). All iron ions are connected
by cyanide bridges similar to Prussian Blue analogues
[28]. At room temperature, the magnetic ions have an
average valence of +2%; due to two electrons hopping
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between the six Fe®T sites (high-spin 3d®). Mdossbauer
spectroscopy studies showed that electron hopping oc-
curs on the nanosecond timescale at room temperature
and that only the B-sites can accommodate the mobile
electrons [26]. The molecule has an S = 14 ground state
due to weak ferromagnetic coupling between neighbour-
ing magnetic centres.

Based on those findings, it is believed that Feys ex-
hibits partial valence delocalisation (Robin and Day class
IT), and consequently, that double exchange contributes
to the magnetic interactions within Feys [21, 29, 30].
However, due to its intrinsic complexity, the details re-
garding the electronic structure of this unique molecule
remain unknown despite the large variety of previously
employed experimental methods [26]. With INS; we di-
rectly probe the energies and momentum transfer (Q)
dependencies of the low-lying spin excited states thanks
to the strong selection rules AS = Amg = +1,0. This
provides the first spectroscopic information about the
intricacies of the spin dynamics of Feis. Furthermore,
we show that the @-dependencies and delocalised elec-
tron distributions for particular states are correlated and
thereby establish INS as a unique tool for investigating
valence delocalisation within molecules.

II. INELASTIC NEUTRON SCATTERING
A. Experimental Details

Our INS experiments were carried out with the direct-
geometry time-of-flight disk chopper (dg-TOF-dc) spec-
trometer IN5 at the Institut Laue-Langevin in Grenoble,
France. Experiments with neutron wavelength A = 5 and
6.5 A were performed with a small protonated polycrys-
talline sample (m = 500 mg), while later high-resolution
experiments (A = 10 A) were carried out with a larger
"B-enriched sample to minimise neutron absorption ef-
fects (m = 1.57 g). For all measurements, our poly-
crystalline Feq4 sample was sealed in an aluminium cylin-
der (annular geometry) to avoid multiple scattering, and
we used Mantid for all INS data treatment [31, 32].

The chopper settings yielded quasi-Gaussian resolu-
tions with full-width-at-half-maximums (FWHMSs) of 82,
40, and 12 peV at hiw = 0 for A = 5, 6.5, and 10 A
respectively. For dg-TOF-dc spectrometers, the energy
resolution is generally dependent on Aw. For this reason,
we used an analytical expression to calculate the FWHM
of the resolution for fiw # 0 [33].

B. INS Data Analysis

Fig. 2 shows the low-temperature (T" = 1.6 K) INS
spectrum of Fejy measured using neutrons with A = 6.5
A. The spectrum has three distinct local maxima on
the Stokes side (hw > 0); they are located at approxi-
mately fw ~ 0.4, 0.6, and 0.9 meV and appear to have
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FIG. 2. INS intensity vs. fiw for Fe;4 measured with A = 6.5
A at T = 1.6 K integrated over Q = 0.8 — 1.7 A™1 (black
markers). The full lines mark the five resolution-convoluted
Lorentzians used to model data (see legend and Tab. I), and
the red dashed line mark the flat background.
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FIG. 3. INS intensity vs. @ for excitations I*-IV (see legend)
measured at T = 1.6 K with A = 6.5 A (I*, I) or A =5 A (II,
III, IV). Data is integrated over intervals of hiw = £0.03 (I) or
hw = £0.05 meV (others) centred at hwo,; (see Tab. I). The
asterisks mark local maxima caused by spurious scattering.

