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Experimental Studies on the Ligand Field Effects
and Magnetic Interactions in 3d, 4f and 5d Mono-
and Heterometallic Molecular Compounds

This thesis presents detailed magnetic investigations on metal-organic compounds
hosting 4 f lanthanide ions, as well as 3d and 5d transition metal ions. Using combi-
ned magnetic susceptibility and tunable high-frequency /high-field electron paramag-
netic resonance spectroscopy studies, the microscopic spin Hamiltonian parameters
are determined with a high degree of precision. The triply-capped, slightly distorted

I complex is found

trigonal-prismatic ligand field of a muffin-shaped, mononuclear Er
to stabilise the m; = £9/2 Kramers doublet (KD) as the magnetic ground state. Fur-
thermore, significant transverse components of the effective g-tensor account for the
observed fast quantum tunnelling of the magnetisation (QTM) in zero magnetic field
and indicate that slow relaxation at B = 0.1 T occurs through a thermally-activated
process including the first excited KD at A = 37.4(2) K. The experimental findings
are in close agreement with the results of ab-initio CASOCI calculations. In a series

I complexes with similar equatorial but

of pentagonal-bipyramidal, mononuclear Er
differing apical ligands, thermally-assisted QTM governs the different in-field relaxa-
tion dynamics. While all complexes exhibit QTM in the predominantly m; = +11/2
ground state KD, due to non-axial effective g-tensors, the incorporation of two charged
axial ligands results in considerably low-lying excited energy states, thereby increasing
the relaxation rate. The spectroscopic data are used to assess the validity of numeri-
cal crystal field analysis and ab-initio CASSCF calculations. For anionic complexes,
the latter are demonstrated to overestimate the energy splittings. An interplay of the
single-ion anisotropy and the antiferromagnetic 3d-4 f exchange coupling is revealed in
a family of VI'Ln" complexes with butterfly architecture. The observed correlation
indicates that 3d—4f charge transfer is the dominant exchange process and strongly
depends on the anisotropic electron distribution of the lanthanide 4f orbitals. The
importance of the 4f anisotropy shape also manifests in the magnetic relaxation
dynamics. Antiferromagnetic intermolecular interactions in a Re!'V-based molecular
complex are found to lead to the formation of spin chains. Analysis of the magnetic
data shows that an isotropic Heisenberg-chain model with local single-ion anisotropy
fails to describe the observed magnetic behaviour. Instead, the diffuse nature of the
involved 5d orbitals gives rise to a more complex exchange mechanism.






Experimentelle Untersuchungen der
Ligandenfeldeffekte und magnetischen Kopplungen
in 3d-, 4f- und 5d-mono- und heterometallischen
molekularen Verbindungen

Die vorliegende Arbeit befasst sich mit detaillierten magnetischen Untersuchungen
metall-organischer Verbindungen, die 4 f-Lanthanoid- sowie 3d- und 5d-Ubergangsme-
tallionen enthalten. Mittels Messungen der magnetischen Suszeptibilitdt und hochfre-
quenter Hochfeld-Elektronenspinresonanz-Spektroskopie werden die mikroskopischen
Parameter des Spin-Hamiltonians mit hoher Prézision bestimmt. Das dreifach iiber-
kappte, leicht verzerrt trigonal-prismatische Ligandenfeld eines muffinférmigen, mono-
nuklearen Er'-Komplexes stabilisiert das Kramers-Dublett (KD) mit m; = +9/2 als
magnetischen Grundzustand. Signifikante transversale Komponenten des effektiven g-
Tensors erkliren das beobachtete schnelle Quantentunneln der Magnetisierung (QTM)
im Nullfeld und legen nahe, dass die langsame magnetische Relaxation bei B = 0,1 T,
thermisch aktiviert, iiber das erste angeregte KD bei A = 37,4(2) K erfolgt. Die expe-
rimentellen Ergebnisse stimmen mit den Vorhersagen numerischer ab-initio CASOCI-
Rechnungen iiberein. In einer Serie pentagonal-bipyramidaler, mononuklearer Er'!-
Komplexe mit &dhnlichen &dquatorialen, aber verschiedenen apikalen Liganden, be-
stimmt iiberwiegend das thermisch aktivierte QTM die unterschiedlichen Relaxations-
dynamiken. In allen Komplexen tritt aufgrund eines nichtaxialen effektiven g-Tensors
QTM im Grundzustands-KD mit {iberwiegend m; = £11/2 auf. Das Vorliegen zwei-
er geladener axialer Liganden fithrt zu niedrigeren angeregten Energiezustdnden und
dadurch zu einer hoheren Relaxationsrate. Ein Vergleich der spektroskopischen Daten
mit numerischen Vorhersagen zeigt, dass ab-initio CASSCF-Rechnungen die Ener-
gieaufspaltungen fiir anionische Komplexe iiberschiitzen. In VILni-Komplexen mit
Schmetterlingsgeometrie wird eine Korrelation der Einzelionenanisotropie (EIA) und
der antiferromagnetischen 3d-4 f-Austauschwechselwirkung beobachtet, welche darauf
hinweist, dass 3d—4 f-Ladungstransfer der dominierende Austauschprozess ist und
stark von der anisotropen Elektronenverteilung in den 4 f-Orbitalen der Lanthanoi-
de abhéngt. Die 4 f-Orbitalanisotropie ist auch mafigeblich fiir die magnetische Re-
laxationsdynamik. Antiferromagnetische intermolekulare Wechselwirkungen in einem
Re!V-basierten Molekiilkomplex fithren zur Ausbildung von Spinketten. Die Analyse
der magnetischen Daten zeigt, dass ein isotropes Heisenberg-Kettenmodell mit lokaler
ETA das beobachtete magnetische Verhalten nicht addquat beschreibt, sondern dass
die diffuse raumliche Ausdehnung der beteiligten 5d-Orbitale zu einem komplizierteren
Austauschmechanismus fiihrt.
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Chapter 1

Introduction

Although Otto Stern received the physics Nobel prize (with a total of 82 nominations!)
”for his contribution to the development of the molecular ray method and his discovery
of the magnetic moment of the proton” [1], most physics graduates connect his name
to the seminal Stern-Gerlach experiment [2]. Also owing to Stern smoking cheap,
sulfur-containing cigars in the laboratory, this pivotal experiment became the first to
demonstrate the quantisation of angular momentum and to provide evidence for the
intrinsic angular momentum of the electron, called spin. Both of these fundamental
phenomena lay the foundation of magnetism in solid state systems - an effect that is
now widely studied across many distinct research fields [3H5].

In the decades following the elucidation of the quantum mechanical origin of mag-
netism at the beginning of the twentieth century, most studied magnetic materials
were structurally based on inorganic metals and oxides. As a result, many techno-
logical applications, including electric motors, data storage, and magnetic resonance
imaging, emerged from developments in the field of solid state magnetism. It was only
in the early 1990s that metal-organic magnetic compounds, also termed molecular
magnets, began to attract greater interest in the scientific community. The spark for
this newly emerging research field at the interface of chemistry and physics was ignited
by the discovery of magnetic bistability, i.e., magnetic hysteresis, at liquid helium tem-
peratures in the dodecanuclear Mnjsac complex by R. Sessoli and D. Gatteschi [6].
Unlike in conventional ferromagnets, the magnetic hysteresis in Mnjsac does not origi-
nate from the irreversibility of many-body domain wall formation effects, but from the
slow relaxation of the magnetic moment within a single molecule. The ability of an
individual molecule to retain a remnant magnetisation over long timescales generated
significant excitement, as it potentially allows information to be stored in a single
molecular unit with a diameter of almost only 1 nm [7]. Moreover, such compounds
promised to provide an ideal testbed for the coexistence of classical and quantum
effects in magnets [§], eventually leading to the experimental observation of quantum
tunnelling of the magnetisation [9-11] and oscillation of the tunnel splitting [12]. Not
long after this ground-breaking experimental finding, more molecular complexes host-
ing slowly relaxing magnetic moments were discovered [13-16]. It became clear that
magnetic ground states with large spins and strong uniaxial anisotropy are responsible



for the required high effective energy barriers |[17,[18]. Throughout the years, the term
single-molecule magnets (SMM) has established itself for this class of materials.

The pursuit of SMM with enhanced performance metrics, such as higher blocking
temperatures and longer relaxation times, historically began with the study of high-
symmetry polynuclear coordination clusters consisting of 3d transition metal ions.
This approach aimed to increase the total spin by introducing a large number of fer-
romagnetically coupled ions [19-21]. However, it was found that the total anisotropy of
the cluster decreases with the number of included metal centres, which naturally limits
the realised energy barriers in purely 3d-based molecular magnets [22,23]. About ten
years after the discovery of the first SMM, the observation of slow magnetic relaxation
in the mononuclear [ThPc,]~ double-decker complex marked the birth of a promising
new class of molecular compounds with only a single magnetic centre: the single-ion
magnets (SIM) [24]. Most known SIM are based on 4 f lanthanide ions, in which strong
spin-orbit coupling and large unquenched orbital momentum intrinsically favour en-
ergy schemes with large effective barriers [25]. The dominant factor determining the
SIM performance is the electrostatic ligand field acting on the 4 f moment [26], which
is investigated in the present work for Er''-based complexes with muffin-shaped and
pentagonal-bipyramidal coordination. Due to the complex coordination chemistry of
rare earth elements, the ligand fields typically exhibit low symmetry. As a result, fast
through-barrier relaxation processes often occur and strongly limit the SIM perfor-
mance [18].

A promising strategy to eliminate these unwanted relaxation paths is the introduction
of effective internal magnetic fields through magnetic interactions with other ions.
Since the localised nature of the 4 f orbitals hinders strong magnetic coupling between
lanthanide moments, the idea of combining transition metal and lanthanide ions in
3d-4f complexes emerged quickly [27-29]. This thesis presents a detailed magnetic
investigation on a family of isostructural Vi'Lnl! complexes with a butterfly-shaped
core structure - one of the most prominent and thoroughly studied architectures in the
literature [30]. Nonetheless, only a few reported examples exist in which the magnetic
relaxation is slowed down by magnetic 3d-4f interactions [31-33]. A relatively recent
approach in SMM-design involves the incorporation of 5d transition metal ions [34-37].
Despite their atomic similarities to the lighter 3d elements, the diffuse nature and
strong spin-orbit coupling of the 5d orbitals lead to pronounced anisotropic exchange
interactions and large single-ion anisotropies [38]. These effects are investigated in the
present thesis through the magnetic analysis of a metal-organic compound, in which

Re!V ions form a S = 3/2 spin chain with local single-ion anisotropy.

While the rise of molecular magnetism was initially dominated by the search for slowly
relaxing single-molecule magnets, the years of intense research have revealed many
additional possible nanomagnet-based technological applications, such as quantum
computing [39,40], magnetic refrigeration [41] and a plethora of molecular spintronic
devices [42-44]. The advantage of molecular magnets, hereby, lies in the ability to
effectively tune their electronic properties through chemical engineering [45,146]. De-
pending on the targeted application, the required magnetic behaviour of a molecular



complex may vary significantly. Thus, understanding the microscopic mechanisms
that govern the macroscopic magnetic properties is paramount for interpreting the
various observed characteristic phenomena and advancing towards functional mate-
rials. Alongside static and dynamic magnetic susceptibility measurements, tunable
high-frequency/high-field electron paramagnetic resonance spectroscopy (HF-EPR)
has established itself as a powerful tool to obtain quantitative information on mag-
netic molecular compounds [47-49]. Originally developed to investigate the magnetic
anisotropy in strongly gapped, non-Kramers systems, HF-EPR was demonstrated to
also elucidate the nature of inter- and intramolecular magnetic interactions in coupled
polynuclear coordination clusters [50/-52].

The thesis at hand provides a detailed study on the magnetic properties of several
metal-organic molecular complexes hosting 3d, 4f and 5d ions. In particular, the
microscopic spin Hamiltonian parameters are quantitatively determined using mainly
combined HF-EPR and magnetic susceptibility measurements. Subsequent to this
introductory chapter, Chapter 2 provides the basic theoretical concepts of ions in
solid state materials necessary for analysing the results of magnetisation and electron
paramagnetic resonance spectroscopy studies. The working principle and utilised
instrumentation of these two experimental methods are described in Chapter 3. The
fourth and fifth chapters present detailed spectroscopic investigations of crystal field

effects in mononuclear Er'!

molecular complexes. Chapter 6 discusses the interplay of
single-ion anisotropy and magnetic 3d-4 f exchange interaction in a family of butterfly-
shaped VIILni! clusters. After Chapter 7 covers a magnetic susceptibility study on
a Re!V-containing molecular compound featuring 5d spin-chains, Chapter 8 finally
summarises the experimental findings and gives a synoptic conclusion of the topics

discussed throughout the thesis.






Chapter 2

Theoretical Background

This chapter provides a concise step-by-step introduction to the physical properties
of ions in solid state materials that are needed to discuss the results of magnetic sus-
ceptibility and electron paramagnetic resonance spectroscopy studies. The presented
theoretical framework is mainly based on Refs. [3,53-57]; a more detailed treatment
can be found there.

2.1 The Free Ion

In the Born-Oppenheimer approximation [58], i.e. under the assumption that the
nuclear mass M), is much greater than the electron mass meE] the Hamiltonian of a
free ion with N electrons expressed in its center-of-mass reference frame is given by

N A2 2 2

- D; Ze e
Tee — E - Tx g |- 2.1
s <2me |"“i|) " (|"“i —Tj|> (2.1

i i#j

Here, Z denotes the atomic number of the nucleus, e is the elementary charge, and
p; and #; are the momentum and position operator of the i*" electron, respectively
The first sum describes the kinetic and potential energy of all electrons moving in
the central potential of the positively charged nucleus individually and contains only
terms that act on single-particle states. In contrast, the second term in eq.
expresses the repulsive Coulomb interaction between the negative charges of the elec-
trons as a pairwise sum over the respective electric potentials. This electron-electron
coupling renders an analytic solution of the Hamiltonian for more than one electron
impossible. Therefore, iterative and/or approximate methods are required to obtain
the eigenfunctions and eigenvalues of Hieo. One commonly used approach is given
by the Hartree-Fock approximation, also called self-consistent field (SCF) method, in
which the sum of electronic Coulomb interactions is replaced by an effective mean-field
potential Vi(|7;|) generated by all electrons [59H62]. In this approximation, eq.

IMore precisely, the Born-Oppenheimer approximation assumes M, — 0.
2The notation of the inverse position operator 1/# is mathematically correctly defined as the Taylor
series expanded in orders of 7.



6 The Free Ion

simplifies to

e |74

. D Ze? )
He = Y (2 2 vidi)). 22)

where every term acts only on a single electron. The single-particle solutions of
eq. (2.2) are given by individual configuration state functions with well-defined quan-
tum numbers. Since the effective mean-field potential Vi(|7;|) is spherically symmetric
by construction, the eigenfunctions can be separated into their radial, angular and spin
contributions, and, thus, read [63],64]

Ui(r) = Ru(r)Y,™ (¢, 0)x(ms). (2.3)

Here, the radial part R,; depends only on the distance between the electron and
the nucleus and is characterised by the principal quantum number n and the orbital
quantum number [ (0 < [ < n — 1). The angular part is given by the spherical
harmonics Y, (¢, ) of degree { and order m,; (—I < my; < 1), where my is the magnetic
quantum number corresponding to the z-component of the orbital angular momentum.
As electrons exhibit an intrinsic spin degree of freedom, the wave function contains
a distinct spin component x(mg) distinguishing the two m, = +1/2 states. The
eigenfunctions in eq. are often written in a more compact form using the Bra-
Ket-notation

|Z/}1> = ‘Tl, l7ml> 87m5> . (24)

To ensure the antisymmetry of the many-electron wavefunction, as required by the
Pauli principle for fermionic systems [65], the eigenfunctions of eq. (2.2)) can be con-
structed by setting up the N x N Slater determinant of single-particle states |t;).

Unlike in single-electron systems, i.e., hydrogen-like ions, where electronic states with
the same n but different [ are energetically degenerate, the deviation of the effective
potential Vi(|7;|) from a Coulomb-like 1/r-dependence in multi-electron ions leads to
a shift of the energy levels depending on their orbital angular momentum. Electronic
states with smaller [ exhibit a higher probability density close to the origin, whereas
electrons in states with larger orbital momenta are, on average, located farther from
the nucleus. Thus, they "feel” a nuclear charge that is shielded by the inner-shell elec-
trons. This leads to an energy level scheme, where strongly separated level-bunches,
characterised by different n, consist of 2n? states with varying [ that are further split
into groups of 2(20 + 1) degenerate m; and my levels. In the Hartree-Fock approxima-
tion, the total electronic wavefunction is then given by " filling up” these single-particle
states beginning with the lowest energy levels. The order in which the energetically
degenerate m; and my states are populated is governed by the first two semi-empirical
Hund’s rules [66]. Those state that first the total spin S = 3. s and then the
total orbital angular momentum L = ZIN l; of the ion should be maximised under
consideration of the Pauli principle.
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2.2 Ions in a Magnetic Field

The remaining degeneracy of the m; and m; states can be lifted when the ion is placed
in an external magnetic field B, also known as the Zeeman effect [67]. This effect can
be separated into two parts: The influence of the magnetic field on the total spin S
of an atom is described by the interaction between the magnetic moment g and the

field

7:[5 =—-B-p=g.usB - S, (2.5)

where g. =~ 2 denotes the electron g-factor and ug is the Bohr magneton. As quantum
mechanics only allows for discrete spin projections along a given axis (here, the field
is chosen to be applied along z), states with different m exhibit an energy splitting
that depends linearly on the magnetic field

E(mg) = gepip Bms. (2.6)

To derive the effect of magnetic fields on the orbital angular momentum L, the mag-
netic vector potential

A B r
A7) = ; r (2.7)
has to be included in eq. (2.2) E] With this, the Hamiltonian becomes
(p; + eA 'rl)) _Zé . -
H= Z T + Vi(|#i]) | + gepsB - S, (2.8)

where the Spin-Zeeman interaction from eq. (2.5)) has already been included. Assum-
ing a uniform magnetic field and expanding the kinetic term, using l = 7 x p, yields
the total Hamiltonian

2

Z (B x )’ (2.9)

1

H = Hpreo + B (L - geS‘> + 86

e
The second term in eq. represents the Zeeman interaction, which describes the
paramagnetic response of an ion with partially filled electron shells to an external
magnetic field, due to the finite magnetic moment arising from both orbital and spin
angular momentum. This interaction causes the energy levels with different m; and
ms to split, forming the basis of electron paramagnetic resonance (EPR) spectroscopy
experiments. In contrast, the third term does not lead to any energy splitting but
accounts for the field-induced diamagnetic contribution of the ion. Although all the

3The magnetic field and a corresponding vector potential are related by B = V x A. Hence, the
vector potential for a given field is not uniquely defined, but the gradient of any scalar potential
may be added without altering the physical magnetic field. This freedom is referred to as the choice
of gauge.
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electrons, including those in closed shells, contribute to diamagnetism, this term is
typically much weaker than the Zeeman interaction at moderate field strengths and
is, therefore, often neglected.

2.3 Spin-Orbit Coupling

Up to now, the discussion of the free ion has been conducted in the rest frame of its
nucleus, as this provides an intuitive point of view on the studied atomic systems.
From this perspective, the total magnetic field acting on the electron is given solely
by the applied external field, if present at all. In contrast, in the rest frame of the
electron, the electron also "feels” an additional magnetic field stemming from the
orbiting positive charge of the nucleusf] Although this reference frame is technically
non-inertial, approximating it as such allows for the calculation of the effective internal
magnetic field as

. Exp 1 du(r) .

Bgoc = D, (2.10)

mec®  mecr dr
where c is the speed of ligh and F and U denote the electric field and corresponding
electrostatic potential originating from the charged nucleus, respectively. Here, U
was assumed to be spherically symmetric, which corresponds to the Hartree-Fock
approximation discussed in section[2.1] This approximation is exact only for hydrogen-
like ions. Coupling of the electron spin to Bgoc is then given by

. 1. 4 Je oUu(r) .
Hsoc = —=fi- Bsoo = so® ()8

= I1=X5-1 2.11
2 2hm.c?r  Or 5oh (2.11)

where h is the reduced Planck constant and A is the spin-orbit coupling parameter.
The factor 1/2 arises from the relativistic correction to the spin of elementary particles,
known as Thomas precession [68]. Hsoc couples the spin and the orbital momentum
of the electron with the coupling strength \. Since approximately A\ ~ U ~ Z, spin-
orbit interaction is more pronounced in heavier elements. In multi-electron systems,
the structure of eq. will be similar for all electrons. However, screening effects
due to electrons in inner shells reduce the effective electrostatic potential U(r) seen
by outer electrons. This leads to weaker spin-orbit coupling in outer orbits. As can be
calculated, ﬂsoc does not commute with [, or s,. Hence, when spin-orbit coupling is
included in the full Hamiltonian , the individual z-components of spin and orbital
angular momentum are no longer conserved, and m; and m cease to be good quantum
numbers. However, by introducing the total angular momentum j — [ + & one finds
that 32 and j, commute with both i* and 5%, such that a new set of eigenstates can
be written as

4As spin-orbit coupling arises from the interaction of the electron spin with the velocity-dependent,
relativistic correction of the nucleus’ magnetic field, it is often described as a relativistic effect.