Lorentzian line shapes. The features are significantly
broader than the FWHM of the resolution (~ 40 peV).
The anti-Stokes side of the spectrum (fiw < 0) contains
a single low-intensity excitation at Aw ~ —0.3 meV, i.e.
smaller |hw| than any of the local maxima on the Stokes
side. In the light of energy conservation, this implies that
there is an unresolved fourth peak on the Stokes side.
All peaks in the INS spectrum in Fig. 2 can be assigned
as magnetic excitations from the ground S = 14 mani-
fold (cold bands) based on their @-dependencies (see Fig.
3) and their behaviour as T increases (See Appendix B).
The intensities decay with increasing @ as a consequence
of the magnetic form factor, and all distinct features on
the Stokes side become less intense as T increases due to



thermal depopulation of the ground state [34]. It is plau-
sible that population of excited spin states makes transi-
tions to previously inaccessible spin manifolds (S < 12)
possible at T' > 1.6 K. However, the proximity and in-
trinsic broadening of the excitations prevents obtaining
any quantitative information about the existence of such
states from the spectra measured at elevated tempera-
tures (T > 3 K).

To quantify the intensities, energies, and intrinsic line
broadenings of the observed cold bands, we model the
spectrum in Fig. 2 with a combination of a constant back-
ground and five resolution-convoluted Lorentzian func-
tions as elaborated in Appendix A [35]. The lines in Fig.
2 show the resulting best model as well as the individual
Lorentzians, and Tab. I summarises the parameters.

The FWHM of all excitations are equal within the
errorbars, which indicates that the broadenings indeed
have the same origin for all states as assumed when con-
straining the FWHMSs of I*-III to be equal. Notewothily,
the FWHMs are also equal to the width of the quasi-
elastic broadening of the elastic line as described in Ap-
pendix C, which suggests that it and the broadenings of
T*-IV have a common origin. Such quasi-elastic broad-
ening can be caused by vibronic coupling of low-lying
magnetic states to states in a region with substantial
phonon partial density-of-states [36-38]. Another pos-
sibility is that short-range correlations emerge due to the
proximity to long-range magnetic order, which sets in at
T. = 0.8 K for Feyy, i.e. less than 1 K colder than the
temperature of our INS measurement [26]. However, our
data does not allow us to distinguish between these two
possible reasons for the broadness of our INS spectra.

The intensities of II-IV are all similar, while I is ap-
proximately three times less intense. This implies that
the wave function of the first excited state has a different
character relative to the excited states at higher energies.
)-dependencies can also help to differentiate between ex-
citations to states who’s wave functions have different
characters. Fig. 3 shows the @)-dependencies of all ex-
citations measured using neutrons with either A = 6.5
A (T* and T) or A = 5 A (II, 111, and IV). Due to their
proximity to the elastic line, the (Q-dependencies of I and

TABLE 1. Best-fit values for the Lorentzian parameters de-
scribing the magnetic excitations in Fig. 2 (see eq. (Al)).

Ij/1073 FL(/JOJ' i R FVVHl\/[a
[arb. unit] [meV [ueV] [ueV]
I* 0.12(5)° -0.264(8)°  181(8)!  40.0
I 0.94(4)° 0.264(8)° 181(8) 325
11 2.93(8) 0.434(2) 181(8)*  30.7
oI 2.92(5) 0.627(2) 181(8)  28.5
IV 2.73(7) 0.947(2) 173(8) 25.4

& =2+/21In20(hwo,;), the expression for o(fwo ;) is given in [33]
b Constrained to obey the principle of detailed balance

¢ Constrained to obey energy conservation

4 Tied to the same value

II contain artefacts, which are marked with asterisks on
Fig. 3. IV has a distinct oscillatory @Q-behaviour, as often
found for molecular nanomagnets, with local maxima at
Q = 0.79 and 1.68 A~' [34]. II and III have identical
(Q-dependencies, which underlines their similar nature.
They show less pronounced oscillations, which clearly dis-
tinguishes them from IV. I is also clearly different from
IV, however we cannot draw further conclusions from its
@-dependence due its low intensity and the prominence
of artefacts in the data.

IIT. SPIN HAMILTONIAN MODELLING

We use spin Hamiltonian modelling to interpret our
INS results. Evaluation of an appropriately designed
Hamiltonian yields spin state eigenvalues and -vectors
which can be directly compared to INS observables [34].
To describe the spin dynamics of Feyy, we employ the
Hamiltonian

H= Z Hzilj + Z H?ﬁk,jw + Z (Hu(Di) + Us)
i,j#i i3k, i

1)
which incoorporates both Heisenberg and double ex-
change. D;, ¢ = 1-15 define the possible distributions
of the two delocalised electrons across the six B-sites and
Hu(D;) are the Heisenberg Hamiltonians for a particu-
lar D;. U; parameterise the intrinsic energy differences
between D,’s, for example the difference in Coulomb re-
pulsion energy between D;’s with the extra electrons on
neighbouring or opposite faces of the Fej4-cube.

The Heisenberg Hamiltonians are given by [39]

HH(Dz) = - Z Jn,m(Dz) (sn . Sm) (2)

n,m#n

where s, ,, are spins on neighbouring sites and J,, ,,, is the
associated exchange constant. The value of J,, ,,, depends
on Dy Jpm = J1 if sy = 8 = 5/2, Jum = S if s,
or s, are equal to 2, and J,, ,, = J3 if 5, = 5, = 2.
We have previously shown that exchange constants in
valence delocalised molecules depend on the valences of
the involved sites, which justifies the atypical inclusion
of oxidation state-dependent J’s [40].

The first two terms in eq. (1) describe the double ex-
change contribution for one- and two-electron transfers,
respectively. The first term mixes two D;’s which differ
in the location of exactly one electron and is given by [22]

Htr,l _ t”

=]

C.;dw Cnoo (3)

o

where CL so aNd Crgo, Tespectively, create and annihilate
an electron with projection o in orbital ¢ on site k. ¢;;
is the double exchange parameter which governs elec-
tron transfer. Since only neighbouring B-sites are con-
nected by ligands we set t;; = t for nearest neighbours
and ¢;; = 0 otherwise. The two-electron contribution to
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double exchange can be expressed as the product of two
one-electron transfers [22].
H::i,j%l = H::’lkr}'[;:ll (4)

An important property of H is that the trace over a
particular subspace, defined by D;, of the outer product
of an arbitrary eigenstate |¢)) with itself yields the contri-
bution of D; to the electron distribution for |¢)). Thus,
it is possible to extract the distribution of the mobile
electrons for individual eigenstates.

Iron ions on opposite faces of the Fei4 cube are Ar =
2.54 A further apart than ions occupying neighbouring
B-sites. In free space, this would stabilise D;’s with the
two electrons on opposite faces by E = e2/(4megAr) ~
650 meV due to Coulomb repulsion. To limit the com-
plexity of our model, we fix U; = 650 meV for D;’s with
electron occupation on neighbouring sites and U; = 0
for the others. Since this choice makes it extremely un-
favourable to have two s = 2 sites as nearest neighbours,
J3 has no influence on the low-lying energy levels, and
we fix it to J3 = Js.

This leaves three free parameters in our model: Jp,
which governs superexchange between s = 5/2 sites,
Jo, which governs superexchange between mixed-valence
sites, and ¢, which governs double exchange. We use MV-
PACK to set up and diagonalise H (see eq. (1)) [41]. This
program takes full advantage of the irreducible tensor op-
erator technique, whereby it deconstructs H into block-
diagonal elements; for our model the maximal block di-
mension is 7050x7050. In the product state basis, H has
dimension 468000x468000.

For J; = J; = 0, the model in eq. (1) has an S = 0
ground manifold for all ¢ < 0, which is in stark contrast to
the experimentally determined S = 14 ground manifold
of Feyy. This shows that double exchange can give rise
to antiferromagnetic couplings within large molecules in
contrast to in dimers, where double exchange always is
ferromagnetic [21]. All 0 < ¢ < U/2 also give rise to an
S = 0 ground manifold, while an S = 14 ground mani-
fold emerges for 0 < U/2 < t. This shows that Coulomb
repulsion significantly suppresses the ferromagnetic in-
teraction caused by t > 0. However, for 0 < U/2 < t, the
first excited S = 13 manifolds have energies F; =~ 0.1t
and Fy = 0.2t, which for all possible t’s are much larger
than Fej4’s dynamical range given U = 650 meV. There-
fore, we conclude that double exchange alone cannot be
the origin of ferromagnetic coupling within Feyy4.