5In a more precise fashion, ¢ is the speed of causality at which all particles with zero mass travel in
the vacuum.
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i) = n, s, 5, my) (2.12)

For multi-electron systems, the coupling of the individual angular momenta depends
on the relative strengths of spin-orbit and electrostatic interaction. Two different cou-
pling schemes arise: As discussed earlier, spin-orbit coupling is the dominant energy
scale in heavy elements (high Z) and in the inner electron orbitals of intermediate
heavy elements. In this case, the total angular momentum 31 = I, + 3; of each individ-
ual electron is, to a good approximation, conserved. The electron-electron interaction
then couples the different 5 to form the total angular momentum

J=> (2.13)

This scheme is known as jj-coupling.

In contrast, spin-orbit interaction is only a small perturbation in lighter ions. Thus,
ZQ and §° approximately commute with the full Hamiltonian and [ and s remain
conserved quantities. The total spin S and the total angular momentum L are then
given by

N N
S = Z éi and .i/ = Zii7 (214)

and the total angular momentum is J = L+ 8. This is known as LS-coupling or
Russell-Saunders coupling. Typically, the transition metal and lanthanide ions studied
in the presented thesis follow this coupling scheme. Hence, unless stated otherwise,
LS-coupling is assumed throughout this work. The total angular momentum J of an
ion’s ground state is usually predicted using the third semi-empirical Hund’s rule [66]:
If the electronic shell is less than half-filled, then J = |L — S| and if the shell is more
than half-filled, then J = |L + S].

To incorporate spin-orbit coupling into the magnetic response of the ion, eq. has
to be included in eq. . Since ﬁz and S’z no longer commute with the full Hamil-
tonian, it is convenient to reformulate the Zeeman interaction in the total angular
momentum basis. It can be shown that [3]

/;':LZ = _,UBB (j; + ge;§> = —,uBgJB . :I, (215)
with the so-called Landé-factor
JU+1) —1(+1)+s(s+1)
2j(j+1)

Eq. (2.15) reveals that each J-level is (25 + 1)-fold degenerate in the absence of an
external magnetic field and that the Zeeman splitting remains linear in B even in the

gs =1+ (2.16)

presence of spin-orbit interaction.
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2.4 Ligand Field Effects and Magnetic Anisotropy

In solid state systems, the magnetic ion is by no means free, but embedded in a well-
defined crystallographic structure. With a few exceptions, such as covalent bonding in
heavy actinides, metal ions typically form ionic bonds with the surrounding negatively
charged ligands. Those ligands give rise to an electrostatic field, the so-called ligand
field, that acts on the unpaired electrons of the magnetic ion. A general approach to
express the electrostatic potential arising from the ligand field in a spin Hamiltonian
is given by the series expansion of an effective potential which operates on the total
angular momentum basis functions. In the literature, a handful of equivalent notations
are known, but the most commonly used one in the field of molecular magnetism is
the Stevens formalism [69]:

kmax=2J k
Hr= Y. Y BlO; (J) . (2.17)
k=0 q=—-k

Here, By are the real-valued Stevens parameters and OE denote the extended Steven
operators, which are functions of the total angular momentum operators jz, j+, J_
and their higher orders [70]. Since Stevens operators with odd k do not influence the
magnetism of the spin system but only the intensity of the induced electric dipole
transitions, only OE with even k are usually considered when describing the results
of magnetic and EPR experiments [71]. As one can see from eq. , the electro-
static ligand field lifts the degeneracy of the m j-levels even in zero external magnetic
field. The effect of Hyip is, therefore, often referred to as zero field splitting. More
specifically, the axial Stevens operators Og consist exclusively of powers of J,, such
that my is still conserved and states with the same absolute value |m ;| remain degen-
erate. In contrast, the off-diagonal operators OAE#O contain also ladder operators of
power q, i.e., jj‘i and J%, which leads to a mixing of states with m; and m & q. The
specific values and signs of the coefficients B)! depend on the symmetry and strength
of the surrounding ligand field[f] In particular, since symmetry operations are not
allowed to change the energy of the ion, the Hamiltonian has to transform as the
totally symmetric representation of the point group of the ligand field. This symme-
try constraint causes distinct By to vanish depending on the local crystal symmetry.
For high-symmetry environments, such as cubic ligand fields, this drastically reduces
the complexity of eq. (2.17). In low-symmetry ligand fields, however, up to 27 free
parameters can remain. As an illustrative example, in the case of a weak rhombic
ligand field, it is often sufficient to consider only the quadratic terms in J. The ligand
field Hamiltonian then reduces to

Hip = JDJ, (2.18)

where D is a traceless, real and symmetric tensor. Due to these properties, it is always

6The Stevens parameters By with q # 0 are not invariant under rotation. Thus, their sign and
magnitude depend on the choice of the coordinate system.
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possible to rotate the coordinate frame such that D = diag(Dx, Dy, D,) is diagonal
with the z-axis pointing along the principal anisotropy directionﬂ By defining the
parameters

D-p,-2tD g po DDy (2.19)
2 2
eq. (2.18]) can be rewritten as
) ) . W J(T 1
Hop = DoJ? + DyJ2 + 2 — 2D
A J(;+ ) s (2.20)
:D<JZ2—T> +E(J§—Jy2).

Here, the constant term D.J(J + 1)/3 has been subtracted to retain tr(Hpr) = 0
without changing the system’s physical properties, as it merely causes a uniform
energy shift. It is convenient to restrict the ratio of D and F to

~1/3< D/E < 1/3, (2.21)

since values outside these limits are physically identical to a rotation of the coordinate
frame. By explicitly writing out the O} and comparing to eq. 1} the parameters
D and E are related to the second-order Stevens parameters by

D =3B) and FE = Bj. (2.22)

Thus, D describes an axial magnetic anisotropy with z being the easy axis for D < 0
or the hard axis for D > 0. A finite E produces an additional transverse anisotropy,
favouring alignment of the magnetic moment along the x- or y-direction. The influence
of eq. on the level scheme of a system with J = 1 is sketched in Fig. In
an octahedral ligand field, symmetry enforces D = E' = 0 such that the m j-levels are
degenerate in zero magnetic field. Elongation of the surrounding octahedron along
one axis (here chosen to be z) allows for a non-zero D. Since the first term in eq.
contains only the jf operator, my remains conserved and the m; = 0 state splits from
the still two-fold degenerate m; = 4+1 manifold. If an additional rhombic distortion
of the ligand field is introduced, E also becomes non-zero. The last term in eq.
then lifts the remaining degeneracy by mixing states with Amj; £ 2, such that the
eigenstates become linear combinations of these states. For J = 1 those eigenstates
take the form a|+1) £ b|—1).

"Choosing the principal axis of the magnetic anisotropy to point along z is referred to as the stan-
dardisation of the ligand field parameters [72].
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Figure 2.1. Splitting of the m-levels in an ion with J = 1 due to axial (D) and
rhombic (F) anisotropy. Green and red spheres depict the magnetic ion and the
ligands, respectively.

2.5 Energy Scales in Lanthanide and Transition
Metal Ions

By combining the effects discussed up to here, the full Hamiltonian for a single dressed
ion in an external magnetic field reads

7:[ = ﬁfree + 7‘22 + ﬁsoc + 7:[LF- (2.23)

The resulting energy level scheme, and hence the magnetic ground state, is governed by
the competition between these contributions. Their relative strengths strongly depend
on the electronic configuration of the ion. For lanthanide ions with the general electron
configuration [Xe]4f™, the partially filled 4f orbitals exhibit high angular momentum
and are well-shielded from the ligand environment by the outer 5s and 5p electrons.
This leads to intrinsically strong spin-orbit coupling and comparatively weak ligand
field effects, such that typically Hsoc > Hip holds . As discussed previously,
the orbital momentum coupling scheme in lanthanides is not far from perfect L.S-
coupling, and the magnetic ground state with total angular momentum J is usually
determined by Hund’s rules. The ligand field then lifts the degeneracy of the m
levels, although the resulting energy splittings are typically two orders of magnitude
smaller than the spin-orbit excitation gap ,,. Fig. schematically depicts
the energy level scheme for a trivalent holmium ion with 419 electronic configuration
in a low-symmetry ligand field.
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Figure 2.2. Energy level scheme of a Ho*" ion with 4! electronic configuration in
a low-symmetry ligand field. From left to right, the free ion, spin-orbit coupling, and
ligand field effects are depicted.

In contrast, the partially occupied 3d orbitals in 3d transition metal ions with the
electronic configuration [Ar|3d"™ strongly overlap with the ligand orbitals. This usually
results in dominant ligand field effects over spin-orbit coupling Hir > Hsoc ,.
Since spin-orbit coupling is negligible to first order and the ligand field only acts on
the orbital angular momentum, the degeneracy of the 3d orbitals is lifted in a way that
strongly depends on the symmetry of the ligand field. Several examples of this are
depicted in Fig. 2.3l As a consequence of the ligand field splitting, the orbital states
are often left non-degenerate. In a time-reversal symmetric system, the wavefunction
of such a non-degenerate state must be real-valued. On the other hand, the orbital
momentum operator is purely imaginary, such that

) 0
(WL [9) = (¥] = lha—¢ [¥) =0 (2.24)

must hold to retain real eigenvaluesﬁ In other words, the ligand field quenches the
orbital momentum to L = 0. Thus, the magnetism of transition metal ions can
often be described by assuming a total angular momentum that consists only of the
spin component J =~ S instead of the ground state predicted by Hund’s rules [3].
For degenerate states, the orbital momentum may be only partially quenched, and a
fictitious pseudo-orbital-moment L is retained. The most prominent example of this
are the ty4 levels in an octahedral ligand field, which can be described by L =1 with
the three possible values m; = 0, £1 [54].

8The same ~argument holds also for the other two components of the angular momentum vector
operator, Ly and L.
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Figure 2.3. Splitting of the five electronic d-levels in linear, tetrahedral, spherical,
octahedral, and square planar ligand field symmetries. Green and red spheres depict
the magnetic ion and the ligands, respectively. The energy scales in different symme-
tries are not to scale with each other.

Although strong ligand fields often lead to orbital quenching in 3d ions, the weak
spin-orbit coupling causes the spin to drag some orbital angular momentum along
with it. While Hgoc is usually small compared to the ligand field, it partially restores
the orbital angular momentum in a way that it leads to macroscopically measurable
effects, especially in EPR experiments [53]. By assuming that spin-orbit coupling
in eq. (2.23) is small compared to all other contributions, second-order perturbation
theory yields an effective Zeeman term

Hy = s BGS. (2.25)

Here, 7 is an anisotropic tensor with the components

(0] L |k) (k| L; |0)
=205 -2\ BB (2.26)
k#0

where d;; is the Kronecker delta. This reduces to

2
2/\Z| (01 L £ | (2.27)
k0

in its diagonal form. The sum runs over all excited states k # 0 with the corre-
sponding energies Ej. In eq. , the orbital angular momentum operator L is
effectively absorbed by the remaining terms and its effects due to spin-orbit coupling
are transmitted through the anisotropic g-tensor.
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2.6 (Effective) Spin Hamiltonians

As discussed earlier, spin-orbit coupling leads to a splitting of the energy levels in zero
magnetic field based on their total angular momentum J. With a few exceptions, these
splittings are typically on the order of a few thousand Kelvin [25]53,/57], requiring
X-ray or UV/Vis spectroscopy to probe transitions between them. In contrast, EPR
experiments operate at energies in the GHz range (~ 50 K), and measurements on
metal-organic complexes are usually performed only up to room temperature. There-
fore, in most cases, it is sufficient to consider only the ground state J manifold, while
neglecting excited states. This allows for the description of experimental observations
by setting up a spin Hamiltonian that does not require knowledge of each electron’s
state but acts only on the total angular momentum space.

Due to ligand field effects, as introduced in a previous section, the (2j + 1) ener-
getically degenerate levels within the ground state J manifold can split even in the
absence of an external magnetic field. Depending on the symmetry of the ligand field,
this leads to groups of m j-levels with reduced degeneracy. For example, a cubic lig-
and field yields multiplets with up to four-fold degeneracy, whereas in low-symmetry
environments, single or double degenerate states are more commonly found. Hereby,
Kramer’s theorem imposes a fundamental constraint: Any system with an odd number
of electrons (or more precisely, with half-integer total spin) must retain at least two-
fold degeneracy in zero magnetic field [73]F] Such pairs of states are called Kramers
doublets (KD) and are time conjugate, i.e., obtained from each other by applying the
time-reversal operator 7.

If the energy gap between such groups of degenerate levels exceeds all relevant ex-
perimental energy scales, such as thermal, magnetic, and spectroscopic excitation
energies, the measured physical properties of such a group can be described by an
effective spin Se¢ with an associated effective g-tensor ‘7. This allows to formu-
late an effective spin Hamiltonian with reduced complexity, where S is a fictitious
angular momentum, chosen such that (2S.z + 1) matches the degeneracy of the con-
sidered group, and ‘7.g encodes the anisotropy of the underlying system. For a well-
isolated Kramers doublet arising from the ground state J-manifold, the effective spin
is Se = 1/2 and the spin Hamiltonian takes the form

H =St TerB. (2.28)

In its diagonal frame, the effective g-tensor is then given by the Abragam-Bleaney
tensor [53]

Gett = 9 (2D Y (o] i |w) (w] Ji[v), (2.29)

v==4 w==%

9 Actually, Kramer’s theorem demands at least pairwise degeneracy for time-reversal systems with
half-integer total spin. Unlike electric fields, magnetic fields break time reversal symmetry, which
eventually allows for a splitting of the Kramers doublets.
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where |—) and |+) are the two time-conjugate doublet states. The linear dependence
on magnetic field in eq. relies on the assumption that the Zeeman energy is
small compared to the energy splitting between the groups of degenerate levels. In
this limit, |—) and |+) remain approximate eigenstates of the full Hamiltonian even
in finite magnetic fields. However, at higher fields, when the Zeeman energy becomes
comparable to the splitting between the groups, this approximation breaks down, and
higher-order Zeeman terms must be included in the effective spin Hamiltonian.

2.7 Spin-Spin Interaction

Up to here, the physical properties of a single, isolated or dressed ion were discussed.
However, in compounds containing multiple magnetic centres, the full Hamiltonian
typically comprises not only the sum of individual single-ion terms, but also explicit
interactions between the ions. The most prominent types of such spin-spin interactions
are discussed in the following.

2.7.1 Dipolar Coupling

The most intuitive spin-spin interaction is magnetic dipolar coupling, which describes
the magnetic energy of a magnetic moment g, in the magnetic field created by another
moment p,. The total dipolar coupling energy of the magnetic moments [, = giup S,
of two spins separated by r is given by [3]

2
Hap = —% (3 ([91 : eT> (5*2 - er) - SlSQ> , (2.30)
where g is the vacuum permeability and e, is the unit vector along r. As indicated
by the =3 dependence, dipolar coupling is particularly effective at short distances
but decays rapidly with increasing separation. In typical solid state systems with
atomic distances of a few A, the corresponding coupling energy is on the order of
1 K and, therefore, often subordinate to other magnetic interactions. Nonetheless,
dipolar interactions can still significantly affect the magnetic properties of a system,
such as the magnetic relaxation dynamics [74-76] or magnetic long-range ordering at
low temperatures [77-80]. In a more classical description, where the spin operators
are treated as classical vectors, eq. can be reformulated as

2

Heap = —%(gﬁl)@g&) (3cos(6;) cos(Bs) — cos(¢)) (2.31)
where 6; and 0y are the angles between r and S and S, respectively, and ¢ is the
angle between S; and Ss. This geometry is illustrated schematically in Fig. 2.4l Tt
follows from eq. that the energetically most favourable configuration due to
dipolar coupling corresponds to a ferromagnetic alignment of both spins along the
distance vector r. The next favourable configuration is an antiferromagnetic arrange-
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ment, where the spins lie perpendicular to r. Since dipolar coupling is not mediated
by a physical medium, it is also often referred to as the through-space interaction.

Figure 2.4. Two-dimensional schematic visualisation of the geometry used to calcu-
late the magnetic dipolar interaction of two spins as described in the text.

2.7.2 Exchange Coupling

In most magnetic systems, the dominant spin-spin interaction arises from exchange
coupling - a quantum mechanical effect stemming from the fermionic nature of elec-
trons. For two neighbouring magnetic ions with unpaired electrons, the system can
lower its kinetic energy through delocalisation of the electrons from their atomic bound
states. Due to the combined effects of Pauli blocking and Coulomb repulsion, parallel
(ferromagnetic) and antiparallel (antiferromagnetic) spin configurations then acquire
different energies["] This energy difference defines a coupling constant J as

The corresponding effective spin Hamiltonian is given by the bilinear term

Hew = —J 815, (2.33)

The sign and magnitude of J strongly depend on the bonding geometry and the in-
volved ionic orbitals. In the case of direct exchange, the electrons delocalise over
the overlapping orbitals of the two ions, thus forming molecular bonds. However,
direct orbital overlap is usually weak in solid state materials, since typical atomic
distances exceed the spatial extension of electronic orbitals. Consequently, the domi-
nant contribution to exchange coupling is often given by indirect exchange, also called
superexchange, mediated by one or more non-magnetic proxy ions. Here, the electrons
delocalise (in their excited state) from their ionic position by virtually hopping onto
a non-magnetic bridging ion. The calculation of superexchange couplings in general

10The complexities of this subject will not be explored in this work, but detailed treatment of the
microscopic nature of exchange coupling can be found, for example, in Ref. [54].
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systems is rather complex, since large numbers of possible orbital occupations and ex-
change paths have to be evaluated. For compounds based on 3d transition metals, the
semi-empirical Goodenough-Kanamori-Anderson rules offer predictive guidelines for
the sign and relative magnitudes of the resulting superexchange interaction [81-83].
These rules were extended and specialised over the years to also take into account
more complex exchange coupling scenarios [54], such as, for example, 3d-4f superex-
change [84,85].

Due to spin-orbit coupling, the excited orbital states of an electron are admixed to
its ground state. As such, the spin is sensitive to the local ligand environment, and
the exchange coupling becomes anisotropic. The exchange Hamiltonian in eq.
generalises to

Hex = 817 8, (2.34)

with an anisotropic interaction tensor 7. By decomposing 7 in its isotropic and
anisotropic parts, eq. (2.34) can be written as

7:lex: _Js’l S2+d<5’1 X Sg) +S1(ZS2. (235)

Here, the first term corresponds to the isotropic Heisenberg interaction, which is usu-
ally the dominant contribution to the magnetic coupling. The second term is the
anisotropic and antisymmetric Dzyaloshinskii-Moria interaction (DMI) defined by
the corresponding vector d[l] Due to the underlying symmetry, DMI only occurs
for non-centrosymmetric exchange paths and eventually leads to non-collinear spin
configurations. Finally, the last part is characterised by an anisotropic symmetric
matrix A. Owing to its mathematical form, it is often called pseudo-dipolar coupling.

2.8 Electron Paramagnetic Resonance

As will be discussed in the next chapter, electron paramagnetic resonance spectroscopy
(EPR) utilises the absorption of microwave radiation to study the low-energy exci-
tations of a spin system. The full Hamiltonian for a system of magnetic ions in a
solid yields an energy level scheme consisting of eigenstates |¢) with energies Eyx. An
incoming microwave photon can now be absorbed by inducing a transition from an
occupied initial state [¢;) to an empty final state [¢)¢). Due to energy conservation,
the energy difference between the two involved levels has to match the microwave
frequency wp,, such that the resonance condition

AE = E; — E; = hwpy. (2.36)

is fulfilled. Typically, only energy splittings between the magnetic m j-levels lie within

1 As it arises from spin-orbit coupling, the Dzyaloshinskii-Moria interaction is a fully relativistic
effect.
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the microwave frequency range. Hence, the electromagnetic radiation must drive a
magnetic dipole transition, and only its magnetic field component

B = B cos(wnyt) (2.37)

needs to be considered. Without the loss of generality, it can be assumed that the
microwave magnetic field points along the x-axis[”?] The interaction with the magnetic
moment is governed by the interaction Hamiltonian

7:[int = gJ,uBBOjX cos(Wmwt)- (2.38)

According to Fermi’s golden rule, the transition probability and, thus, its intensity is
proportional to the perturbation matrix element

L~ | (x| i [8) 17~ (0] S i) [P = | (] S + 65 o) | (2.39)

The spin ladder operators raise or lower the magnetic quantum number m; of a state
|Y) by 1, so that eq. (2.39) is non-zero only if

Amy==41 and AS=0 (2.40)

holds. These conditions are known as the dipole selection rules.

So-called forbidden transitions with Am > 1 are strongly suppressed, as they arise
from weaker higher-order perturbation terms, such as magnetic quadrupole coupling,
not included in eq. . As discussed earlier, the presence of transverse single-ion
anisotropy or the application of an external magnetic field perpendicular to the prin-
cipal anisotropy axis can lead to a mixing of the magnetic m j-levels in a spin system.
In this case, the eigenstates |¢x) become linear combinations of the m-states, such
that transitions between two energy levels can also be partially allowed. Thus, those
partially allowed transitions can sometimes be observed in EPR experiments, although
they are typically still labelled as forbidden due to their unusual field dependence.

2.9 Magnetic Relaxation

2.9.1 Dynamic Magnetic Susceptibility

Since the establishment of thermodynamic equilibrium requires a finite time, the
macroscopic magnetisation of a spin system can not follow the variations of an exter-
nal magnetic field instantaneously, but always lags at least slightly behind. In a static
external magnetic field By, the spin system exhibits a magnetisation determined by
its static magnetic susceptibility x as My = xBy. When the external field is removed

12The same selection rules are obtained if B is chosen to point along the y-axis. The z-component
of the magnetic field does not contribute to the transition probability, since the orthogonality of
the eigenstates |ix) leads to vanishing matrix elements.



20 Magnetic Relaxation

instantaneously at £ = 0, and assuming only a single dominant relaxation time 7, the
magnetisation decays exponentially as

M(t) = Moe /7. (2.41)

If the spin system is subjected to a sinusoidal ac magnetic field B,.e™*

, its dynamic
magnetisation response depends strongly on the driving frequency w. For frequencies
significantly lower than the system’s relaxation rate wr < 1, the magnetic moment
follows the external field without a phase lag, corresponding to the isothermal suscep-
tibility xr. In contrast, for wr > 1, the system can not react to the rapid oscillations
and no energy is exchanged with the external magnetic field. Thus, one recovers the
adiabatic susceptibility ys. For a system of weakly interacting magnetic moments, i. e.,

Xt — Xs < 1, the dynamic magnetic susceptibility can be calculated to read [86,[87]

XT — Xs
= e 2.42
XW) = xs + 1500 (2.42)
which is commonly referred to as the Debye equation. Since yr and xs are typi-
cally real-valued [56], eq. (2.42)) can be decomposed into its real (in-phase) x'(w) and

imaginary (out-of-phase) x”(w) components:

XT — XS

(XT — Xs)WwT
1+ w2r? '

14 w?r? (2.43)

X' (W) =xs + and x"(w) =
Fig. [2.5(a) displays the frequency dependence of the in-phase and out-of-phase com-
ponent of the dynamic magnetic susceptibility on a semi-logarithmic scale. At very
low and very high frequencies, x”(w) vanishes, indicating that no energy is dissipated
by the system. Correspondingly, x’(w) tends towards xr at w = 0 and s as w — 0.
The condition wr = 1 marks a characteristic point: x’(w) exhibits a distinct step-like
drop, while x”(w) reaches a clear maximum. These features are often used to extract
the relaxation time 7 from the results of ac susceptibility measurements. Another
way of visualising the magnetic relaxation dynamics is given by the Cole-Cole plot,
which traces the parametric relation of x'(w) and x”(w) at different frequencies (see
Fig.[2.5(b)). Assuch, eq. describes a semicircle centred around the y’-axis. The

top of the semicircle corresponds to the condition w7 = 1, allowing a straightforward
extraction of the relaxation time 7.

In solid state systems, the magnetic relaxation is rarely governed by a single time
constant, but structural disorder or local variations often lead to a distribution of
different relaxation times. To account for this, eq. (2.42)) can be extended to

XT — XS
x(w) = xs +

—_— 2.44
ST1+ (iwT)t—e’ (2.44)

where 0 < o < 1 is a phenomenological parameter characterising the width of the
relaxation time distribution [88]. For a = 0, eq. (2.44)) recovers the Debye equation.
A finite distribution of relaxation times (o > 1) leads to a shift of the semicircle’s
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Figure 2.5. (a) Frequency dependence of the in-phase (y’) and out-of-phase (x”)
component of the dynamic magnetic susceptibility and (b) Cole-Cole plot for a weakly
interacting spin system with only one relaxation time. xt and xs denote the isother-
mal and adiabatic susceptibility, respectively.

center in the Cole-Cole plot and to a broadening of the features in y'(w) and x”"(w),
while retaining the symmetry about w7 = 1. Asymmetric behaviour arises when
different relaxation times originate from distinct relaxation pathways [89,90].

2.9.2 Magnetic Relaxation Processes

As discussed in the previous section, the relaxation time 7 determines how fast a
spin system returns to its magnetic ground state after being excited into a higher-
lying energy state at AE. In general, several relaxation processes can contribute
to the magnetic relaxation along a certain pathway. The most relevant relaxation
processes for metal-organic molecular compounds, as studied in the present thesis,
are schematically displayed in Fig. and listed in the following:

e Direct Relaxation: The spin system can make a direct transition to its mag-
netic ground state by emitting a long-wavelength acoustic phonon into the lat-
tice. Since the density of phonon states at typical energies (~ 1 K) is rather low,
this process is usually slow compared to two-phonon processes at most accessible
temperatures. The relaxation rate of the direct process can be calculated as

7_d_ilrlect = ABnTa (245)

with the system-specific parameter A [53]. The field dependence of Tcﬁrlect is
governed by the exponent n, which assumes n = 2 for non-Kramers systems and
n = 4 for Kramers systems.

¢ Raman Relaxation: Magnetic relaxation may also occur through a two-
phonon process involving a virtual intermediate phonon state. The spin system
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relaxes by virtually absorbing a phonon with energy w; and emitting another
with energy w; + AE. The corresponding relaxation rate is given by

Thaman = CT™, (2.46)

where C' is a system-specific parameter and m is an exponent that depends
strongly on the electronic structure and temperature [53]. While eq. as-
sumes that all phonon modes contribute, two recent independent, theoretical
studies suggest that Raman relaxation in molecular magnets predominantly in-
volves optical phonons [91-93]. In this case, the relaxation rate becomes

e—W/kBT
-1 _ -1
TRaman — 'R

P (2.47)

where 7 ! is the high-temperature relaxation rate and W is the energy gap of
the lowest-lying optical phonon modes at the I'-point.

Orbach Relaxation: This process occurs when a low-lying excited state of
the spin system is thermally accessible. The spin system absorbs a phonon to
reach this excited state and then emits another phonon to return to the ground
state. Because each step conserves energy, the process can be considered as
two sequential one-phonon transitions.ﬁ The energy needed to excite the spin-
system defines an effective energy barrier U.g, such that the Orbach relaxation
rate reads

—1 _ =1 _—Usg/kT
TOrbach — To € (248)

with 7, ! being the high-temperature relaxation rate.

Quantum Tunnelling of the Magnetisation (QTM): As discussed earlier,
the presence of transverse interactions leads to energy eigenstates that are given
by superpositions of different m j-states. As such, the spin system can tunnel
from one magnetic state to the other and magnetic relaxation can occur without
coupling to the lattice. Since no phonons are involved in this relaxation process,
the corresponding relaxation time is independent of temperature. However, the
energy splitting of the magnetic levels strongly depends on the external static
magnetic field. For magnetic fields close to an (avoided) level crossing at By,
the relaxation rate of QTM can be calculated as

T = il

(2.49)

where k; and ky are system-specific parameters. Eq. (2.49)) shows that QTM
can be effectively suppressed by applying a static external magnetic field.

B The Orbach process can also be viewed as a concerted two-phonon resonant Raman process.
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The total magnetic relaxation rate 7! is given by the contributions of the individual
relaxation processes

T = Taireet T TRaman + Torbach + Tqmans (2.50)
which all exhibit distinct temperature dependencies. At the lowest temperatures, only
a few phononic states are excited, and QTM gives an upper limit for the relaxation
time for 7" — 0. In contrast, its exponential temperature dependence renders Orbach
relaxation the dominant process for T' — oo, such that U.s can be determined from
the magnetic relaxation behaviour at high temperatures.

U
Blue: Spin system eff 4 1
Red: Lattice W snagugun:
AE - \/
0 v v A 4 v
Direct Raman Orbach

Figure 2.6. Schematic visualisation of the most relevant spin-phonon relaxation
processes in molecular magnets. Blue and red lines depict the energy levels of the
spin system and of the lattice vibrations, respectively. Black arrows mark transitions
between the energy levels.






Chapter 3

Experimental Methods

3.1 Magnetometry

3.1.1 Experimental Setup

The magnetic moment and susceptibility of the investigated samples were measured
by means of a Magnetic Properties Measurement System (MPMS3) and a Physi-
cal Properties Measurement System (PPMS-14) equipped with the Vibrating Sample
Magnetometer (VSM) option. Both devices are products from Quantum Design and
a detailed description of their working principle can be found in the respective man-
uals [94,95]. The MPMS allows for magnetic measurements at temperatures from
1.8 K to 400 K and in magnetic fields up to 7 T. This temperature range can be fur-
ther extended down to 0.4 K by equipping the MPMS with an iQuantum-3 He option,
which exploits the base cryostat as a precooling stage [96]. The magneto-cryogenic
system of the PPMS can provide magnetic fields up to 14 T in a temperature range
from 1.8 K to 350 K.
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Figure 3.1. Measured (black points) and fitted (yellow line) dipole moment as a
function of position for a paramagnetic sample moving through the coil set of the
MPMS. The vertical red line marks the central position of the sample as extracted
from the fit.
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Direct current (dc) magnetisation measurements are based on two different detection
techniques, depending on the device used. In the MPMS, the sample is gradually
moved through a set of pick-up coils arranged in a second-order gradiometer configu-
ration. As such, the sample’s magnetic dipole moment induces a voltage in the coils,
which is transferred to and read out by a superconducting quantum interference de-
vice (SQUID) [97,98]. This procedure yields a specific voltage-position curve shown
in Fig.[3.1] By fitting the expected magnetic dipole model (yellow line) to this curve,
the magnetic moment of the sample can be extracted with high precision. The con-
version factor from voltage to magnetic moment is device-specific and determined by
measuring a reference sample made from high-purity palladium.

The PPMS employs the so-called vibrating sample magnetometer method, where the
sample oscillates around the centre of a pick-up coil with the frequency f [99]. The
magnetic flux ® generated by the sample will then induce an oscillating voltage in the
coil according to

_dD ddd:
T dt dedt

Here, z is the vertical position of the sample with respect to the centre of the coil,

=21 fCM Asin(27 ft). (3.1)

t is the time, C' is a coupling constant, M is the magnetic moment of the sample,
and A is the amplitude of the oscillation. Therefore, the magnetic moment can be
calculated by measuring the coefficient of the sinusoidal voltage response from the
detection coil. Similar to the MPMS, the coupling constant C' is specific for each
device and is determined by measuring a high-purity palladium reference sample.

Alternating current (ac) susceptibility measurements are performed by applying a
small oscillating magnetic field B,.e™* on the background of a static field By.[T| This
induces a time-dependent magnetic moment of the form M (w)e’@=3() in the sample,
where §(w) is a frequency-dependent phase shift. Similar to the dc magnetisation de-
tection, the MPMS determines the time-dependent moment from the induced voltage
in the pick-up coils as read out by a SQUID [100]. From the measured moment, the
complex magnetic susceptibility

M) os5)) + 129 gin(6(w) = ¥(w@) + i () (3.2)

X(w) =5~ Bac

is calculated. Here x/(w) is the in-phase component and x”(w) is the out-of-phase
component of the dynamic magnetic susceptibility. The MPMS provides excitation
frequencies in the range from 1 Hz to 1000 Hz in its standard operation mode down
to 1.8 K. For enhanced sensitivity, it is possible to measure the time-dependent mag-
netic moment at different positions in the coil setup. As a compromise between time
consumption and experimental precision, all ac susceptibility data shown in this work
were acquired using a three-point measurement. The voltage-to-moment conversion
factor for the ac measurements is determined by measuring a high-purity Dy,0O3 ref-
erence sample.

!The static magnetic field is not necessarily non-zero, but can be chosen to assume By, = 0.
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3.1.2 Sample Preparation
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Figure 3.2. Powder sample preparation for magnetic moment and susceptibility
measurements. (a) Empty polypropylene capsules; (b) filled and sealed powder sample
holder; (c) powder sample holder clicked into a brass holder; (d) cut powder sample
holder glued into a straw.

Unless stated otherwise, magnetic studies were performed on polycrystalline powder
samples. The powder sample holder consists of two polypropylene capsules provided
by Quantum Design as shown in Fig. [3.2(a). For that, the upper side of one of the
capsules serves as a container in which the powder sample is filled. The lower part of
the other capsule is then used as a stamp to press the sample into the container and
seal the sample space (Fig.|3.2[(b)). When measuring strongly anisotropic compounds,
the powder samples were mixed with eicosane (CooHye, CAS-Nr. 112-95-8) and sub-
sequently heated to 50 °C. As such, the eicosane powder melts and flows through the
powder sample. After removing the heat source, the liquid eicosane solidifies again
and fixes the crystallites in their initial random orientation. For samples exhibiting
only a small magnetic anisotropy, the compression via the stamp is sufficient to pre-
vent reorientation of the crystallites in the applied magnetic fields. Therefore, no
additional fixation by means of eicosane is needed, which reduces the diamagnetic
background signal as described in the next section. When measuring in standard
operation mode down to 1.8 K, the prepared powder sample holder was clicked into
a semi-hollow cylinder brass holder from Quantum Design as depicted in Fig. [3.2(c).
Since the brass holder would act as an unwanted heat-bridge in the iQ->He option, the
powder sample holder was cut and glued into a straw by means of Apiezon vacuum
N-grease for measurements down to 0.4 K (Fig. [3.2(d)).
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3.1.3 Data Processing

The used polypropylene capsules, eicosane, straws and brass holders all yield a dia-
magnetic contribution to the measured magnetic moment. To extract the contribution
of the sample, the background signal for each preparation technique was acquired by
performing the same measurement routines on empty powder sample holders. The so-
obtained background was then subtracted from the measured data. Due to the close
proximity of the thermometer and sample in the iQ->He option, such a correction was
not possible for data points below 1.8 K. To account for putative background effects,
the low-temperature data were scaled to the results of the MPMS standard operation
measurements in an overlapping temperature range. As pointed out by eq. , the
magnetic moment of the sample consists of the paramagnetic contribution of the un-
paired electrons and the diamagnetic contribution of all electrons in the compound.
The latter was estimated by means of Pascal’s constants [101] and subtracted from
the measured data. Due to the finite hysteresis of the built-in magnets, the mag-
netic field is corrected by the corresponding magnet’s remanence field. Therefore, the
remanence field is determined from the first zero point of the measured M (B) loops.

3.2 High-frequency/High-field Electron Paramag-
netic Resonance Spectroscopy

3.2.1 Experimental Setup

The tunable high-frequency/high-field EPR (HF-EPR) instrumentation utilised in
this work has been set up in the frame of Ref. [102]; a more detailed description can
be found there. The heart piece of the HF-EPR experiment is a Millimeter Vector
Network Analyser Model-8-350 (MVNA) from AB Millimetre, which is used as a
phase-sensitive microwave spectrometer. Fig. schematically depicts the working
principle of the MVNA. Two Gunn oscillators (GO1/2) generate microwaves with
the tunable base frequency f in the range from 8 to 18 GHz. To avoid large signal
fluctuations, the frequency of the Gunn oscillators is stabilised by an external FEIP
575B source locking frequency counter from Phase Matrixz. Via coaxial cables, the
microwaves generated by GO1 are transmitted to a harmonic generator (HG), where
the frequency is multiplied by the corresponding harmonic number N. After being
guided through the sample, the transmitted microwaves are mixed with the reference
microwave signal generated by GO2 in a harmonic mixer (HM). Depending on the
desired harmonic number, the HG and HM are based on a series of one or more
Schottky diodes, attenuators, amplifiers and filters produced by AB Millimetre. The
reference signal from GO2 is slightly detuned by Af ~ 34 MHz with respect to the
base frequency f, such that mixing yields a signal of the form
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Frequency Counter ‘ PC Lock-In
(8-18 GHz) Amplifier

MVNA
Signal Receiver
GO1 PLL GO2 Acos(NAS + ¢)
f f‘ Af A
HG 7 1AM N-Af

Sample

Figure 3.3. Schematic working principle of the microwave vector network analyser
(MVNA). Red arrows depict the microwave radiation. All abbreviations are described
in the text.

Acos(N ft+ ¢) - cos(N(f — Af)t) = g (cos(N(2f + Af)t+ ¢) + cos(NAft + ¢)).

(3.3)
To reduce the phase noise, a phase-lock loop (PLL) regulates the phase difference
between the two Gunn diodes. The first term in eq. oscillates at a frequency
N(2f + Af), which is in the GHz- or even THz-range. This part is filtered out
by an internal low-pass filter. A signal receiver then reads out the amplitude and
phase of the second, slowly oscillating part and, as such, acquires information about
the transmission and dispersion of the microwaves in the sample. To enhance the
sensitivity, the received signal is modulated with a frequency of fi,,q = 10.448 kHz
and detected by a SR 830 DSP Lock-In Amplifier from Stanford Research Systems.
The digitised amplitude and phase information is subsequently read out by a home-
written NI LabView program.

Precise control of the thermodynamic external parameters is ensured by performing
the measurements inside an evaporation cryostat equipped with a superconducting
magnet as commercially available from Ozford Instruments. Its physical working prin-
ciple shall not be discussed here, but a detailed explanation can be found, for example,
in Ref. |[103]. The full experimental setup is schematically shown in Fig. H Unpo-
larized microwaves (red arrows) coming from the HG are introduced into oversized
circular brass waveguides, i.e., pipes with diameters much larger than the radiation
wavelength, by means of feed horns (not shown). Four gold-plated mirrors then guide
the microwaves first into the cryostat and subsequently back out to the HM. The
prepared sample is placed inside the microwave path such that only the transmitted
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Figure 3.4. Schematic visualisation of the utilised high-frequency /high-field electron
paramagnetic resonance spectroscopy setup. Red arrows depict the microwave radia-
tion. All abbreviations are described in the text.

signal is detected. With this setup, a (quasi-)continuous frequency range from 30 GHz
to 1000 GHz can be accessed. While the upper limit arises from the rapidly decreas-
ing dynamic range at high frequencies, the lower limit is determined by the cut-off
frequency of the centimetre-sized waveguides [104].

The waveguides, including the prepared sample, are placed inside a variable temper-
ature insert (VTI) controlled by a Mercury Intelligent Temperature Controller (ITC)
from Ozxford Instruments, which allows for stable cryostat temperatures between 1.7 K
and 300 K. To avoid errors due to temperature gradients in the sample space, an ad-
ditional LS 340 Temperature Controller from LakeShore regulates the temperature
directly at the sample position by means of a CX-1040 Cernox thermometer and a
separate heater. External magnetic fields are provided by a NbzSn superconducting
coil located in the liquid helium reservoir of the cryostat. The electric current through
the coil is controlled by a Mercury Intelligent Power Supply (IPS) from Ozford In-
struments, which can generate magnetic fields up to £16 T in standard operation
mode. At the sample position, the magnetic field is parallel to the propagation vector
of the microwaves (B || kuy), such that all measurements are performed in Faraday
geometry. The LS 340, ITC and IPS are all controlled by a computer running a
home-written NI LabView program.
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EPR experiments can either be conducted by sweeping the magnetic field at a constant
microwave radiation frequency or by sweeping the microwave frequency while keeping
the magnetic field constant. Since the generated microwave power of the MVNA is
strongly dependent on the frequency, it is technically very challenging to perform
meaningful frequency-swept spectra. Hence, throughout this work, all spectra were
obtained in a field-swept fashion.