When including weak Heisenberg exchange (J; = Jo ~
10 peV), three degenerate S = 14 manifolds make up the
ground level for moderate t < 0. The model further-
more has five low-lying INS-active levels, each composed
of three degenerate S = 13 manifolds. Letting Jy # Jo
while both are still positive perturbs the separation be-
tween the five S = 13 levels, but the overall behaviour
of the model does not change. We label the ground level
GS, the five S = 13 levels a — ¢, and each of the 18 total
manifolds a-r. This model predicts five INS excitations,
one more than we observe. Yet, no other model is better
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FIG. 4. Energy level scheme for Feis (black bars) calculated
using eq. (1) with J1 = 41.8(2) weV, J» = 6.8(2) peV and
t = —9.087(2) meV. The orange bar marks the average of the
two lowest-lying S = 13 used to model I. The arrows mark
the observed INS transitions.

suited to describe our INS data. Simpler models pre-
dict three or fewer low-lying INS transitions, and more
complicated models do not overcome the obvious flaw of
producing a fifth INS-active level.

In an attempt to fit the model by comparing the eigen-
values of H with the experimentally determined exci-
tation energies, we decided to compare the energy of I
(hw = 0.264(8) meV) to the average energy of levels «
and f, the two lowest-lying S = 13 levels, while II-IV
were compared to the three S = 13 levels with higher en-
ergy (7, ¢, and €). The best fit yielded J; = 41.8(2) peV,
Jo = 6.8(2) peV and t = —9.087(2) meV. Fig. 4 shows
the resulting energy level scheme for iw < 2 meV and
S > 12, and Tab. II contains the exact excitation ener-
gies of levels a-e. The presence of numerous S = 12 levels
at hw < 2 meV explains why the INS spectra measured
at elevated T contain no distinct features: they likely
contain too many overlapping excitations. The model
contains no further S = 13 levels below 600 meV.

The obtained values of J are on average larger than
J1 = J2 = Jmag = 7.6 peV, the value reported in Ref. 26
based on modelling of iso-thermal field-dependent mag-
netisation (T" = 2 K) [42]. However, based on our INS
data, Jyag = 7.6 peV is clearly an underestimation. For
that value of J and ¢t = 0, the highest-lying INS-active
level lies at hw ~ 0.3 meV, i.e. approximately three times
less than the energy of IV. The proximity to long-range
magnetic order, which can affect the field-dependence of
magnetisation, may be the origin of this discrepancy.

The mobile electrons are distributed differently within
the 18 manifolds (a-r) despite them being grouped into
six degenerate trios that make up the GS and the five S =
13 levels (a-€). Tab. III gives an overview of the average
electron occupation for each manifold within the GS and
Tab. II compares the occupations of each magnetic site
for the 15 excited manifolds. Within the GS, manifold a



TABLE II. Distribution of the two mobile electrons across the magnetic sites for each manifold within the five low-lying S = 13
levels obtained from the best fit of the model in eq. (1) to INS data. The distributions are equal for each site pair on opposite
faces of the Feis cube (see numbering in Fig. 1). fw refers to the energies yielded by the best fit of H, and Exp. refers to the
label of the corresponding experimentally determined excitation.

Level «@ B ¥ 1) €
hw 0.245 meV 0.343 meV 0.414 meV 0.625 meV 0.941 meV
Exp. I II 111 I\
Manifold d e f g h i j k l m n 0 P q r
Sites 1-2| 0.167 0.500 0.333| 0.001 0.482 0.518] 0.493 0.412 0.095| 0.498 0.043 0.459| 0.484 0.001 0.515
Sites 3-4| 0.167 0.500 0.333| 0.001 0.518 0.482| 0.446 0.148 0.406| 0.500 0.459 0.042| 0.515 0.002 0.483
Sites 5-6 | 0.666 0.001 0.333| 0.999 0.001 0.001| 0.061 0.440 0.499| 0.002 0.499 0.500| 0.001 0.997 0.003

TABLE III. Distribution of the two mobile electrons across
the magnetic sites for each manifold within the ground level
obtained from the best fit of the model in eq. (1) to INS data.
The distributions are equal for each site pair on opposite faces
of the Feis cube (see numbering in Fig. 1)

Level GS
Manifold a b c
Sites 1-2 0.241 0.759 0.000
Sites 3-4 0.759 0.241 0.000
Sites 5-6 0.000 0.000 1.000

is localised with the electrons located on sites 5 and 6. In
contrast, the electrons are delocalised across sites 1-4 for
b and ¢, which make up the rest of the GS. Manifold b has
slight preferential occupation of sites 1-2, while manifold
¢ has a slight preference for sites 3-4.

The electron distributions within the six manifolds
that make up levels v and ¢§, which correspond to II
and III, respectively, all follow the same trend: The two
electrons are shared approximately equally between four
sites, while one pair of sites have little-to-no electron oc-
cupation. Excitations II and III also had identical Q-
dependencies, which suggests that there is a connection
between the ()-dependence and the distribution of the
mobile electrons within the corresponding level.

The compositions of levels 8 and e, where the latter
corresponds to IV, are different from the compositions
of v and 4. S and e resemble the ground level by being
composed of one localised manifold and two delocalised
manifolds with almost equal electron occupation on sites
1-4. This supports the proposition that there is a link
between the electron distributions and the Q-dependence
since for IV, both its Q-dependence and electron distri-
bution stand out compared to IT and III.

Level o, which combines with level /3 to represent I, has
an unique composition: one of its constituent manifolds
has equal occupation of all six sites. Based on the two
above paragraphs, we predict that this could give rise to a
unique -dependence of level o and therefore excitation
I. The fact that the experimentally determined intensity
of I stands out compared to the others support this idea.
However, due to the crude approximation of representing

I as a combination of levels & and 3, and the artefacts
present in the experimentally determined @-dependence
of I, this cannot be quantitatively assessed.

IV. CONCLUSION

We have presented INS studies of the low-energy spin
dynamics of Feqy4 in which two mobile electrons undergo
thermally activated transfer between six high-spin Fe®"
sites. We found four low-lying spin excited states with
S =13 at hw = 0.264(8), 0.434(2), 0.627(2), and 0.947(2)
meV. They all have large intrinsic line broadenings equal
in magnitude to the quasi-elastic broadening of the elastic
line, which could emerge from magneto-vibronic coupling
or the proximity of magnetic ordering.

A spin Hamiltonian model incorporating Heisenberg
exchange, double exchange, and Coulomb repulsion pro-
vided an acceptable description of the determined ex-
citation energies. The optimal parameters were ¢t =
—9.087(2) meV, J; = 41.8(2) peV, and J; = 6.8(2)
pueV. t parameterises double exchange, while J;/Jy gov-
ern Heisenberg exchange between pairs of s = 5/2 sites or
within mixed-valence pairs, respectively. The energies of
the low-lying levels did not depend on the fixed Coulomb
parameter U = 650 meV. Our modelling showed that
the S = 14 ground level emerges due to ferromagnetic
Heisenberg exchange overcoming antiferromagnetic dou-
ble exchange (¢ < 0). Models with ferromagnetic double
exchange (t > 0) could not give rise to an S = 14 ground
level because the strong Coulomb repulsion heavily sup-
presses the ferromagnetic effect of ¢ > 0.