3.2.2 Sample Preparation
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Figure 3.5. Sample holders used in HF-EPR measurements. (a) Empty brass ring;
(b) filled brass ring sealed with kapton tape on both sides; (¢) empty screw container
made from PEEK used for air-sensitive samples; (d) empty liquid sample holder made
from teflon.

Unless stated otherwise, all samples measured in the HF-EPR setup were present
as polycrystalline powder. Non-air-sensitive samples were prepared in home-built
brass rings (Fig.|3.5(a)), which were sealed from both sides by microwave-transmittive
Kapton tape (Fig. [3.5(b)). To avoid sticking of the crystallites to the tape, the inner
sites of the ”Kapton windows” were isolated by another inverse layer of Kapton, such
that the two sticking sides face each other. Compounds for which air contact should
be avoided were placed in a home-built PEEK (polyetheretherketone) container and
sealed with a screw cap (Fig. [3.5(c)). To ensure good isolation, the screw thread
was additionally covered by Teflon tape (not shown) before closing the container. All
preparation steps for air-sensitive samples were conducted under an argon atmosphere
inside a glovebox. Liquid samples were filled in a home-built Teflon container, which
was sealed tightly by means of a rubber O-ring and parafilm (Fig. [3.5(d)).

Polycrystalline powder samples were measured in two distinct ways. In a loose powder
measurement, no further preparation step beyond filling and sealing of the respective
sample holder is conducted. As such, the crystallites are free to move within the sam-
ple space and will align their magnetic easy anisotropy axis along the applied magnetic
field. This technique yields pseudo-single-crystal spectra with reduced complexity, as
only one sample orientation has to be considered. Alignment of the crystallites during
the measurements is ensured by the observation of clear reorientation jumps in the
transmitted microwave power at low fields and subsequently restricting the applied
magnetic field to B 2 0.1 T. For fized powder measurements, the sample was mixed
with eicosane and subsequently heated to 50 °C, such that the eicosane powder melts.
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After cooling back to room temperature, the melt solidifies again and, thereby, fixes
the sample crystallites in their initial random orientation. With this method, a powder
average over all sample orientations is obtained. All powder samples were thoroughly
ground before performing the experiments.

The waveguides, including the prepared sample, are slid into a sample rod, which is
fabricated from stainless steel at the top and from copper at the bottom, where the
sample is located. This minimises the heat input to the sample space from external
sources, while still allowing for good thermal conductivity to the cooling stage. After
three consecutive cycles of vacuum-pumping and helium-purging, the sample rod is
filled up to 250 mbar with helium as thermal exchange gas and finally lowered into
the cryostat.

3.2.3 Data Processing

Due to the magnetoresistive effect of the thermometer and/or thermal fluctuations in
the cryostat, the experimental temperature may not be perfectly stable throughout a
measurement. Considering that all integrated parts in the experiment are subject to
thermal expansion, the transmitted microwave power is also not necessarily constant
even when the magnetic field is not varied. Since temperature usually exhibits a sim-
ple drift or oscillations over long timescales, the spectra are corrected by subtracting a
phenomenological polynomial background obtained by fitting the data, while exclud-
ing the observed resonance features. As such, a constant baseline is generated, which
enables the analysis of the spectra.

When performing EPR experiments, the finite penetration depth of microwaves can
yield a phase shift in the spectrometer [104]. This phase shift eventually leads to a
mixing of the amplitude A(B) and phase D(B) signal, such that the actually measured
quantities Apeas(B) and Dyeas(B) are given by superpositions of the pure components.
The so-called phase mixing, thereby, alters the shape of an observed resonance feature,
which complicates the determination of the corresponding resonance field. To recover
the true amplitude signal from the experimental data, a linear combination of the
form

A(B) = (1 — €)™ Y2 (Ameas(B) + €Dpeas(B)) (3.4)

can be calculated |105,{106]. Here, |e|] < 1 is a phenomenological parameter, which
represents the fractional admixture of one signal component to the other. The pre-
factor in eq. ensures conservation of the signal intensities normalised by the
Kramers-Kronig relation [104,107].
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Towards Understanding Prolate 4f Monomers: Numerical Predictions and
Experimental Validation of Electronic Properties and Slow Relaxation in a
Muffin-shaped Er™ Complex
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L Kirchhoff Institute for Physics, Heidelberg University, INF 227, D-69120 Heidelberg, Germany
2 Institute of Nanotechnology, Karlsruhe Institute of Technology (KIT), Kaiserstr. 12, 76131 Karlsruhe, Germany
3 Institute of Inorganic Chemistry, Karlsruhe Institute of Technology, Kaiserstr. 12, 76131 Karlsruhe, Germany

We report the synthesis, crystal structure and magnetic properties of the triply-capped,
slightly distorted trigonal-prismatic complex [Er(PPTMP)2(H20)][OTf]s (PPTMP = (4-(6-(1,10-
phenanthrolin-2-yl)pyridin-2-yl1)-1H-1,2,3-triazol-1-yl)methyl pivalate) (1). Complex 1 is shown to
exhibit field-induced slow relaxation of the magnetisation at B = 0.1 T via two distinct relaxation
paths. Using tunable high-frequency /high-field electron paramagnetic resonance spectroscopy, we
experimentally determine the effective g-factors and zero field splittings of the two energetically
lowest Kramers doublets (KD). Our data reveal that the triply-capped, slightly distorted trigonal-
prismatic ligand field favours an m ~ £9/2 magnetic ground state, while the main contribution
to the first excited KD at Ai_,2 = 780(5) GHz is suggested to be m ~ £5/2. The ground state
g-tensor has generally axial form but hosts significant transversal components, which we conclude
to be the source of SMM-silent behaviour in zero field. Our findings are backed up by ab-initio
spin-orbit configuration interaction calculations showing excellent agreement with the experimental

data.
I. INTRODUCTION

The seminal paper by Sessoli et al. on the magnetic bista-
bility in the famous dodecanuclear Mnjsac-molecule [1]
marked the birth of the ever-increasing research field cen-
tred around so-called single molecule magnets (SMM) [2—
4]. In SMM the combination of large spins and strong
magnetic anisotropy leads to high effective energy barri-
ers (Ue), due to which the magnetic moment relaxes
only slowly and a remanent magnetisation can be re-
tained over long timescales below the blocking temper-
ature Tp [5]. Therefore, such complexes have potential
applications in quantum computing [6], high-density in-
formation storage [7] and novel molecular spintronic de-
vices [8, 9].

On the route to high-performance SMM 3d transition
metal and 4f lanthanide ions have established them-
selves as the most promising building-blocks to realise
high Ueqr and Ty [4, 10]. While the large spin and mag-
netic anisotropy of polynuclear 3d coordination clusters
typically arise from strong ferromagnetic interactions be-
tween the distinct magnetic centres, 4f moments exhibit
good magnetic relaxation properties due to intrinsically
strong spin-orbit coupling and large unquenched orbital
momentum [3, 11, 12]. Hence, almost 10 years after the
discovery of Mnjsac, Ishikawa et al. reported the first sin-
gle ion magnet (SIM) [TbPc;] ™, in which slow magnetic
relaxation occurs for a single terbium(IIl) in a double-
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decker coordination [13]. From there on, a vast amount of
studies have been performed on 4 f-based SIM and record
barriers of Uegr > 1800 K [14] and magnetic hysteresis
above liquid nitrogen temperatures T = 100 K [15] were
achieved in this class of materials. However, despite huge
zero field energy splittings, magnetic relaxation in SIM
is often limited by under-barrier processes due to devi-
ations from a perfectly axial crystal field. The result-
ing transversal magnetic anisotropy leads to a mixing of
the m j-levels, which enables quantum tunnelling of the
magnetisation (QTM) between energetically degenerate
states [16]. Therefore, the choice of a suitable coordina-
tion environment for the central 4f ion is a key step in
the effective design of SIM.

In the literature, most of the reported SIM are based
on the oblate 4f ions (Tb™, Dy Ho'), while those
with predominantly prolate electron distribution (Er™,
Tm! Yb!) rather scarcely exhibit slow relaxation of
the magnetisation [17-24]. This mainly results from the
need for equatorial ligand fields to minimize the Coulomb
interaction with the paramagnetic ion and, hence, to en-
hance the single ion anisotropy, while still retaining a
sufficient axiality [25]. However, this oblate versus pro-
late ion theory was demonstrated to be too simplified
for the complex electronic structure of Er''l, which ren-
ders trivalent erbium-based molecular complexes as in-
teresting systems to investigate magnetic anisotropy in
more detail [17, 26]. Nonetheless, although a wide vari-
ety of Er''l complexes with different relaxation proper-
ties, i.e. SMM, field-induced SMM and completely SMM-
silent, are known, quantitative analysis of the single ion
anisotropy is only rarely performed.

Here, we report the synthesis and magnetic character-
isation of the triply-capped, slightly distorted trigonal-
prismatic complex [Er(PPTMP)y(H20)][OTf]3 (PPTMP
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= (4-(6-(1,10-phenanthrolin-2-yl)pyridin-2-y1)-1H-1,2,3-
triazol-1-yl)methyl pivalate) (1). Our ac susceptibility
data show that 1 exhibits field-induced slow relaxation of
the magnetisation via two distinct relaxation pathways.
We employ tunable high-frequency and high-field elec-
tron paramagnetic resonance (HF-EPR) spectroscopy
which has been proven as a valuable method to study the
magnetic anisotropy in Er''-based molecular complexes
by direct experimental determination of the effective g-
factors and zero field splittings of the low-energy Kramers
doublets (KD) [27, 28]. The spectroscopic data indicate
that SMM-silent behaviour in zero field arises from pro-
nounced transverse components of the effective ground
state g-tensor, while slow relaxation at finite fields occurs
via an excited Kramers doublet at Ay, = 780 GHz.
A direct comparison of our experimental findings with
the numerical results of spin-orbit configuration inter-
action calculations using the CASOCI program [29] al-
lows us to validate and assess ab-initio predictions as
recently done by us for various other mononuclear lan-
thanide complexes [27, 28, 30, 31].

II. EXPERIMENTAL RESULTS
A. Structural Analysis

Reaction of PPTMP with erbium (I1I)-
trifluoromethanesulfonate in THF led, after workup, to
1. Single crystals suitable for X-ray diffraction were
grown from hot methanol (Scheme 1). Compound 1
crystallises in the triclinic space group P1 and contains
two PPTMP-ligands coordinating the Er'' metal center.
Fig. 2 shows the molecular structure of the erbium
complex in the solid-state. The lanthanoid atom has a
coordination number of nine, resulting from the coor-
dination of eight nitrogen atoms from the two PPTMP
ligands and one oxygen atom from a coordinated water
molecule. This leads to a coordination geometry resem-
bling a triply-capped, slightly distorted trigonal prism.
In contrast, the three remaining triflate anions in the
unit cell do not coordinate the lanthanide ion.

In addition, the unit cell contains one non-coordinating

methanol molecule, which interacts with the Er-
3+
1) ErOTh;
THF, 50 °C
=y
2) MeOH 3(0TF)

FIG. 1. Synthesis scheme of complex 1.

coordinated water molecule via a hydrogen bond. Fur-
thermore, two of the three triflate anions also exhibit
hydrogen bonds: one hydrogen bond towards the coor-
dinated water molecule, the other towards the methanol
molecule. The water molecule originates from the non-
dry solvents and the crystallisation was not carried out in
the absence of moisture and oxygen. The bond distances
between the erbium atom and the coordinating nitro-
gen atoms are in the range of 2.473(2) to 2.510(2) A. As
already observed in similar and phenanthroline-pyridine
ligand systems [32-34], the nitrogen atoms N2 and N8
of the phenanthroline unit exhibit the shortest bond dis-
tances to the metal center with 2.473(2) A each. The
N-C bond lengths within the coordinated ligands also
range from 1.327(3) A to 1.373(3) A, which is compara-
ble with similar systems [32-34].

FIG. 2. Molecular structure of [Exr(PPTMP).(H20)][OTf]3
in the solid state. C-H-bound hydrogen atoms are omitted
for clarity.

B. Magnetometry

The static magnetic susceptibility x = M/B of 1 in an
external magnetic field of B = 0.1 T shown in Fig. 3
by its xT'(T)-profile is typical of mononuclear Er' com-
plexes [19, 35, 36]. At 300 K, the measured value of xT' =
10.71 ergK/G?mol is close to xTiee = 11.48 ergK/G2mol
expected for a free Er''! ion. Since a sizeable deple-
tion due to crystal field effects is ruled out by the nu-
merical calculations, as described later, the remaining
discrepancy likely arises from solvent molecules cocrys-
tallising in the packing structure. Upon cooling, xT'
gradually decreases and then rapidly drops below 30 K,
which is attributed to the depopulation of the Stark lev-
els. The isothermal magnetisation at 7' = 1.8 K (in-
set of Fig. 3) is characterised by a steep increase at low
fields followed by a plateau-like behaviour above 1 T. Up
to the highest accessible field of 14 T the magnetisation
gradually increases to M (14 T, 1.8 K) = 5.5 ug/f.u. (for-
mula unit), i.e., does not reach the full saturation value
(Msar = 9us/fu.), thereby confirming the presence of
considerable magnetic anisotropy.
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FIG. 3. Temperature dependence of the xT-product at B =
0.1 T and isothermal magnetisation at 7' = 1.8 K (inset) of 1.
Red lines depict the numerical results of ab-initio CASOCI
calculations as described in the text.

While complex 1 does not exhibit slow magnetic relax-
ation (up to 1 kHz) at B = 0 T, a clear out-of-phase ac
susceptibility signal is found at low temperatures when
a small static external field of Bq. = 0.1 T is applied
(Fig. 4). From the frequency dependence of x” (a), two
maxima can be clearly discerned as confirmed by the ap-
pearance of two distinct lobes in the Cole-Cole plot (b).
Hence, the magnetisation in 1 relaxes via two separate
pathways with differing relaxation rates. To corroborate
our assignment, the ac susceptibility data were fitted by
the sum of two generalised Debye-functions:

_ XT,n — XS,n
Xac(f) = Z (XS,n + W) s 1)

n=1

where xs and xr denote the adiabatic and isothermal
susceptibilities, 7 is the relaxation time, and 0 < a <
1 qualitatively represents the distribution of relaxation
times within the powder sample. As visible in Fig. 4,
the data are well described by the used model. Although
the limited frequency range does not allow for a quan-
titative analysis, both relaxation processes are qualita-
tively found to become faster upon increasing the tem-
perature. The absence of SMM-behaviour in zero field
straightforwardly implies a considerable transversal mag-
netic anisotropy acting on the Er™ moment. Such off-
diagonal elements in the single ion anisotropy tensor lead
to a mixing of the m j-states and, thus, give rise to fast
QTM, which can be effectively quenched by an external
magnetic field [16].

x" (emu/molOe)

100 1000

x" (emu/molOe)

1 2 3

x' (emu/molQe)

FIG. 4. Out-of-phase ac susceptibility (a) and Cole-Cole plot
(b) of 1 at selected temperatures and external static magnetic
field Bac = 0.1 T. Solid lines depict fits to the data using eq. 1
as described in the text.

C. High-field EPR studies

To experimentally probe the low-energy magnetic exci-
tations in 1 and, in particular, to quantitatively deter-
mine the magnetic anisotropy, we performed multifre-
quency HF-EPR studies both on loose and fixed powders
of freshly ground samples. The oriented loose-powder
HF-EPR spectra obtained at T = 2 K (Fig. 5) dis-
play a pronounced Lorentzian-shaped absorption feature
in the entire accessible frequency range up to 900 GHz.
For frequencies higher than ca. 800 GHz, an additional
weak broad resonance feature appears at smaller mag-
netic fields. The extracted resonance field positions at
different frequencies are shown in Fig. 5, too. As visu-
alised by the solid black lines, the pronounced main fea-
ture forms a gapless resonance branch, here labelled as
a, which exhibits linear field dependence at small mag-
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FIG. 5. Resonance frequency versus magnetic field diagram
for a loose powder sample of 1 obtained at T = 2 K. Blue
squares mark the resonance positions as read off the mea-
sured HF-EPR spectra displayed in the background. Solid
black lines depict simulations of the ground state resonance
branches using a S = 1/2 pseudospin model for each KD as
described in the text.

netic fields but begins to deviate from its initial linear
behaviour for B 2 4 T. In agreement with the findings of
the ac susceptibility studies and as further discussed be-
low, the high-field bending of resonance branch « is asso-
ciated with an avoided level crossing and, hence, indicates
the mixing of different m j-levels. Linear extrapolation of
the two data points marking the weak low-field feature
yields a tentative resonance branch § with a zero field
splitting (ZFS) of A ~ 780 GHz. From the slopes of the
observed resonance branches, we read off the effective g-
factors gesr ~ 11.8 and 3.2 for o and f3, respectively.

The effect of temperature on the HF-EPR spectra is
shown in Fig. 6(a) at an exemplary frequency of f =
593.9 GHz. Upon heating, the spectral weight of the
pronounced main feature corresponding to the resonance
branch « gradually decreases until it becomes almost in-
discernible around 50 K. Further, starting from 7" ~ 8 K
an additional absorption peak (y) appears in the spectra,
which first increases in intensity with rising temperature
and then vanishes again for 77 > 50 K. To investigate
the field dependence of 7, HF-EPR spectra at different
frequencies were acquired at T" = 18 K, i.e., where the
resonance feature is most pronounced. As visible in the
spectra and the corresponding frequency-field diagram in
Fig. 6(b), two additional resonance branches (v and 6)
are observed at elevated temperatures. Similar to the be-
haviour of a, v follows a linear field dependence at small
fields and exhibits significant bending at B 2 4 T. As
will be discussed in detail below, this non-linear field de-
pendence further confirms the occurrence of state mixing
in 1. The zero field gaps of v and d, obtained by extrap-
olating the branches to B = 0 T, coincide with that of 3
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FIG. 6. Loose powder HF-EPR spectra (shifted along the or-
dinate) of 1 at selected temperatures and at fixed frequency
f = 593.9 GHz (a), the corresponding frequency-field dia-
gram (b) and simulated energy levels of the two energetically-
lowest KDs (c). Solid black/red lines in (b) depict simulated
ground/excited state transitions corresponding to the arrows
in (c) which follow the same color scheme. Grey lines in
the background of (b) display HF-EPR spectra measured at
T=18 K.

within the error bars of our experiment.

Due to the absence of a zero field excitation gap and
its Curie-like temperature dependence, it is straightfor-
ward to attribute a to a transition within the energet-
ically lowest Kramers doublet (KD1). In contrast, the
observed finite ZFS of branches -6 render them likely
to be associated with transitions between two distinct
KDs. While the occurrence of § at T'= 2 K implies the
magnetic ground state (GS) to be its initial state, the
temperature dependencies of v and § show that the cor-
responding transitions arise from thermally excited states
(ES) a few K above the GS.

The observed resonance branches can be rationalised by
assuming an S = 1/2 pseudospin model for the two
energetically lowest KDs. The best simulations (solid
lines in Fig. 6(b)) are obtained using a zero field split-
ting of Aj_2 = 780(5) GHz and effective g-factors of
gefr,1 = 11.8(2) and gegr2 = 5.4(3) for KD1 and KD2, re-
spectively. As can be seen from the corresponding simu-
lated Zeeman diagram in Fig. 6(c), the upwards branch of
KD1 and the downwards branch of KD2 cross at B ~ 6 T.
While transverse components of the magnetic anisotropy
tensor are effectively neglected in the S = 1/2 pseudospin
model, their presence in the actual complex is clearly
suggested by an avoided-level-crossing behaviour which
qualitatively explains the observed bending of branches
a and 7.
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FIG. 7. Measured (black) and simulated (red) fixed powder
HF-EPR spectra of 1 at T'= 2 K for f = 46.1 GHz (top) and
f =160.1 GHz (bottom).

Due to the alignment of the sample with the external
magnetic field, the loose powder studies provide quanti-
tative information only on the easy anisotropy direction
of the studied complex. To determine also the trans-
verse components of the effective g-tensor, we performed
HF-EPR measurements on a fixed powder of 1. Fig. 7
displays the corresponding spectra obtained at T'= 2 K
for two exemplary frequencies in the V-band range. The
general shape of the low-temperature fixed powder HF-
EPR spectra is given by a broad absorption minimum
superimposed by several sharper (but in comparison to
the loose powder spectra very weak) resonance features.
While the former is a typical characteristic of the mea-
sured powder average, the latter likely arise from clus-
ters of crystallites that remained partially ordered after
the loose powder measurements. The wide distribution
of spectral weight straightforwardly indicates consider-
able transversal components of ge¢ for KD1, i.e., a mix-
ing of states due to off-diagonal crystal field parameters,
which elucidates the absence of SMM behaviour in 1 at
B =0T. The components of g.g can be quantified by fit-
ting the overall shape of the spectra using a S = 1/2 pseu-
dospin model with a strongly anisotropic g-tensor. The
best agreement with the experimental data is achieved
by Gerx = 1.2(3), ety = 2.6(4) and gesr,, = 11.8(3) and
the simulated spectra are shown as red lines in Fig. 7.