Lastly, we were able to extract the distribution of the
mobile electrons within the ground and low-lying excited
levels from the Hamiltonian model. The ground level is
composed of both localised and delocalised S = 14 man-
ifolds, which confirms the predicted partially delocalised
nature of Feyy. In addition, excitations with different
(Q-dependencies seem to have different electron occupa-
tions. This suggests that INS can access unique informa-
tion about the distribution of valence delocalised elec-
trons within molecules and reinforces that INS remains a
crucial tool for elevating the fundamental understanding
of molecular spin dynamics.
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Appendix A: Fitting Procedure for INS Spectra

We use the following model to describe the INS spec-
trum in Fig. 2

S(w) = So+ Y R(wo;) * L;(w)

(Ala)
j=1
1 7(’1‘“7?“"0,])2
R(UJOJ) = —e€ 20(wo,5) (Alb)
270 (wo ;)
I .
Lj{w) = 52 L (Alc)

21 (hw — hwo ;)% + (7;/2)2

where Sy is a flat background, R(wy ;) is the resolution
function, and * denotes convolution. L; through Ls are
Lorentzians that describe the observed INS transitions.
The parameters I, wp; and 7; denote the intensities,
positions and FWHMSs of the Lorentzians, respectively.

Due to energy conservation it must be that —fwg 1 =
hwo,2, and L; and Ls must furthermore obey the prin-
ciple of detailed balance, S(—w) = exp{—hw/kpT}S(w)
[35]. Thus, with the constraints imposed by physics, the
model contains 14 free parameters: 13 Lorentzian param-
eters and the background Sy. However, it was not pos-
sible to obtain a stable fit of 14 parameters due to the
large intrinsic line broadenings and close proximity of ex-
citations I-I1I in the region hw = 0.2-0.7 meV. Therefore,
we impose the constraint that v; = 72 = 3 = 74, which
is justifiable since the same physical phenomenon most
likely is responsible for the intrinsic broadening of T*-I11.
We optimised the model in eq. (Al) by minimising the
x? using the fitting tool within Mantid [31, 32].

Appendix B: INS Spectra at Elevated Temperatures

Fig. A1 (left) shows the temperature dependence of
the INS spectrum of Fejs measured with A = 6.5 A at
T = 1.6 K (black), 3 K (dark purple), 6 K (purple) and
15 K (yellow). This clearly shows that the weak feature
on the anti-Stokes side (I*) is magnetic since it increases
in intensity with increasing T'.

Appendix C: Quasi-Elastic Signal Reveals Intrinsic
Line Broadening

High-resolution INS data measured using neutrons
with A = 10 A revealed a substantial broadening of the
elastic line at 7' = 1.6 K as Fig. Al (right) shows. To
quantify the intensity of the quasi-elastic signal and its
FWHM we fit the following model to the data

S(w) = So(w) + R(wp) * (§(w — wp) (Cla)
+ B(w)L(w))
Rlwo) = zmlfm) o (C1b)
_ 1 gl
M= o=t v e (@)
Bw) = M (C1d)

where B(w) is the Bose factor, which ensures that the
quasi-elastic signal obeys the principle of detailed bal-
ance, 0 is Dirac’s delta-function and Sp(w) is a fourth or-
der polynomial accounting for the background. The rest
of the symbols have the same meanings as in eq. (A1). We
use a fourth-order polynomial for the background since
a flat background in the time-of-flight domains scales as
(hw)* when converted. To make Sy well-behaved when
fitting we implement the constraint 9.S/0w > 0.

We fit the model to data my minimising the x2. The
lines on Fig. Al (right) show the resulting model, the
background, and the Lorentzian describing the quasi-
elastic signal, which has v = 170(50) weV and I =
5.4(9) - 1075,
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Chapter 6

Conclusions and Outlook

Since the resurgence of molecular magnetism in the 1990’s, significant progress has been
made towards understanding the fundamental quantum properties of molecules and exploiting
them for technological applications. Molecules have the potential to be a key ingredient for
the second quantum revolution, provided that we have solid knowledge about the quantum
mechanics at play within [93], [94]. Therefore, it is imperative that we pursue investigations
of the fundamental quantum mechanics that govern the properties of molecules to push the
capabilities of molecule-based quantum technologies towards their full potential [95].

The work presented in this thesis set out to investigate a particular quantum mechanical
phenomenon within molecules: valence delocalisation of electrons and the unique spin dy-
namics believed to emerge from the resulting double exchange. Previously, this phenomenon
had mainly been studied within dimer molecules using indirect experimental methods and
non-standardised analysis approaches. The main goal of our work was to establish INS as
key method for investigating valence delocalisation. We chose INS because it addresses the
main challenges faced by previous methods. We wanted expand the investigation of double
exchange to molecules with more than two magnetic centres, and INS is an excellent tool for
probing the spin dynamics of polynuclear molecules as previously shown for e.g. Mn;, or Crg
and derivatives [78]-[81]. Our hypothesis was furthermore that valence delocalisation could
give rise to unique momentum transfer dependencies of the spin excitations when compared
to dynamics of molecules governed only by Heisenberg exchange, and INS is currently the
only method for probing momentum-resolved molecular spin dynamics.

Realising this goal required some method development. Spin Hamiltonian modelling is
the typical method for interpreting INS data from molecules, and while modelling tools like
mint and MAGPACK are well-developed none of the them facilitated INS calculations in-
cluding double exchange. Therefore, we have implemented the general solution to the double
exchange problem in mint [61]. The formalism is familiar to mint and Easyspin users, and
the output of our code will soon be compatible with the rest of the functions of Easyspin.

In Chapters 3-5, we presented the main bodies of work undertaken during this thesis.
In Chapter 3, we investigated how several spectroscopic techniques can combine to unravel
the spin dynamics of strongly coupled systems when individual methods are insufficient.
While this particular work does not involve valence delocalised molecules, its methodol-

ogy is directly applicable to such systems. In Chapter 4 we investigated the spin dynamics
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Chapter 6. Conclusions and Outlook

of Fe;0[0,CC(CD3)3]6(CsDsN); (Fez-Piv) using INS and used our new modelling tool for
the interpretation. In Chapter 5, we investigated the effects of simultaneous delocalisation of
multiple electrons across several magnetic centres. Specifically, we used INS to probe the
spin dynamics of [Fe(Tp)(CN);]s[Fe(H,O)(DMSO)]s (Feq4), a molecule in which two elec-
trons become delocalised six multiple magnetic centres. Below, we present the conclusions

from each Chapter one by one.

Manuscript 1

In this work, we showed how INS, HF EPR, FIRMS and magnetometry can combine to un-
ravel spin dynamics of strongly coupled molecules inaccessible to a single technique. We
exemplified our approach by studying structure-property relationships in a series of radical-
bridged iron dimers based on [[Fe(cth)]g(dhbq)]3+ (cth=5,5,7,12,12,14-hexamethyl-1,4,8,11-
tetraaza-cyclotetradecane; Hydhbq = 2,5-dihydroxy-1,4-benzoquinone). We found that func-
tionalisation of the dhbq>~ bridge can affect Fe-radical couplings in contrast to previous find-
ings, and that centrosymmetry, controlled by the relative chirality of the cth ligands, imposes
g-tensor isotropy [96].

The employed methodology is directly portable to other studies of magnetic molecules
and is particularly useful for studying valence delocalised molecules since they are often
strongly coupled. Our direct observation of an inter-multiplet transition with FIRMS is par-

ticularly promising for future investigations of polynuclear magnetic molecules.

Manuscript 2

In this work, our INS investigation of Fe3-Piv provided the first direct spectroscopic evidence
for double exchange spin dynamics within a valence delocalised molecule and firmly estab-
lished that Fe3-Piv belongs to Robin and Day class II. We showed that INS is sensitive to small
deviations from equilateral symmetry in a triangular magnetic model, and that these devia-
tions lead to low-lying magnetic states not present in localised analogues. Our modelling
also showed that a static picture of the Heisenberg exchange parameters within a valence de-
localised molecule is wrong - the Heisenberg coupling between two magnetic centres can
vary by a factor of 4 if one of the interacting centres accommodates an extra electron. Lastly,
we found that a magnetic excitation with prevalent charge transfer nature had an intrinsic INS

line width which may be linked to the time scale of the electron transfer process.