D. Quantum Chemical Calculations

Using the workflow described in the methods section, the
influence of the counterions on the magnetic properties
is investigated. Therefore, five model clusters are simu-
lated: The first is the bare molecule with a charge of +3.

ot

with and without CASSCF
with and without H-optimization
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FIG. 8. Calculated Energies of the 8 lowest Kramers Doublets
of the 4115/2—gr0und state of complex 1. Black: Energies
with H-optimization and without intermediate CASSCF step.
Blue: Energies without H-optimisation and without interme-
diate CASSCF step. Red: Energies with H-optimisation and
intermediate CASSCF step.

Secondly, the MeOH hydrogen bound to the coordinat-
ing water is included, which remains in the charge state
+3. Next, the three counterions are added sequentially.
The model complexes, therefore, exhibit a charge of +2,
+1 and 0, respectively. Pictures of the different model
complexes can be found in the SI, figure S10. Further-
more, calculations are carried out with and without a
preliminary optimisation of hydrogen positions. Lastly,
an intermediate CASSCF-step is tested for H-optimised
models. This calculation has not been performed for the
largest model, due to an internal basis set limit. The
resulting splitting of the 1,5 /2-ground state is visualised
in Fig. 8. The exact values, diagonal elements of the
g-tensors for each KD, extended Stevens operator equiv-
alents, and m j-compositions for all calculations are sum-
marised in the Supplemental Material, tables IT-XXXTIII.
As can be seen, neither the optimisation of the hydrogen
positions nor the inclusion of an intermediate CASSCF-
step significantly influence the calculated energy split-
tings. The observed differences between the respective
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models are smaller than 120 GHz for the first excited
KD. Therefore, the optimised calculations without an in-
termediate CASSCF-step are used as the reference. The
influence of including the counterions is only marginally
larger, as the lowest value of Aj_,» ~ 650 GHz is calcu-
lated for the model that includes MeOH and 790 GHz
is found for the full model. The small differences in en-
ergy translate to weak discrepancies in the calculated g.-
values of the ground state KD, which are between 11.8
and 12.8 for all calculated models. A similar difference in
absolute values can be reported for the transversal com-
ponents of the g-tensor, with values ranging from 0.10 to
1.63 for g« and from 0.89 to 2.71 for g,. Thus, the H-
optimisation is shown to notably influence the transver-
sal components of the g-tensor. Not optimising hydrogen
positions and calculating the bare cluster would signifi-
cantly overestimate the axiality of the underlying model
by minimising the transversal components. Considering
the optimised H positions and including also the counte-
rions yields transversal g-tensor components of g, = 1.10
and g, = 1.95, which are in very good agreement with
the experimental results.

FIG. 9. Orientation of the magnetic easy anisotropy axis, as
indicated by the light blue axis. Counterions and methanol
are not shown for simplicity, but included in the calculation.

The molecular magnetic easy anisotropy axis calculated
for the full model is shown in figure 9. It is orthogonal to
the Er-O bond and is oriented through the two PPTMP
ligands. It approximately penetrates the carbon-carbon
bonds between the pyridine and phenanthroline moieties.
Considering the prolate 4f electron distribution of Er'!l,
the main anisotropy axis points in the direction of the
minimal electrostatic field [25]. In 1, the water molecule
exerts the largest electrostatic field. Therefore, the main
axis must be orthogonal to the Er-O bond. In this plane,
the magnetic main axis will go along the minimal crystal
field. This is corroborated by the molecular symmetry
being close to Co, which allows only for anisotropy axes
parallel and perpendicular to the Er-O bond which acts
as the rotational axis. The resulting x7-product and
isothermal magnetisation are depicted in Fig. 3. The
anisotropy axes of models neglecting additional counte-
rions and MeOH are perpendicular to the Er-O bond,
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FIG. 10. Measured (points) and calculated (lines) transition
energies of a loose powder sample of 1 within the lowest two
Kramers doublets for the model including all counterions and
optimised hydrogen positions.

too. However, their axes are oriented almost in parallel
to the position of the water ligand’s hydrogen positions,
as depicted in the Supplementary Material.

For the first excited KD of the full model, a g.-value
of 9.2 is calculated. This value is not directly compara-
ble to the ges,, obtained from the loose powder HF-EPR
data, since in the experiment, the crystallites are oriented
along the main magnetic anisotropy axis of the ground
state. The calculated effective ges ., therefore, is given
by the projection of the real g,-value onto the magnetic
field direction. This leads to geg,, = 7.0 for KD2. In
comparison, the calculated and projected g.-values for
the bare molecules with and without optimising the hy-
drogen positions are 1.8 and 2.7, respectively, which are
far off the experimentally determined values. However,
the calculated and projected g,-value for the full model,
without optimising hydrogen positions, is 5.8, which is
very close to the experimental value. A summary of the
orientations of the main anisotropy axes for the ground
state KD of selected models can be found in the Supple-
mentary Material.

By applying a magnetic field in the direction of the
ground state magnetic easy anisotropy axis for the model
with optimised hydrogen positions and all counterions,
we are able to simulate the underlying Zeeman diagrams
for the loose powder experiment as shown in the Sup-
plementary Material. The transition energies between
the four lowest states are shown in Fig. 10. We pre-
dict an avoided level crossing close to a field of 6 T with
first deviations of the linear behaviour starting at around
4 T. This is in excellent agreement compared to the ex-
perimental measurements. The simulated versus experi-
mentally observed Zeeman-splitting for the unoptimised
model containing all counterions is shown in the Sup-
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plementary Material. Considering that the agreement is
worse compared to Fig. 10, we will rule out the unopti-
mised model.

The mixing of m-states is calculated for the eight
Kramers Doublets. The ground state is mainly a mixture
of the my = £15/2 (~ 31 %) and m; = £9/2 (~ 51 %)
states. In contrast, the first excited state dominantly
consists of the my = £7/2 (~ 56 %) and m; = £5/2 (=
22 %) states. These values are in good agreement with
the experiment but depend on the used model to a cer-
tain extent. For example, using the bare molecule and
no optimisation of H-positions will lead to a ground state
that is a mixture of my = 15/2, 9/2 and 5/2 with 26 %,
33 %, and 20 %, respectively, while the first excited state
is an equal mixture of the m; = 7/2, 3/2 and 1/2 states
with contributions between 24 % and 28 %. In summary,
the comparison of the different models shows that the
methanol as well as the three counterions should be con-
sidered to obtain the correct magnetic axes and g-values,
while the energy differences are already well described by
the bare molecule.

IIT. DISCUSSION AND CONCLUSION

A summary of the effective g-tensors and crystal field
splittings as obtained by HF-EPR measurements and ab-
initio calculations is given in Tab. I. Our experimental
and theoretical results clearly evidence a pronounced uni-
axial behaviour, i.e., geff,z > geff x, Jeff,y, Of the energet-
ically lowest Kramers doublet in 1 and, hence, imply an
Ising-like character of the Er'™" moment in the magnetic
ground state. According to the calculations, the water
ligand is responsible for the largest contribution to the
ligand field. Therefore, the direction of the Ising-axis is
perpendicular to it. However, the observation of sizeable
Jeff,x/y components in the effective g-tensor directly re-
veals a significant deviation from a perfect Ising scenario
due to the presence of a considerable transversal crystal
field. As described above, such off-diagonal elements in
the single-ion anisotropy tensor lead to a mixing of the
m states and, thereby, give rise to avoided level cross-
ings and fast magnetic relaxation via QTM in zero field.
As demonstrated by the ac susceptibility data, the QTM
in 1 can be effectively quenched by shifting the energy
levels of the initial and final state using a small magnetic
field. In this in-field configuration, magnetic relaxation
is dominated by temperature-activated processes, such
as Orbach, Raman or thermally-assisted QTM. While
KD3 is strongly gapped As_3 > 1 THz, the first ex-
cited Kramers doublet KD2 lies approximately 37 K (780
GHz) above the ground state and can easily contribute
to the observed slow magnetic relaxation.

The effective g-factors obtained from the pseudo-single-
crystal loose powder spectra can be used to determine the
effective magnetic quantum numbers meg = gesr,» /291, for
the experimentally accessible Kramers doublets [27, 28].

TABLE I. Experimentally and theoretically obtained effective
g-tensors and zero field splittings of the two lowest KDs in 1.

[HF-EPR][CASOCI

geix | 1.203) T1
KDl gery | 2.6(4) | 2.0
Getn | 11.8(2) | 126
A1, (GHz)| 780(5) | 788
KD2 ger. | 54(3) 7.0
Ass (GHz)| > 1000 | 2495

Assuming that the free ion Landé factor gr, = 1.2 is still a
good approximation for Er''l moments in the present co-
ordination geometry, our analysis yields meg,1 = 4.9(1)
and meg 2 = 2.3(1) for KD1 and KD2, respectively. The
almost integer value of meg 1 for KD1 confirms the occur-
rence of pronounced state mixing, as also evidenced by
the observation of avoided level crossing in the frequency-
field diagram. Furthermore, meg,1 is close to 4.5, which
indicates that the low-symmetry crystal field in 1 sta-
bilises the m; = £9/2 state as the magnetic ground
state. As for KD2, the main contribution to the spin
wavefunction is suggested to be m; = 5/2.

As already evident from the good agreement of the mea-
sured and calculated dc magnetisation, the experimen-
tally determined g-tensor for KD1 is well reproduced by
CASOCI. While CASOCT also gives an accurate predic-
tion of the zero-field gap to the first excited Kramers
doublet, the effective g,-value for KD2 is slightly overes-
timated by this approach. In agreement with the absence
of corresponding transitions in the HF-EPR experiments,
the calculation finds KD3 to be strongly gapped with
Ag_,3 ~ 2.5 THz, i.e., well beyond the experimentally
accessible range.

To sum up, we successfully synthesised and magnet-
ically characterised a triply-capped, slightly distorted
trigonal-prismatic Er''! complex 1 using combined dc
and ac magnetic, HF-EPR and numerical studies. Com-
plex 1 is SMM-silent due to QTM in zero field, but ex-
hibits field-induced slow relaxation of the magnetisation
at B = 0.1 T. The dominance of under-barrier relax-
ation is rationalised by the presence of sizeable transver-
sal components in the overall uniaxial effective g-tensor
of the ground state KD1. When QTM is quenched, slow
magnetic relaxation happens via thermally activated pro-
cesses involving the first excited KD2 at 780 GHz above
the ground state. KD3 is shown to be strongly gapped
and, thus, does not contribute to the relaxation dynam-
ics at low temperatures. In particular, our detailed spec-
troscopic investigations allow for a direct experimental
determination of the effective g-tensors and zero-field
splittings of the two energetically lowest Kramers dou-
blets. The excellent agreement between the measured
data and the results of the CASOCI calculations for g-
tensors and zero-field splitting support the reliability of
both approaches.
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IV. EXPERIMENTAL DETAILS AND
METHODS

Polycrystalline powder samples of 1 have been synthe-
sised as described in the Supplemental Information.

For crystal structure determination a suitable crystal of
1 was covered in mineral oil (Aldrich) and mounted on
a glass fibre. The crystal was transferred directly to the
cold stream of a STOE IPDS 2 (150 K) or STOE Stadi-
Vari (100 or 110 K) diffractometer. All structures were
solved by using the program SHELXS/T [37, 38] and
Olex [39]. The remaining non-hydrogen atoms were lo-
cated from successive difference Fourier map calculations.
The refinements were carried out by using full-matrix
least-squares techniques on F? by using the program
SHELXL [37, 38]. The H-atoms were introduced into
the geometrically calculated positions (SHELXL proce-
dures) unless otherwise stated and refined riding on the
corresponding parent atoms. In each case, the locations
of the largest peaks in the final difference Fourier map
calculations, as well as the magnitude of the residual
electron densities, were of no chemical significance. Sum-
mary of the crystal data, data collection and refinement
for compounds are given in the supplement. Crystal-
lographic data for the structures reported in this pa-
per halve been deposited with the Cambridge Crystal-
lographic Data Centre as a supplementary publication
no. CCDC 2472872. Copies of the data can be ob-
tained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (+(44)1223-336-
033; email: deposit@ccdc.cam.ac.uk).

The direct current (dc) and alternating current (ac) mag-
netisation was studied in the temperature range 7' =
1.8 — 300 K by means of a Magnetic Properties Measure-
ment System (MPMS3, Quantum Design) and a Physical
Properties Measurement System (PPMS, Quantum De-
sign) in magnetic fields up to 7 T and 14 T, respectively.
For all measurements powder samples were pelletised in
polycarbonate capsules to avoid reorientation in exter-
nal magnetic fields. The experimental data were cor-
rected for the contribution of the sample holder and of
the diamagnetic ligand field calculated by means of Pas-
cal’s constants [40]. Simulations of the magnetic data
were performed using the PHI software package [41].
Multifrequency high-field electron paramagnetic reso-
nance studies were performed using a phase-sensitive mil-
limeter vector network analyser (MVNA) by ABmm as a
simultaneous microwave source and detector [30]. Tem-
perature control from 2 K to 300 K was ensured by plac-
ing the sample space in the Variable Temperature Insert
(VTI) of an Oxford magnet system equipped with a 16 T
superconducting coil [42]. Polycrystalline powder sam-
ples were prepared in a brass ring sealed with kapton tape
either as loose powder or fixed by mixing with eicosane.
The former setup allows alignment of the crystallites with
the external magnetic field, hence providing simplified
pseudo-single-crystal spectra (see Refs. [27, 28, 43-46]).

Alignment is ensured by sweeping up the magnetic field
to 16 T prior to each measurement and confirmed by
observation of corresponding orientation effects in the
transmitted microwave intensity signal. Spectral simu-
lations of the HFEPR data were performed using the
EasySpin sofware package [47].

Ab-initio Complete Active Space Spin-orbit Configura-
tion Interaction (CASOCI) calculations [29] are carried
out in the following steps: First, the hydrogen posi-
tions of the experimentally determined structure are op-
timized on a B3-LYP-d4/def2-TZVP [48-50] level of the-
ory in TURBOMOLE [51, 52], by replacing Er to Y.
For each model complex investigated, Y is replaced to
Gd and an unrestricted Kohn Sham calculation is per-
formed using the B3-LYP functional, the all-electron ba-
sis x2¢-TZVPall for Gd, the def2-TZVP basis for the re-
maining atoms and an energy convergence criterium of
10~7 Ej,. Scalar relativistic effects are accounted for us-
ing X2C [53]. The half filled natural orbitals of this calcu-
lation are used as a starting point for a Restricted Open
Shell Hartree Fock (ROHF) calculation on the same com-
pound, now using the second order Douglass Kroll Hess
approach to treat scalar relativstic effects [54, 55]. This
ensures a reliable starting guess for pure f orbitals in the
active space. In a next step, Gd is replaced to Er and the
orbitals of the previous calculation are used as a starting
guess. The Roothaan parameters used are a = 119/121
and b = 126/121 mimicking an average over all quartet
states with eleven electrons in the seven 4f orbitals for
the orbital optimization. In a last step DKH2 is changed
to DKH4 and a density convergence criterium of 1077 is
introduced keeping the energy convergence criterium of
10~7 Ej, for a tight convergence of the calculation. We
have tested the influence of a subsequent state averaged
CASSCEF calculation for optimizing the orbitals explicitly
for the 4 F-ground term. Afterwards the CASOCI calcu-
lations were carried out explicitly introducing spin-orbit
coupling. This is done by diagonalizing the spin-orbit
coupled Full CI matrix in an active space of eleven elec-
trons in the seven 4f orbitals (11,7) active space using
a Davidson algorithm to extract the lowest 100 eigen-
states [29].

Supporting Information: The Supporting Informa-
tion contains additional details about the synthesis;
structure figures and X-ray crystallographic data; NMR,
IR, mass spectroscopy data; it also includes Ref. [56].
Further information about the numerical results (file:
ErIII-SLpdf). In addition, it includes xyz-files on all
model structures used in this manuscript. The difference
between optimized and unoptimized is that in optimized
structures, hydrogen positions were optimized on a DFT
level as described in the text. This was done considering
all counterions and lattice solvent, so on the ”full” struc-
ture. Afterwards, the model was truncated to generate
the other structures (file: ErIII-SI-xyz.zip).
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Chapter 5

The Relevance of Non-Axiality and
Low-Lying Excited States for Slow
Magnetic Relaxation in

Pentagonal-Bipyramidal
Erbium(IIT) Complexes Probed by
High-frequency EPR

The results of this chapter were published as a research article in Chemistry - A Euro-
pean Journal Volume 31, Issue 33 in June 2025 [109]. The corresponding manuscript
is also available under the DOI: https://doi.org/10.1002/chem.202500369. Specific
contributions of each co-author, especially the contribution of J. Arneth, who serves
as the corresponding and first author, are given in the following list:

e J. Arneth performed the HF-EPR measurements on complex (1), analysed the
HF-EPR data for complexes (1) and (2), constructed the plotted figures, and
wrote the presented manuscript draft.

e L. Spillecke performed the HF-EPR measurements on complexes (2) and (3)
and analysed the HF-EPR data for complex (3) as reported in Ref. [110]
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structural analysis and performed the magnetic susceptibility measurements as
reported in Ref. [111].
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The Relevance of Non-Axiality and Low-Lying Excited States for
Slow Magnetic Relaxation in Pentagonal-Bipyramidal
Erbium(lll) Complexes Probed by High-frequency EPR

Jan Arneth,*[?! Lena Spillecke,'?! Changyun Koo,

Eduard B. Yagubskii,'”) and Rudiger Klingeler*!

High-frequency/high-field electron paramagnetic resonance
studies on a series of seven-coordinate pentagonal-
bipyramidal (PBP) erbium(lll) complexes Er(DAPMBH/H,DAPS)X
(H,DAPMBH = 2,6-diacetylpyridine bis-4-methoxy benzoylhy-
drazone, H,DAPS = 2,6-diacetylpyridine bis-(salicylhydrazone))
demonstrate the effects of different apical ligands (X = (H,0)Cl
(1), (CH;OH)N; (2), Cl, (3)) on the local magnetic anisotropy of

1. Introduction

The discovery of magnetic bistability, that is, the ability to retain
magnetization for long times in the absence of an external mag-
netic field, at liquid helium temperatures in the famous dode-
canuclear Mnpac-molecule!™ was followed by an intense search
for further single molecular magnets (SMM) with ever higher
blocking temperatures (T3).>*! Due to their molecular nature,
SMMs exhibit unique advantages over bulk magnetic materials,
and a wide variety of possible applications in high-density data
storage and processing and in quantum computing have been
put forward.!®8! In the early years of molecular magnetism,
research was mainly focused on designing polynuclear 3d coor-
dination clusters with high total spins and large anisotropy
barriers.* Quickly, also the idea of implementing lanthanide
ions for synthesizing SMMs emerged since intrinsically strong
spin-orbit coupling and large unquenched orbital momen-
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the central Er' ions. In particular, we report direct experimental

determination of the effective g-values and zero field splittings
of the energetically low-lying Kramers doublets. Our quantitative
determination of the magnetic anisotropy highlights the rele-
vance of an axial g-tensor for SMM behavior and suggests that
fast magnetic relaxation is mainly driven by a thermally assisted
quantum tunnelling process via low-lying excited states.

tum of 4f moments lead to considerably enhanced single-ion
anisotropy and, hence, large effective energy barriers (Ueg).l>"!
Furthermore, using rare-earth ions opens the possibility of
constructing SMMs with only a single magnetic center, termed
single ion magnets (SIM). However, it was not until about almost
10 years after the discovery of the first SMM that slow magnetic
relaxation was demonstrated in the double-decker [LnPc,]
(Ln Tb, Dy) compounds. From there on, an increasing
amount of effort has been put into the design of lanthanide-
based SIMs, and record values for effective energy barriers of
U = 1815 K and blocking temperatures as high as Tz = 80 K
have been reached in mononuclear dysprosium complexes.['>¢]
In particular, it has become clear that engineering magnetic
anisotropy is one of the most promising ways to design high-
performance lanthanide-based SMMs.!"”®! Placing the magnetic
center in a suitable coordination environment, that is, control-
ling the coordination geometry and the local symmetry around
the 4f moment, results in strong uniaxial magnetic anisotropy
and yields quenching of the quantum tunnelling of magnetiza-
tion (QTM). In this context, mononuclear Dy" complexes have
been shown to exhibit substantial SMM characteristics when
the magnetic ion is coordinated in a pentagonal-bipyramidal
(PBP) crystal field.""*2 The pseudo-Ds, symmetry yields a
large crystal field splitting of the lowest ®His, multiplet and an
almost strict axiality of the crystal field potential, rendering the
m; = 15/2 Kramers doublet (KD) with an Ising-like effective g-
tensor (g = gyy & 0, g,, ~ 20) the magnetic ground state.>2'-24]
Despite the quite active and successful work on PBP
Dy" complexes, research on equally seven-coordinated Er''-
containing compounds, which also exhibit a high total angular
momentum of J = 15/2 in the ground state, is hardly reported
in the literature.”>! Generally, only a few Er'-based SMMs are
known, which arise from the need for equatorial ligand fields to
effectively enhance the magnetic single ion anisotropy (SIA) of
the predominantly prolate electron distribution, and quantitative

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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analysis of the SIA is rarely performed.'?®=3%! Recently, Bazhenova
et al. synthesized and studied a series of pentagonal-bipyramidal
erbium complexes with acyclic chelating N3O, Schiff base lig-
ands in the equatorial plane and varying apical ligands.>" Within
this series, field-induced SMM behavior (Ues = 25 K) is observed
when the central Er'' ion is coordinated by one neutral and one
charged axial ligand, while the complex (EtsNH)[Er(H,DAPS)Cl,]
(H4sDAPS = 2,6-diacetylpyridine bis-(salicylhydrazone)) (3) with
two negatively charged apical chlorine ligands exhibits fast
magnetic relaxation. Numerical crystal field analysis of the dc
magnetization and ab initio calculations suggest that slow
relaxation of the magnetization occurs due to the strong axiality
of the crystal field, as demonstrated by the dominance of a
positive By crystal field parameter. For complex (3), the differ-
ent theoretical approaches yield significantly contrary results
regarding the axiality of the ground state g-tensor and the size
of the zero field splittings to the excited KDs.

To shed light on these discrepancies, we performed high-
frequency/high-field electron paramagnetic resonance (HF-EPR)
spectroscopy measurements on (3) in an earlier study.®! Our
experimental data validate the findings of numerical crystal
field analysis, that is, the presence of energetically low-lying KDs
(A1~ =139 Kand A3 = 22.1 K) and considerable non-axiality
of et (Gettx = 2.6, ety = 32 and gegr, = 12.5). In the present
work we extend this study by reporting HF-EPR spectroscopy
data on the equally pentagonal-bipyramidal coordinated erbium
complexes Er(DAPMBH)X (H,DAPMBH = 2,6-diacetylpyridine bis-
4-methoxy benzoylhydrazone and X = (H,0)Cl (1), (CH;OH)N;
(2)) from the same series, which allows us to elucidate in detail
the effect of variation of the apical ligands on the low-lying
electronic states and, hence, on the electronic and magnetic
properties in this series. In addition, a direct comparison of our
experimental HF-EPR results with numerical studies allows us
to validate numerical calculations and to critically assess the
correctness of ab initio predictions as done recently by us for
various lanthanide complexes.**-3!

2. Experimental Results

The complexes investigated in this work were synthesized and
characterized as reported in Ref. [31], and their molecular struc-
tures are displayed in Figure 1. Analogously to the previously
reported complex (3)2! [Figure 1c], the Er' ijons in both of
the here studied compounds (1) and (2) are surrounded by a
pentadentate ligand plane consisting of two oxygen and three
nitrogen ions in the first coordination sphere. The key difference
between the distinct molecules is, hence, given by the axial
ligands: While the apical coordination sites in (1) and (2) are
occupied by one charged group (CI-, N73) and one neutral
molecule (H,0, CH;0H), (3) hosts a charged chloride ion at both
positions leading to a net negative charge of the complex.

To investigate the magnetic properties and decipher the ori-
gin of different relaxation dynamics, HF-EPR measurements were
performed on Er'"" complexes (1) and (2). The absorption spectra
obtained from oriented loose powder samples of both com-

Chem. Eur. J. 2025, 31, €202500369 (2 of 8)

Figure 1. Molecular structure of the investigated pentagonal-bipyramidal
Er'-complexes (1) (a), (2) (b), and (3) (c). Figures were generated by
VESTAR! using the crystallographic information from Ref. [31].

plexes at T = 2 K are shown in the background of Figure 2a,b.
For comparison, Figure 2c depicts the low-temperature loose
powder HF-EPR spectra of the charged complex (3) with similar
equatorial ligands but two chloride ions in the apical positions
as reported in Ref. [32]. As can be seen, all spectra exhibit distinct
Lorentzian-shaped resonance features in the whole measured
frequency range of 0-900 GHz. The observed homogenous
line broadening arises from the pseudo-single-crystal nature
of the loose powder spectra, in which only a single molecular
direction is probed. While the main absorption peak constitutes
the only feature visible in complex (1) at the lowest temperature,
complexes (2) and (3) exhibit two additional resonance fea-
tures above 800 GHz and 300 GHz, respectively. The extracted
resonance field positions at several fixed frequencies are sum-
marized in Figure 2. As pointed out by the solid black lines, the
resonance features form clear branches, which are labelled as (i)
for (1), @ to y for (2), and R1 to R3 for (3). All observed branches
show a linear field dependence, except for the field region
around 5 T in (2) and the crossing regime of R1 and R2 in (3). The
latter indicates avoided crossing behavior, that is, mixing of dif-
ferent energy states. While the branches (i), « and R1 are gapless
within the resolution of our HF-EPR experiment, extrapolation
of the resonance branches appearing at higher frequencies
in (2) and (3) yields zero-field splittings (ZFS) of 760 GHz and
290 GHz, respectively. The effect of increasing temperature on
the HF-EPR spectra of (1) at an exemplary fixed frequency of
f=593.9 GHz is shown in Figure 3a. As the temperature rises, the
pronounced absorption peak (black square) gradually decreases
in intensity until it is almost indiscernible at T = 60 K. Hence,
the resonance branch (i) is associated with a ground state

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Er(lll)-CI/CI (3)

B(M

B(M

Figure 2. Resonance frequency versus magnetic field diagram for a loose powder sample of complex (1) (a), (2) (b), and (3)*! (c) obtained at T = 2 K. Solid
black lines depict simulated ground state transitions using a S = 1/2 pseudo-spin approximation for each KD (see text). Grey lines show the measured
HF-EPR spectra, which are shifted along the ordinate for better comparison with the corresponding resonance feature.
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Figure 3. Loose powder HF-EPR spectra of complex (1) measured at
selected fixed temperatures at f = 593.9 GHz (a), the corresponding
frequency-field-diagram (b), and simulated energy levels of the two
energetically lowest KDs (c). Solid lines in (b) and (c) depict simulations
using a S = 1/2 pseudospin approximation (see the text). The arrows mark
transitions between the energy levels corresponding to the observed
resonance branches. For the HF-EPR spectra at elevated temperatures
obtained at various frequencies, see Supporting Information (SI).

transition. Additionally, our data reveal another resonance fea-
ture (red circle) evolving at elevated temperatures around T ~
8 K, thereby implying the presence of energetically higher-lying
spin states that are thermally populated. Similar to the ground-
state transition, the resonance frequency of the excited-state
feature also follows a linear branch, labeled as (ii) in the reso-
nance frequency versus magnetic field diagram (Figure 3b), but
exhibits a ZFS of 825 GHz. The resonance branches obtained

Chem. Eur. J. 2025, 31, €202500369 (3 of 8)

on a loose powder sample of (1) at various temperatures and
displayed in Figure 3b provide direct information on the low-
lying excited energy levels. As mentioned above, the Curie-like
temperature dependence and the absence of ZFS in (i) clearly
imply that it is associated with a transition within the lowest
Kramers doublet (KD1). In contrast, a finite resonance frequency
in zero magnetic field, along with its appearance at higher
temperatures, renders (i) a transition between two KDs starting
from an excited energy state. From the slope of the branches
at small magnetic fields, we read off effective g-values ge of
12.0(3) and 9.4(5) for branches (i) and (ii), respectively. Applying
a phenomenological S = 1/2 pseudospin approximation for each
individual KD of the “ls, ground state multiplet (cf. Ref. [32])
yields the energy level diagram shown in Figure 3c. Since the
experimentally accessible energy range does not allow probing
higher-lying KDs, only the two energetically lowest KDs are
shown in Figure 3¢, while further energy states are omitted.
Note here that the construction of this energy level diagram
is solely based on the effective g-values and ZFS observed for
the branches (i) and (ii). Our analysis yields effective g-values of
12.0(3) and 6.8(4) for KD1 and KD2, respectively.

Due to the alignment of the loose powder sample with
the external magnetic field, the obtained spectra correspond
to a measurement along the easy-anisotropy axis, and thus,
only the corresponding component of the g-tensor can be
quantified from these measurements. In order to obtain the
complete g-tensor, and hence to further elucidate magnetic
anisotropy, fixed powder HF-EPR measurements on complex (1)
have been performed. Exemplary fixed powder spectra obtained
at f = 252.3 GHz and f = 168.4 GHz are displayed in Figure 4.
Two resonance features can be identified in the spectra. By com-
paring the fixed powder spectra to the loose powder spectra in
Figure 2a, the feature at lower magnetic fields can be assigned to
the easy axis orientation, here denoted as the z-direction, with
geft, = 12.0(1) (see Figure S3 for a direct comparison of fixed and
loose powder spectra). The g-values corresponding to the other
crystallographic directions (gerrx and gerry) are implied to be con-
siderably smaller. In particular, the almost equal intensity of the
resonance features indicates that only two directions contribute

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH

95LROI SUOLLILIOD SAIES.10 9 el U Aq PULACD 212 DI YO ‘38N JO SO 0§ AIRIG 17T SUIIUO /3|1 UO (SUONIPUCO-PUE-SWLBILICD "3 1M ARIGIPUIUO//'SURY) SUOIIPUOD PUE SWLB | 341 385 *[5202/90/22] U0 ARIGITSUIIUO /511M 698005202 WEUO/Z00T OT/I0P/WC0" AB] 1M AXe:di1pul U0 adone- A uayoy/SAnY oy papeojumod ‘e¢ ‘DE ‘S9LETZST



52

Chemistry—A European Journal

Research Article

doi.org/10.1002/chem.202500369

Chemistry

Europe

European Chemical
Societies Publishing

Data
©
2 L
s} T — Simulation
5|1y \/
S / f=2523 GHz (a)
> | | | | |
a T T T T T
C
i)
£
E -
[s) T
z \\ / Er(lll)-CI/H,0 (1)
/ / f=168.4 GHz ()
0 3 6 9 12 15
B (T)

Figure 4. HF-EPR spectra (black lines) of a fixed powder sample of complex
(1) measured at f = 2523 GHz (a) and f = 168.4 GHz (b) at T = 2 K. Red
lines depict simulated spectra using a S = 1/2 pseudo-spin approximation
with a strongly anisotropic g-tensor as described in the text.
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Figure 5. Temperature dependence of the loose powder HF-EPR spectra of
complex (2) measured at fixed frequencies of f = 495.8 GHz (a) and

f = 863 GHz (b). The symbols mark resonance features appearing at

T = 2 K (black) and at higher temperatures (red).

to the measured spectra while the third g-value component is
most likely too small to yield a corresponding feature in the
accessible field range, that is, gefr, >gefry >gefix- TO quantify the
g-tensor components, the obtained HF-EPR fixed powder spectra
were fit assuming an S = 1/2 pseudospin approximation with a
strongly anisotropic g-tensor (solid red lines in Figure 4). The best
agreement with the experimental data was achieved by using
Geftz = 12.0(1), Getry = 2.6(5), and gesrx <0.5(5), where gefx is fixed
to the highest possible value that still reasonably reproduces the
measured spectra while the other two components are varied.
Continuing the investigation of complex (2), Figure 5 displays
the temperature dependence of the loose powder spectra mea-
sured at frequencies of f = 495.8 GHz (a) and f = 836.0 GHz (b).
Similar to the observation in (1), the spectral weight of all res-
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Figure 6. Frequency versus magnetic field diagram of complex (2) obtained
from loose powder HF-EPR measurements at different temperatures (a) and
simulated energy levels including the two energetically lowest KDs (b).
Solid lines depict simulations using a S = 1/2 pseudospin approximation for
each KD as described in the text. The arrows mark transitions between the
energy levels corresponding to the observed resonance branches. For the
HF-EPR spectra at elevated temperatures obtained at various frequencies,
see Supporting Information (SI).

onances that can be identified at T = 2 K, that is, @, 8, and y,
decreases with rising temperature, which suggests that they are
associated with transitions from the magnetic ground state. Fur-
ther, the appearance of two additional resonance features upon
heating (red triangles), here labeled as § and ¢, implies transi-
tions from excited energy states that are thermally populated.

A summary of all resonance positions observed at differ-
ent temperatures in a loose powder sample of (2) is given in
Figure 6a. In total, we observe five resonance branches, all of
which follow a linear field dependence up to a magnetic field of
approximately 5 T. Above this field, an avoided crossing behav-
ior of branch & confirms the mixing of energy states, as already
implied by the weak right-bending of branch «. The absence
of a finite excitation gap at zero magnetic field allows for the
assignment of resonance branch « to a transition within the
energetically lowest Kramers doublet (KD1). In contrast, branches
B - ¢ are gapped with a ZFS of A = 767 GHz and, hence,
associated with transitions from the lowest to the first excited
KD (KD2). As depicted in Figure 6b, the observed resonance
positions can be rationalized again in a phenomenological pseu-
dospin S = 1/2 approximation for the two lowest-lying KDs,
where the arrows assign the resonance branches to the transi-
tions from the ground state (black) or the first excited state (red).
By fitting the ground state branches a-y, effective g-factors of
gerr = 13.1(1) and 6.2(3) can be calculated for KD1 and KD2, respec-
tively. The consistency of the used model is demonstrated by a
very good agreement with the observed transitions § and ¢ as
indicated by the simulated branches (solid lines) in Figure 6a.

The anisotropic nature of complex (2) can almost directly be
seen from the fixed powder HF-EPR spectra, one of which is
exemplarily shown in Figure 7a. Similar to the findings in com-
plex (3), the fixed powder spectra of (2) exhibit the typical shape
for an XXZ-type g-tensor anisotropy in the case of a randomly
oriented powder sample, and two distinct resonance features
can be identified.?>””! The resonance positions of both observed
features at different measurement frequencies form two clear
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Figure 7. (a) Fixed powder HF-EPR spectrum (black) of complex (2)
measured at f = 724 GHz and T = 2 K and simulation assuming a S = 1/2
pseudospin approximation (red) as described in the text. (b) Frequency
versus magnetic field diagram obtained at T = 2 K including the loose
(closed) and fixed (open) powder resonance features. All lines in (b) are a
guide to the eye. For the HF-EPR spectra at higher frequencies, see
Supporting Information.

resonance branches, as displayed in Figure 7b. By comparison
to Figure 6a, the linear branch appearing at lower magnetic
fields (solid squares) can be straightforwardly assigned to the
resonances arising from the easy axis direction as observed in
the loose powder measurement (see Figure S6 for a direct com-
parison of fixed and loose powder spectra), while the stronger
resonance feature at higher fields (open squares) corresponds to
another crystallographic direction within the molecular complex.
Since the external magnetic field rotates the Er'" moments out of
their zero-field easy-axis orientation, the branch associated with
the transversal molecular direction exhibits slight left-bending to
higher magnetic fields, which complicates the determination of
an effective g-value. In order to at least estimate gefxy, the HF-
EPR spectra obtained at small frequencies, that is, in a regime
where the corresponding branch is in good approximation lin-
ear, were simulated analogous to the procedure used for (1) and
illustrated in Figure 4a. The best fit to the data is depicted as a
red solid line in Figure 7a. From the intensity distribution and the
positions of the resonance features, an XXZ-type g-tensor with
principal values of ger, = 13.1(2), gerry = 1.5(1), and gesrx = 1.5(3)
can be derived.

3. Discussion

Table 1 summarizes the anisotropic g-values and crystal field
splittings of complexes (1)-(3) as experimentally determined by
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Table 2. Effective magnetic quantum numbers m.¢ for the lowest KDs as
obtained from the HF-EPR data assuming g = 1.2 (see text).

Complex (1) Complex (2) Complex (3)
KD1 5.0(1) 5.5(1) 5.2(2)
KD2 2.8(2) 2.6(1) 2.001)

KD3 - - 1.3(1)

simulating the HF-EPR spectra in an effective S = 1/2 pseu-
dospin model for each KD. In addition, we cite the results of
numerical studies based on crystal field (CF) analysis of mag-
netic data and ab initio calculations, respectively, from Ref. [31].
For all three complexes under study, the ground-state g-tensor
shows a pronounced uniaxial behavior (gefz > Gefix: Gery) Which
suggests an Ising-like character in the low-temperature mag-
netic behavior of the Er'' ions. However, the presence of finite
Jefix and gerry values directly implies considerable contributions
from non-axial crystal field parameters as predicted by numer-
ical studies.® For (2), the Ising character is most pronounced
and gefix & Jerry is found within the resolution of the experi-
ment. Concomitantly, (2) features the largest anisotropy barrier
of Uegt = 28 K among the studied complexes.”®" In contrast, the g-
tensors of (1) and (3) exhibit larger transversal components with
Jefix 7 Jefty, Which probably mainly arises from the distorted
equatorial N3O, pentagon (Figure 1).5'32 The presence of non-
axial crystal-field parameters leads to a mixing of the =m states
and, hence, favors a fast QTM in the ground state KD.58!

In order to gain further insights into the crystal field effects
on the spin manifold, we turn back to the pseudo-single-
crystalline loose powder spectra: The large effective g-values
observed in particular for the ground state KDs in all studied
compounds imply that the observed resonance features arise
from strongly forbidden transitions with Am >1. By assuming
that the theoretical free-ion Landé-factor g, = 1.2 for Er' is in
good approximation still valid in the presence of the pentagonal-
bipyramidal ligand coordination, the effective magnetic quan-
tum number of the corresponding KDs can be determined via
Mt = Am/2 = gegs,/2g.. The so-calculated mes are summa-
rized in Table 2. The half-integer mg values found for KD1 and
KD2 in complex (2) directly indicate an almost pure m = 11/2
and m = 5/2 composition of the magnetic ground state and
the first excited state, respectively. While the ground state meg
in (3) is also close to a half-integer value within its error bars,
our analysis implies a clear mixing of states in complex (1). The
observed trend is in qualitative agreement with the finding of (2)
exhibiting the smallest transversal anisotropy (Table 1), which is
directly responsible for the occurrence of state mixing. Further,
it becomes evident that m = 11/2 is the main contribution to
the spin wavefunction in the magnetic ground state of all stud-
ied compounds, which confirms the dominance of a positive By
crystal field parameter as suggested by crystal field analysis.*"

In addition to the important role of the transverse compo-
nents of the anisotropic g-tensor for the magnetic relaxation
mechanisms, one main difference in the electronic structure of
the studied complexes is the presence of particularly low-lying
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excited KDs. While (1) and (3) exhibit comparable non-axiality
of ge, the energy gap between the ground state and the first
excited KD (A;_,,) is almost three times larger in (1). Consider-
ing the predominantly prolate electron distribution of Er', this
observation implies that the additional charge on the apical lig-
and effectively reduces the equatorial nature of the crystal field
acting on the magnetic center. The absence of field-induced
slow magnetic relaxation in (3) but not in (1), hence, indicates
that the dominant relaxation process is thermally activated and
involves excited energy levels. Considering the effective energy
barriers measured for (1) and (2), it seems plausible to attribute
fast magnetic relaxation to thermally assisted QTM (TA-QTM),
which we conclude to be the main driver of the SMM-silent
behavior in (3). In this respect, we also note that the energy gap
between KD1and KD2 in (2) is slightly smaller than in (1), and the
non-axiality of ge¢ is more pronounced in (1). In both complexes,
KD3 is strongly gapped A;_.3 >1 THz and likely does not con-
tribute to TA-QTM. While a comparison of A, implies stronger
effects of thermally assisted QTM in (2) than in (1), the observed
smaller Ugg in (1) highlights the relevance of non-axiality.’*"

For KD1, our experimental results of both the g-tensor and
the energy gap A;_,, are in reasonably good quantitative agree-
ment with the findings of CF analysis of the dc magnetization,'*"
which indicates the validity of the numerical approach for the
ground state KD (see Table 1). Reported ab initio results for KD1
fairly agree with the actual g-values and only yield a rather
qualitative prognosis on the magnetic anisotropy in the com-
plexes under study. In particular, the considerable differences
between the predictions of ab initio calculations and experimen-
tally obtained parameters for the anionic complex (3) highlight
the difficulty of including the effects of the total molecular
charge on the crystal packing in the quantum chemical cal-
culations of pseudo-isolated complexes.'”**"! In contrast to the
observations for KD1, the parameters of the excited states seem
to be better reproduced by ab initio results, while the results
of CF analysis, except for a reasonable agreement of the energy
differences between the KDs, are quite off from the actually
observed values. The observation of CF analysis performing
worse for higher-lying KDs is not unsurprising since the contri-
bution of the excited states to the dc magnetization decreases
with their energy difference to the magnetic ground state.