Simulations of S(Q, w) based on the model extracted from powder INS data revealed that
some double exchange excitations have unique momentum transfer features in agreement with
our original hypothesis. This provides a strong motivation for pursuing INS experiments on
deuterated single crystals in the future to obtain experimental evidence for these unique fea-
tures. Our simulations furthermore showed that the Q-dependencies contain distinct features

related to to the degree of electron localisation within the involved states, and consequently
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that single-crystal INS could provide a direct handle on this elusive property.

From a broader perspective, the differences between Fe3-Piv and its acetate and mixed-
metal analogues shows that tailoring the properties of y3-oxo-centered carboxylates is possi-
ble, and thus that they could be a good framework for engineering new molecules for quantum
applications. It has, for example, already been proposed to harness the magneto-electric cou-
pling within a localised analogue, [Fe;O(O,CPh)s(py);]ClO; - py, to build a molecular ex-
change qubit. We expect that magneto-electrical coupling would be stronger within Fe;-Piv
thanks to valence delocalisation, which could lead to superior qubit properties.

Lastly, the rich magnetic behaviour of Fe;-Piv’s far-infrared spectrum shows that FIRMS
has has the potential to provide detailed information about the spin dynamics of valence de-
localised molecules. In particular, the ability of infrared radiation to induce both magnetic
and electric dipole transitions could allows us to probe potential magneto-electric coupling
in Fe3-Piv. INS experiments in applied electric fields could also provide unique insight into

these properties.

Manuscript 3

In this work, we used INS to investigate the elusive spin dynamics of Fe,4. Like for Fe3-Piv,
we found that transitions between states with different electron distributions had intrinsic INS
line widths, which strengthens our proposition that these line widths are correlated to the
dynamics of electron transfer processes. The line widths in Fe,4 are equal to the quasi-elastic

broadening of its elastic line, which suggested that the two have a common origin.

Our modelling showed that the ferromagnetic S = 14 ground state of Fe,, emerges be-
cause ferromagnetic Heisenberg exchanges overcomes antiferromagnetic double exchange.
Like for Fe3-Piv, a static picture of the Heisenberg exchange couplings was insufficient, this
time the coupling gets weakened by a factor of six when a pair accommodates an extra elec-
tron. We furthermore found that the effects of ferromagnetic double exchange become heavily
suppressed when a model contains strong Coulomb repulsion, which emphasises the critical
role Coulomb repulsion plays when more than one electron becomes delocalised. Lastly,
we were able to correlate the ()-dependencies of the excitations with the calculated electron
occupations, which constitutes a compelling argument for optimising our double exchange

modelling tool such that INS observables can be calculated from our model of Fe,,.

Outlook

Based on the findings presented manuscripts 2 and 3, we have shown that INS is a powerful
tool for elucidating valence delocalised spin dynamics within molecules in the low-energy
regime (hw < 10 meV), even in the rather complex case where several electrons become de-
localised across multiple magnetic centres. INS can furthermore access momentum-resolved

information, which simulations showed contain unique information about the distribution of
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delocalised electrons. Our findings also suggest that INS line widths contain information
about vibronic coupling and/or electrons transfer dynamics analogously to how they can en-
code information about magnetic relaxation dynamics [83], [84]. Therefore, INS has the
potential to become a key technique for investigating valence delocalisation. In the future,
further development of our modelling tool and experiments on single crystals should investi-
gate this potential.

When the dynamic range extends above 10 meV, INS has intrinsic limitations related to
instrumentation and its high sensitivity to hydrogen vibrational dynamics. In those cases,
manuscripts 1 and 2 showed that FIRMS can access rich information information about
molecular spin dynamics. In particular, we demonstrated for the first time that inter-multiplet
transitions can have FIRMS intensity, presumably due to vibronic coupling. On this basis,
we believe that the scientific community could benefit from adapting FIRMS for studying
polynuclear complexes analogously to how it has been adapted for investigating mononuclear

complexes in recent years.
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