4. Conclusion

In summary, we have experimentally investigated the influence
of the apical ligand in mononuclear pentagonal-bipyramidal
coordinated erbium complexes using HF-EPR. Our spectroscopic
data enable us to precisely determine effective g-tensors and
crystal field splittings of the two energetically lowest Kramers
doublets and, hence, allow us to assess the validity of recently
reported crystal field analysis and ab initio studies. For all stud-
ied compounds, the anisotropic g-tensor of the ground state
KD was shown to possess high axiality. Yet, substituting the
apical ligands from CH3OH/N; to CI/H,0 and CI/Cl and leaving
the equatorial N3O, Schiff base ligand unchanged introduces
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transversal anisotropy, thereby leading to a mixing of the
m-levels. Furthermore, direct observation of the crystal field
splittings reveals significantly larger energy separation of the
first excited Kramers doublet to the magnetic ground state in the
two neutral complexes (A" , = 825 GHz and A\?, = 767 GHz)
as compared to the charged complex (AP, = 270 GHz). The
experimentally found g-values suggest clear mixing of states in
KD1 and KD2 of complex (1), while half-integer me¢ values found
for KD1 and KD2 in complex (2) indicate almost pure m = 11/2
and m = 5/2 compositions of the magnetic ground state and
first excited state, respectively. Combining our findings, the
absence of field-induced SMM behavior in complex (3), but not
in (1) and (2), as found in ac susceptibility measurements,>" can
likely be explained by a comparably small energy barrier along
with pronounced transversal anisotropy giving rise to relatively
fast relaxation pathways via QTM and/or thermally assisted QTM.

5. Experimental Methods

Continuous wave high-frequency/high-field electron paramag-
netic resonance (HF-EPR) measurements were performed using
a millimeter vector network analyzer (MVNA) from ABmm as a
phase-sensitive microwave source and detector.?> Thoroughly
ground powder samples were prepared inside a brass ring
sealed with Kapton tape and placed into the microwave path of
cylindrical brass waveguides. The data were obtained by simul-
taneously measuring the transmitted microwave amplitude and
phase at frequencies ranging from 80 to 850 GHz in magnetic
fields up to 16 T. All spectra were corrected for phase mixing
and background effects, such as temperature drifts and contribu-
tions from the experimental setup.*®! Temperature control down
to 2 K was achieved in a variable temperature insert (VTI) of
an Oxford magnet system. Powder samples were firstly prepared
inside a brass ring without glue or grease, that is, a loose pow-
der experiment was performed to allow for the alignment of
the crystallites along their effective anisotropy axis in the exter-
nal magnetic field. This technique has proven to strongly reduce
the complexity of the so-obtained pseudo-single-crystal spectra,
especially for 3d metal-containing compounds.*%5! Alignment
was ensured by applying a magnetic field of 16 T prior to
the measurements and restricting the field range to 02-16 T.
To investigate the magnetic anisotropy in all directions of the
molecules, further HF-EPR experiments were carried out on
powder samples, which were fixed in their initial randomly dis-
tributed orientation using n-eicosane (CyoHs, CAS-Nr. 112-95-8).
Spectral simulations were performed using the MATLAB software
package EasySpin.!6]
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1. Additional HF-EPR Data on Complex (1)

__ | 843.0 GHz, 8K '

_ Jr 759.3GHz, 4K ‘ i

_ e \‘f641.6 GHz, 20K |
L ‘ i

‘ 546.4 GHz, 20K

Transm. Intensity (a.u. - offset)

Er(I11)-CIH,0 (1)

| L | L | n | s |

0 1 2 3 4 5 6

Figure S1. Loose powder HF-EPR spectra of complex (1) at selected fixed frequencies for T > 2 K. Arrows mark
the read off resonance positions for the transitions arising from the ground state (black) and from excited states
(red) as described in the main text.
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Figure S2. Fixed powder X-band spectrum of complex (1) at f = 9.639 GHz and T = 2 K and the corresponding
simulation using a S = 1/2 pseudospin approximation with the parameters as described in the main text.
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Figure S3. Comparison of loose and fixed powder HF-EPR spectra obtained at f = 252.3 GHz and T = 2 K for
complex (1). The fixed powder data has been scaled to match the maximum absorption with that of the loose powder
data.

2. Additional HF-EPR Data on Complex (2)
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Figure S4. Loose powder HF-EPR spectra of complex (2) at selected fixed frequencies for T > 2 K. Arrows mark
the read off resonance positions for the transitions arising from the ground state (black) and from excited states
(red) as described in the main text.
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Figure S5. Fixed powder HF-EPR spectra of complex (2) at selected frequencies and T = 2K and simulations using
a S = 1/2 pseudospin approximation with the parameters as described in the main text.
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Figure S6. Comparison of loose and fixed powder HF-EPR spectra obtained at f = 90.8 GHz and T = 2 K for
complex (2). The fixed powder data has been scaled to match the maximum absorption with that of the loose powder
data.
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The Interplay of Single lon Anisotropy and Magnetic 3d-4f

Interactions in V",Ln"

, Butterfly Complexes

Jan Arneth**® Xian-Feng Li*,* Jonas Braun,*®™ <% Sagar Paul,” Michael Schulze,®
Christopher E. Anson,®™ Wolfgang Wernsdorfer, ¢ Annie K. Powell,*® <% and

Rudiger Klingeler*®

Within the framework of 3d-4f molecular magnets, the most
thoroughly investigated architecture is that of butterfly-shaped
coordination clusters as it provides an ideal testbed to study
fundamental magnetic interactions. Here, we report the syn-
thesis and characterisation of a series of isostructural V",Ln",
butterfly complexes, where Ln=Y (1y), Tb (2y,), Dy (3p,), Ho
(44,), Er (5¢), Tm (61,), Yb (7y), which extends the previous
study on isostructural butterflies with Cr", Mn" and Fe". In zero
external field, compounds 2y, 3p, and 4, show clear maxima in
the out-of-phase component of the ac susceptibility whereas
small magnetic fields are needed to suppress quantum
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tunnelling in 6y, Combined high-field electron paramagnetic
resonance spectroscopy and magnetisation measurements
unambiguously reveal an easy-plane anisotropy of the V" ion
and antiferromagnetic Ising-like 3d-4f exchange couplings. The
strength of J;,4 is shown to decrease upon variation of the 4f
ion from Tb to Ho, while increasing antiferromagnetic inter-
action can be observed from Ho to Tm. The exact inverse
chemical trend is found for the relative angle between the 3d
and 4f main anisotropy axes, which highlights the important
role of the lanthanide 4f electron distribution anisotropy for
3d-4f exchange.

Introduction

One approach to enhance the performance of Single Molecule
Magnets (SMMs) such as coordination clusters which exhibit
magnetic hysteresis solely due to magnetisation blocking on
the molecular level," is the idea of designing heterometallic
3d-4f complexes. This emerged as a promising pathway to
higher blocking temperatures (7,).2* In these compounds the
magnetic relaxation of the strongly anisotropic lanthanide
moments, which is typically affected by quantum tunnelling
and spin-phonon based relaxation pathways, can be slowed
down via favourable magnetic interactions with the transition
metal ions.”” Although the combination of high effective
energy barriers (Us) in 4f-based systems and slow magnetic
relaxation of exchange coupled 3d ion systems appears to be a
logical strategy, only a few examples in which the presence of
paramagnetic 3d moments significantly improves the SMM
properties have been reported.®'” Clearly the magnetic
exchange coupling J;,4 is one of the most important parame-
ters influencing the performance of 3d-4f-based magnets.
Hence knowledge on the underlying microscopic mechanisms
is crucial for further advancements. The electronic structure of
4fions is a further complication in the determination of the size
and sign of J;44 and predictions are mostly based on quantum
chemical calculations.®'®'? On the experimental side, high-
frequency/high-field electron paramagnetic resonance (HF-EPR)
spectroscopy has established itself as the main technique to
investigate the magnetic 3d-4f coupling in heterometallic
complexes as it allows to quantify the coupling parameter J;,4
precisely."*'® Other spectroscopic methods, such as inelastic
neutron scattering,"”” magnetic circular dichroism™ and far-
infrared transmission spectroscopy,” give further insights into
the microscopic parameters governing the magnetic behaviour

© 2023 Wiley-VCH GmbH
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of 3d-4f magnets. Among the vast variety of available 3d-4f
architectures, the butterfly-motif provides a useful test-bed
system and many systematic studies have been performed
regarding both their static and dynamic magnetic
properties.” 2% This motif can either have the 3d metal ions in
the central “body” position with the 4f ions at the “wingtips”
(Type 1) or the inverse situation for Type Il. The investigation of
V'"-based butterfly systems has not been reported so far
because of difficulties in obtaining stable V—Ln clusters with
this desired oxidation state.

Here, we report the successful synthesis using Schlenk line
techniques of a series of isostructural V",Ln", Type Il butterfly
complexes, where Ln=Y (1y), Tb (2r,), Dy (3p,), Ho (4y,), Er (5¢,),
Tm (61), Yb (7y,). Using combined high-field EPR and magnet-
isation studies we quantitatively determined the microscopic
spin Hamiltonian parameters, such as 3d-4f coupling and
relative angles between the main anisotropy axes. The depend-
ence of Jyu4 on the 4f ion is discussed and compared to the
experimental findings on other 3d-4f complexes. We show that
two distinct chemical trends can be observed for lanthanide
ions with predominantly oblate and prolate anisotropy shape
and conclude that the 4f electron distribution plays a crucial
role in the dominant 3d-4f charge transfer process. The
importance of 4f charge density anisotropy becomes further
evident from the magnetic relaxation behaviour as studied by
ac susceptibility and low temperature pSQUID measurements.

Experimental Detail and Methods

Single crystal crystallographic data were measured on Stoe
StadiVari diffractometers equipped with Mo- or Cu-microfocus
sources or a Metallet2 liquid Ga source. Structures were solved
using SHELXT®? and refined using SHELX-2019%¢ within the
Olex2 platform.”” The lattice methanols and the methyls of
some ligand t-butyl groups were disordered and refined with
sets of partial occupancy atoms. These were assigned aniso-
tropic thermal parameters except for minor components, and
refined with similarity restraints applied to bond lengths and
rigid-bond restraints applied to the temperature factors.
Crystallographic data are given in Table S1. Full crystallographic
data and details of the structural determinations for the
structures in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publica-
tion nos. CCDC 2406392-2406398. Copies of the data can be
obtained, free of charge, from https://www.ccdc.cam.ac.uk/
structures/.

The direct current (dc) and alternating current (ac) magnet-
isation was studied in the temperature range T=1.8-300 K by
means of a Magnetic Properties Measurement System (MPMS3,
Quantum Design) and a Physical Properties Measurement
System (PPMS, Quantum Design). For all measurements powder
samples were pelletised in polycarbonate capsules to avoid
reorientation in external magnetic fields. The experimental data
were corrected for the diamagnetic contribution of the sample
holder and of the ligands calculated by means of Pascal’s

ChemistryEurope 2025, 3, €202500011 (2 of 10)

constants.” Simulations of the magnetic data were performed
using the PHI software package.””

M(B) measurements over a temperature range of 0.03-5.0 K,
on single crystals of compound 3p,, were conducted using
HUSQUIDs. A single crystal of about 100 um (long arm) length
was placed near an array of pSQUIDs on a chip, within few um
gap between the crystal edge and the uSQUID loop to ensure
optimal coupling. The crystal was thermalized with Apiezon™
grease and cooled to a base temperature of 30 mK in a dilution
refrigerator. A 3D vector magnet allows for the application of
the magnetic field in different directions within the SQUID
plane with an angular accuracy better than 0.1°. Low-temper-
ature M(B) measurements were carried out at varying field
sweep rates (0.001 to 0.128 Ts™') with a time resolution of
~1 ms. The easy axis of the crystal was identified using the
‘transverse field method’.?*="

High-frequency/high-field electron paramagnetic (HF-EPR)
resonance studies were performed using a phase sensitive
millimetre vector network analyser (MVNA) by ABmm as a
simultaneous microwave source and detector.*” Temperature
control from 2 K to 300 K was ensured by placing the sample
space in the Variable Temperature Insert (VTl) of an Oxford
magnet system equipped with a 16 T superconducting coil.®®
Polycrystalline powder samples were prepared in a brass ring
sealed with kapton tape either as loose powder or fixed by
mixing with eicosane. The former setup allows alignment of the
crystallites with the external magnetic field, hence providing
simplified pseudo-single-crystal spectra.'®***” Alignment is
ensured by sweeping up the magnetic field to 16 T prior to
each measurement and confirmed by observation of corre-
sponding orientation jumps in the transmitted microwave
intensity signal. Spectral simulations of the HF-EPR data were
performed using the EasySpin software package.®®

Experimental Results
Structural Analysis

Compounds 1y to 7y, with the formula [V,Ln,(n,-
OMe),('Budea),(piv)g]-2CH;0H (Ln"=Y", Tb", Dy", Ho", Er", Tm"
and Yb") all crystallise isomorphously and thus isostructurally in
the triclinic space group P1 with Z=1 (Table S1); the molecular
structure of 3;, is shown in Figure 1. The centrosymmetric
V,Dy, core corresponds to a Type Il butterfly structure®” with
Dy(1) and Dy(1") occupying the body position and V(1) and V(1’)
are located at the wingtips. The two VDy, triangles are each
bridged by a triply-bridging methoxide ligand, one above and
the other below the V,Dy, plane. The vanadiums are both
chelated by a doubly-deprotonated (‘Budea)’~ ligand with the
two oxygens each bridging to one of the Dy" ions. The
coordination is completed by four syn,syn-pivalates bridging
the V-Dy edges of the core with two further pivalates each
chelating a Dy"

The clusters are isostructural to Cr,Dy, butterflies reported
by Murray etal.” Selected bond lengths and angles are
compared in Table S2, where the expected trends in the Ln—O

ion.

© 2023 Wiley-VCH GmbH
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Figure 1. Molecular structure of the V,Dy, cluster in 3,,. Hydrogen atoms
and minor disorder are omitted for clarity. Primed atoms at 1-x, 1-y, 1-z.

distances given the change in size of the Ln" ions is clear. The

V" oxidation states in the complexes were confirmed by Bond
Valence Sum Analysis,*® with the calculated valences for V(1)
being in the range 2.94-2.97 (see Table S3).

Direct Current (dc) Magnetisation

Variable-temperature static magnetic susceptibility measure-
ments performed at B=0.1 T on polycrystalline powders of 1y-
7y, result in the yT-curves shown in Figure 2. For all the
measured compounds the room temperature (300 K) yT-values
which are summarized in Table 1 are slightly smaller than the
expected free ion values for an uncoupled system of two V"
ions with g=2 and two Ln" ions. Such an observation is not
surprising, since the LS-coupling in V" typically leads to g-
factors smaller than 2.4 |n the case of 1, the magnetic data
imply an average g,,.=1.93, which is in excellent agreement
with the results of our HF-EPR measurements, as discussed later.
However, the influence of spin-orbit coupling in V! can only
partly explain the lower experimentally determined room
temperature T of 23, and 3p,. In these compounds, the too low
value of ¥T might be the result of solvent molecules remaining
in the crystal matrix or from the strongly anisotropic nature of
the Ln moments such that even at 300 K not all m, sub-levels
are equally populated.“®

The yT-product of 1y is almost constant at temperatures
above 10K and rapidly decreases upon cooling below this
value. As will be revealed by the HF-EPR studies, this drop is
mainly attributed to the depopulation of the m, sub-levels, in
addition to a weak antiferromagnetic interaction between the

ChemistryEurope 2025, 3, 202500011 (3 of 10)
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Figure 2. Temperature dependence of the yT-product of 1,-7y, in an external
magpnetic field of B=0.1 T. The red solid line depicts a simulation of 1y using
the parameters obtained from HF-EPR (see text).

Table 1. Experimentally determined and theoretical free ion yT-values (in
ergK/G’mol) of 1y - 7y,

9in Jin AT exp (1.8 K) ATexp (300 K) X Tree ion

1y 0.68 1.86 2.0

2y, 3/2 6 20.7 23.6 25.6
3py 4/3 15/2 26.0 28.0 303
4, 5/4 8 251 294 30.1
5S¢, 6/5 15/2 149 24.8 25.0
611, 7/6 6 135 16.2 16.3
N 87 2 076 7.0 7.14

V" ions. A similar temperature dependence of ¥T is found in 7y,
albeit a weak decrease already begins close to room temper-
ature and the steep drop occurs already at around 25 K. Both
signatures presumably arise from the depopulation of the
strongly split m, sub-levels in the anisotropic Yb" ions. A priori,
antiferromagnetic intramolecular Yb—Yb coupling or intermo-
lecular interaction might also yield such behaviour. However,
for both we estimate an upper limit of dipolar interaction
energy of less than 0.3 K which is way too small to account for
the observed temperature dependence.

In contrast, the yT(T)-profiles for 2;,-6;, all exhibit a
maximum at temperatures in the range 2-10K, superposed
upon the general decrease on cooling. Such behaviour could be
attributed to intramolecular ferromagnetic interactions between
the V" and the Ln" moments. However, the HF-EPR measure-
ments reveal that it can actually be attributed to a parallel
arrangement of the Ln" spins on opposite sides of the butterfly
body mediated by the antiferromagnetic V"-Ln" interactions.
The position of the maximum in xT gives information about the
Jy_1n coupling strength, as discussed below.
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High-Field EPR Studies

HF-EPR measurements on freshly ground powder samples from
the same batch were carried out to determine the microscopic
magnetic parameters. Figure 3 shows representative HF-EPR
spectra of 1, at variable temperature and fixed microwave
frequency of f=395.4 GHz (a) as well as at variable frequency
and fixed temperature of T=2K (b). The spectra exhibit clear
resonances in the accessible field and frequency range. In total
two asymmetric resonance features can be identified as
indicated by the vertical dashed lines in Figure 3(a). Upon
increasing temperature both features become less pronounced,
indicating that the initial state of the corresponding transition is
(at least close to) the magnetic ground state. Moreover, the
corresponding frequency dependence suggests that the low-
field feature is associated with a symmetry-forbidden transition
yielding Am=2, while the high-field feature is related to an
allowed transition with Am=1. The allowed high-field feature
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Figure 3. HF-EPR spectra of a fixed powder sample of 1y at different
temperatures and fixed frequency f=395.4 GHz (a) and at different
frequencies and constant temperature T=2 K (b). Vertical dashed lines
indicate the distinct resonance features. Red solid lines depict simulations
using equation 1 with the parameters described in the main text.
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exhibits its main spectral weight on its high-field side, thereby
directly implying an easy-axis-type g-factor anisotropy."’~*

In order to quantify the qualitatively discussed parameters
we performed spectral simulations using an interacting dimer
Hamiltonian in the form of

2
H, = Z(ﬂstﬁ + D/S\iz.z + E(/S\ix - Eiz,y)) - 15,5, M

i=1

where S,=5,=1, g=(g,, 9., g)) denotes an axial g-tensor, D
and E are the axial and rhombic anisotropy constants and J
represents an isotropic Heisenberg interaction between the V"
moments. Note here that both the g-tensor and the crystal field
parameters are fixed to be equal for both V" sites, since their
local ligand coordination, and hence the surrounding electro-
static potentials, are equivalent under point inversion. The best
simulations of the experimental data were achieved by the
parameters g, =1.91(2), g, =1.98(2), D= +9.3(4) K (6.45 cm™),
|E| =0.25(5) K (0.17 cm™), J=—0.18(6) K (0.12cm™") and are
shown as red solid lines in Figure 3. The spectral simulations
confirm the easy-axis-character of the g-tensor, while simulta-
neously revealing an easy-plane single-ion anisotropy with a
small rhombic distortion. The magnitude of the D and E
parameters is not uncommon for V" compounds reported in
the literature**! In addition, this HF-EPR analysis reveals a
weak antiferromagnetic coupling between the V" moments
which likely arises from a superexchange interaction via the
diffuse empty orbitals of the diamagnetic Y" ion.*” Although D
is the dominant term it is necessary to include the contribution
of the parameters E and J in order to simulate the experimental
data well. The parameter set extracted from HF-EPR also fully
reproduces the observed magnetic data of 1y, as can be seen
by the simulation depicted in Figure 2.

We additionally performed HF-EPR spectroscopy on loose
powder samples of 2;,-7y,, for which 2y, 5¢ and 6., show well-
resolved resonance features in the accessible frequency- and
field-range. The obtained resonance positions for T=2K are
summarised in the magnetic field vs. resonance frequency
diagrams in Figure 4, where distinct resonance features are
marked by different symbols. Compared to the spectra of 1y,
the resonance features in all three compounds are significantly
less pronounced and exhibit strongly frequency-dependent line
shapes. Upon following the main spectral weight clear
resonance branches can be identified.

In 2, a single EPR-transition can be observed at frequencies
ranging from 280 to 500 GHz. Up to at least 8 T its resonance
frequency decreases linearly with magnetic field, corresponding
to an effective g-factor of g.4 ~ 2, close to the g-value found for
the V" ions in 1y. This suggests that the transition detected here
is likely to be associated with an excitation involving the V"
jons in 2y, However, the data also indicate a significant
magnetic coupling to the Tb" moments, since the extrapolated
zero-field excitation gap A ~ 515 GHz of the resonance branch
cannot be explained by the single-ion anisotropy of the V" ions
alone. The low temperature HF-EPR spectra of 5; and 6,
exhibit up to two (5¢,) and four (61,,,) resonance features yielding
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Figure 4. Magnetic field vs. resonance frequency plot of 2y, (a), 5¢, (b) and 64, (C

) obtained from HF-EPR measurements at T=2 K. Red solid lines depict

simulations using equation 2 with the parameters shown in Table 2. Selected HF-EPR spectra are visible in the background and are shifted along the ordinate
to align with the corresponding measurement frequency. The green dashed line in (c) marks the resonance branch which is associated with a transition

between different m; levels of the Tm" ions as described in the text.

strongly curved branches with initial slopes corresponding to
ger # 2. Interestingly, both complexes share a common low-
energy zero-field excitation gap at A ~ 240 GHz, whereas the
high-energy gaps differ significantly from each other. The
temperature dependence of the HF-EPR spectra indicates that
all observed transitions arise from either the ground or low-
lying excited states (see Supplementary Material).

As a result of their large total angular momentum and
complex anisotropy shape of Ln" ions, simulations using full
spin Hamiltonians for these ions in low-symmetry ligand fields
generally exceed the manageable Hilbert and parameter space.
However, in suitable coordination environments an axial charge
distribution can lead to well-isolated ground state doublets,
which allow for a treatment of Ln" moments as Ising-spins at
sufficiently low temperatures."*'%**" |n the frame of this
model the Hamiltonian of 2;,-7y, reads

where $;=5,=1/2, 5: (0, 0, g.,,), o is a scaling factor to account
for renormalization in the pseudospin transformation, and R, ()
denotes a rotation of the local 1y-subsystem parameters (g and

D) by 6 around the global x-axis.

Since the local environment around the V" ions is essentially
identical in all compounds, it is justifiable to fix the parameters
obtained from the HF-EPR studies on 1y in the simulations of
2,-7yp. In addition, it is assumed that the strongly Ising-like
character of the Ln" moments means that in a loose powder
sample the crystallites can be oriented by the applied field such
that the easy-anisotropy axes coincide with that of the
lanthanide moments (here chosen parallel to the z-axis) and,
hence, leads to an alignment of the molecules along the z-axis.
The best simulations of the resonance branches are achieved by
using 2ay.q,=—34.1K and 0=0° for 2, 20y, =—8.6K and
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0=60° for 5g, and 20y;,=-122K and 6=45° for 6,
respectively. A more elaborate overview of the obtained spin
Hamiltonian parameters is given in Table 2. It should be noted
that neither the inclusion of magnetic dipolar coupling between
the Ln" moments nor an additional rotation of the V" ion
subsystem around its local y-axis significantly improved the
simulations.

As can be seen in Figure 4, the experimentally observed
resonance branches are well described by the spin Hamiltonian
in equation 2. Only the low-energy branch at high magnetic
fields in 61, (green squares) cannot be reproduced by our
model. The slope of this branch corresponds to an effective g-
factor of g ~ 1.1, which is close to the Landé-factor of Tm".
Therefore, it seems reasonable that this resonance feature is
associated with a transition between different m, levels of the
Tm" ions that are effectively neglected in the Ising-approxima-
tion used here. Since a and J,, are linearly correlated (see
equation 2), this analysis of the HF-EPR data does not allow for
a determination of the coupling constant J,.,, but only of the
magnetic coupling energy 2ay.,. In order to decouple the two
parameters, we simulated the low-temperature magnetic data
using the parameters obtained from the HF-EPR studies.

Figure 5 shows the isothermal magnetisation of 2, at T=
1.8 K and the corresponding simulations with o =6 and, hence,
Jyu=—2.84 K. The chosen model is in line with the experimen-
tal data up to at least 6 T and reproduces the key characteristics
of the M(B)-profile i.e. a steep increase at small magnetic fields
and an inflection point, indicating a change in the magnetic
ground state, at B ~ 5 T. The discrepancy at higher magnetic

Table 2. Spin Hamiltonian parameters obtained from combined analysis of
HF-EPR and magnetisation data using equation 2.
o Jy-in (K) 9. o)
2y, 6 —2.84(4) 032 0(4)
4, 7 —0.55(11) 0.1 85(16)
g 6 —0.72(7) 032 60(8)
61 6 —1.02(6) 0.15 45(5)
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Figure 5. Isothermal magnetisation loop (0 T —7 T —0T) of 21, at T=1.8 K
and simulations of the down-sweep using the strict Ising model (orange
solid line) in equation 2 and an XXZ model (red dashed line) with the
parameters shown in Table 2 (see the text). The inset depicts the measured
and simulated y7(7) at B=0.1T.

fields is likely associated with finite contributions from the
transverse components of the Ln" moments, i.e. their deviation
from perfect Ising-spins in the fixed powder measurements.
This can be modelled by introducing transversal components of

the effective lanthanide g-tensor, such that g=(g ., g., g.,). As
seen in Figure 5, the experimental data are well simulated using
this extended model with g, =0.32 over the entire magnetic
field range.

Whereas the low-temperature yT-product of 2y, (inset of
Figure 5) can be fitted by the simulations using the same
parameters as used for the M(B) simulation, the Hamiltonian in
equation 2 is not able to describe the yT-product at elevated
temperatures. This is not unsurprising since the population of
higher-lying m, sub-levels means that the Ln" moments no
longer equate to Ising-spins. However, the qualitative behaviour
of yT(7), especially the position of the characteristic maximum
at low and minimum at intermediate temperatures, is in line
with this model.

An analogous analysis of combined HF-EPR and magnet-
isation data on 5g and 6y, (see Figure S2) results in the spin
Hamiltonian parameters given in Table 2. In addition, despite
showing no detectable HF-EPR signal, simulations of the
magnetisation data also allow the determination of the micro-
scopic parameters in 4, albeit with reduced accuracy.

Alternating Current (ac) Susceptibility

In order to probe their magnetic relaxation dynamics, ac
susceptibility measurements with an oscillating field of H,,.=3
Oe were performed on all investigated complexes. Compounds
2y, 3py and 4y, exhibit detectable out-of-phase (y”) signals
without applied dc field. Field-induced slow relaxation of the
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magnetisation with an applied dc field of 0.1 T could be
observed for 6, suggesting that quantum tunnelling is the
dominant relaxation mechanism when no external field is
present. For all other compounds no x” signals could be
observed in the accessible field and frequency range. The
measured frequency dependence of the out-of-phase suscepti-
bilities are shown in Figure 6. Apart from the measurement of
3p, two distinct relaxation processes can clearly be discerned
for all other compounds.

To corroborate this assignment, the data were fitted using a
generalized Double-Debye-model, i.e. the sum of two Debye-
relaxation functions

Yac(f) = ZZ: (xs,n +

n=1

Xtn — Xsn
1T+ (ifrn)"“"> @)

where ys and y; are the adiabatic and isothermal susceptibil-
ities, 7 denotes the relaxation time, and 0 < a <1 qualitatively
represents the distribution of relaxation times in the molecule.
As can be seen from Figure 6 the chosen model describes the
experimental results well. We note that one Debye function is
not sufficient to reproduce the ac susceptibility of 3p,. This
implies the presence of at least two relaxation processes with
similar relaxation times. The nature of the underlying micro-
scopic mechanisms leading to slow magnetic relaxation can be
elucidated by the temperature dependence of t. Qualitatively,
the fast relaxation processes in 2y, 4y, and 6, shift to higher
frequencies with increasing temperature, while the broad
maximum in x"(f) of 3p, is almost temperature independent,
indicative of dominant quantum tunnelling.

The relevance of under-barrier relaxation in 3;, can also be
seen from the pSQUID measurements depicted in Figure 7. At
sub-Kelvin temperatures the single crystal M(B) loops show a
butterfly-shaped hysteresis which indicates fast zero field QTM
and a slow thermal relaxation process in finite external
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Figure 6. Out-of-phase ac susceptibility of 2, (a), 3p, (b), 44, (c) and 6y, (d)
at selected temperatures. Solid lines depict fits of equation 3 to the data as
described in the text. Corresponding in-phase ac susceptibility data and
Cole-Cole plots are shown in the Supplementary Material.
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Figure 7. M(B) measurements on a single crystal of 3, at fixed bath
temperature T=0.03 K and different sweep rates of magnetic field (a), and
fixed sweep rate 9B/0t=8 mT/s and different bath temperatures (b). The
insets show the enlarged version of corresponding figures considering only
a few curves for clarity.

magnetic fields. In agreement with our ac susceptibility data,
even the fastest field scan rate of 9B/0t=128 mT/s yields only a
small remanent magnetisation (Figure 7(a)). However, the
magnetisation loops remain open (Figure 7(a) inset) with a
small coercive field for all sweep rates. SMM behaviour in 3, at
such low temperatures probably arises as a result of small
effective internal fields originating from intramolecular mag-
netic interactions. Upon heating from the lowest temperatures
(Figure 7(b)), the hysteresis region initially shrinks as it is
expected when the contribution of temperature dependent
relaxation processes increases. Interestingly, the inverse effect,
i.e.,, widening of the hysteresis on increasing the temperature,
can be observed in the temperature range 02K < T <09 K.
This is not a rare observation in low temperature M(B) measure-
ments when QTM and thermal relaxation times compete at an
avoided level crossing region.”*** While the overall shape of
the M(B) loops at 30 mK is consistent with a predominantly
ferromagnetic character, a magnetisation plateau appears near
zero field as the bath temperature is increased (cf. M(B,T=1.5K)
in the inset of Figure7(b)). Using the exchange field
approach,*” an antiferromagnetic Dy—Dy coupling of Jy,p, =
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—6(1) mK can be read off the data (for a more detailed analysis
and discussion see the SI).

A more quantitative investigation of the magnetic relaxation
can be provided for both relaxation processes in 2y, and for the
slow process in 4y, from a plot of 7 vs T (cf. Figure 8) using the
relaxation times extracted from the Debye fits. The linearity of
In(z) vs 1/T at high temperatures implies the presence of
Orbach and/or slow Raman relaxation. In contrast, faster
relaxation mechanisms, such as quantum tunnelling or fast
Raman relaxation, dominate at low temperatures. We fit our
data over the whole temperature range using
—W/ks T
1

e
o -1 1 5-Uo/ksT
T =Tgy+ T 5+ 15e ke (4)

(1 + e WkT)

Here, the first term denotes the temperature independent
quantum tunnelling of magnetisation, the second term
describes Raman relaxation involving only energetically low-
lying optical phonons as suggested independently by Gu and
Wu and by Lunghi etal®*® and the third term represents
Orbach relaxation. The resulting fit parameters, summarised in
Table 3, indicate that at low temperatures quantum tunnelling
is the main contribution to the fast relaxation process in 2y,
whereas the slower process is dominated by slow Raman
relaxation. This finding is further corroborated by ac suscepti-
bility measurements under a 0.1 T dc field showing that only
one relaxation process is visible, which is mainly governed by
Orbach and Raman relaxation (see Supplementary Material). At

oq | VaTb (2r) |
® Tslow -
Ttast "
V,Ho, (4y,)
@ " Tsiow

o 001 4
0.001 - E

0.3 0.4 0.5

UT (K™

Figure 8. Temperature dependence of the relaxation times in 2y, and 4y, in
the absence of an external static magnetic field. Solid lines depict fits to the
data using equation 4 as described in the text.

Table 3. Parameters obtained by the fit of the temperature dependence of
the relaxation times in 2y, and 4, using equation 4.

Tamm (5) 75 () W (K) 7o (5) Uo (K)
20 - Thas 2.7%x107° 1.0x10°° 146
215 - Tyom 1.06 07 2.6x10°° 236
Ao - Tyow 0.1 311077 2538
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elevated temperatures magnetic relaxation happens predom-
inantly via Orbach relaxation with effective barriers of U=
14.6 K, 23.6 K (fast and slow process 2y,), and 25.8 K (4,,), for
the three sets of relaxation processes shown in Figure 8. These
values are comparable to the barrier heights observed in other
butterfly-shaped heterometallic 3d-4f complexes.?”

The absence of a " signal in 1y directly indicates that slow
magnetic relaxation in the V,Ln, compounds can only be
observed when paramagnetic Ln" ions are present. Hence, a
number of conclusions can be drawn from the presented ac
susceptibility data: (i) Slow magnetic relaxation in zero field
occurs only in 2y, 3, and 4, implying that the ligand field
around the Ln" ions is more suitable for oblate charge
distributions. (ii) Despite being predominantly prolate, the 4f-
orbitals of Tm" in 6, experience a considerable axial crystal
field anisotropy, such that only small external magnetic fields
are needed to suppress quantum tunnelling. (iii) Sizable
magnetic coupling to the V" moments is not sufficient to slow
down the magnetic relaxation to the Hz or even sub-Hz scale.

Discussion

The discussion of 3d-4f coupling beyond dipole-dipole-inter-
action in the literature was initially based on a model proposed
for a Gd,Cu, complex by Kahn et al.* with similar ideas being
reported by Gatteschi et al.*”~*® In summary, the 3d-4f super-
exchange interaction arises from two distinct exchange mecha-
nisms. The first of these is electron transfer from the occupied
3d orbitals of the transition metal ion into the empty 5d orbitals
of the lanthanide favouring a ferromagnetic spin alignment due
to enhanced Hund’s coupling in the charge transfer state, as
long as the 4f shell is at least half-filled.*” The second is
excitation of the transition metal 3d electrons into the partially
filled lanthanide 4f orbitals leading to either a ferromagnetic or
an antiferromagnetic contribution to J;,4, depending on
whether the corresponding orbitals are orthogonal to each
other or overlap. Taking into account the influence of single ion
anisotropy on the 3d orbitals, this model was further developed
to include also other transition metal ions with S > 1726
Considering the magnitude of J,,, obtained from HF-EPR
(Table 2), it becomes evident that dipolar interactions are
negligible. Hence, the observation of antiferromagnetic inter-
action implies that electron exchange between 3d and 4f
orbitals is the dominant coupling mechanism. This finding can
be rationalised by the predominant n-character of the occupied
V" t,, orbitals, which renders the ferromagnetic c-type 3d-5f
charge transfer rather inefficient®® and favours direct orbital
overlap with the Ln" 4f orbitals.*”

Figure 9(a) summarises the results of our HF-EPR studies by
showing the dependence of J,,, and 0 on the lanthanide ion.
Of the studied complexes 2y, exhibits the largest magnetic
interaction between V" and Ln" moments. This coupling
becomes significantly weaker when Tb" is replaced by Ho" and
subsequently increases for the heavier lanthanides Er'" and Tm".
Interestingly, the relative angle between the vanadium and
lanthanide main anisotropy axes 6 exhibits the inverse trend.

ChemistryEurope 2025, 3, €202500011 (8 of 10)
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Figure 9. (a) Chemical trend of the V"-Ln" coupling constant and of the
relative angle between the main anisotropy axes (see equation 2) as
determined by HF-EPR. (b) Experimentally determined J;,.4 in different
heterometallic complexes as reported in recent HF-EPR studies.

According to Kahn's model“” the ferromagnetic contribution to
Jvin is expected to decrease with increasing atomic number
from Gd" onwards as the amount of unpaired 4f electrons, and
hence Hund’s coupling in the charge transfer state 4f'5d’,
decreases along the series. While this mechanism qualitatively
rationalises the increase of overall antiferromagnetic coupling
from Ho" to Tm", the finding of 2, exhibiting the largest J,,
represents an outlier. The reason for this is (likely) to be the
decreasing orbital overlap between the partially filled 3d and 4f
orbitals due to a rotation of the Ln" easy anisotropy axis (see
Figure 9). A similar mechanism has been found to explain the
dependence of J..gq on the Cr-F-Gd bond angle in Cr"Gd"
complexes, where the 3d-4f orbital overlap is mainly varied by
a rotation of the Cr" anisotropy tensor via changes in the ligand
field.®

In the literature, HF-EPR has established itself as the main
method of choice for quantitative experimental determination
of 3d-4f coupling."*'%%051€162 An gverview of the Jy,, (M=
transition metal) in different heterometallic complexes as
obtained in recent HF-EPR studies is given in Table 4 and
visualised in Figure 9(b). In most of the investigated com-
pounds, namely those with Cu", Ni" and Fe" as the 3d ion,
ferromagnetic 3d-4f interaction is found and rationalised by a
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Table 4. Magnetic 3d-4f coupling in selected heterometallic molecular complexes as reported here and in the literature.

It (K)

Ln = Gd Tb Dy Ho Er Tm Ref.
Vv',Ln, —2.84(4) —0.55(11) —0.72(7) —1.02(6) this work
V¥Ln -3.0 0.06(1) 0.28(1) —0.19 —0.02(1) 13
Cu'Ln, 1.271(7) 0.405(3) —0.126(3) 0.196(13) 61
Cu',Ln 4.3(3) 3.34(14) 1.67(14) 16

Cu'Ln 6.9 >33 1.63(1) 1.09(2) 0.24(1) 13
Ni'Ln, 0.602(8) 0.216(12) 0.031 0.122(3) 14
Fe",Ln, 0.58 0.25(5) 0.18(8) 0.12(8) 15

dominance of the 3d to 5d charge transfer process.*'®¢" In

contrast, the results on V"-based butterfly complexes presented
here evidence antiferromagnetic coupling between the 3d and
4f moments, which has also been observed in dinuclear VV-Ln
molecules.™ As mentioned above, the qualitative differences
probably arise from different spatial distributions of the
contributing 3d orbitals, e.g., 3d,. . for Cu" and 3d,, for V",
that determine the absence or presence of overlap with the Ln"
orbitals.”**" Similarly, the size of Jy., depends on the
coordination geometry and on the influence of other magnetic
orbitals in the corresponding electronic configuration. Whereas
the expected chemical trend of decreasing Jy., for heavier
lanthanide ions is generally confirmed by the experimental
data, the studies are usually restricted to the series Ln"=Ce"-
Ho". Here, we expand this range to include the Ln" ions beyond
Gd" with prolate electron density distribution, i.e. E" and Tm".
In fact, the two regimes observed in Figure 9 can be related to
the 4f anisotropy shape for the later Ln" ions: For the oblate Ln
ions Jy,, weakens with the Ln atomic number, but increases
upon the series when the 4f electron distribution exhibits a
prolate shape. The correlation of 4f anisotropy shape and
magnetic 3d-4f coupling in the V",Ln, butterfly series can be
rationalised by considering changes in the Ln" anisotropy axis.
This leads to variation in orbital overlap as a result of ligand
field effects, as described earlier.

Conclusions

We report the successful synthesis of a series of butterfly-motif
VhLLn", (Ln"=Tb"-Yb", Y") complexes and their magnetic
characterisation via combined magnetic SQUID, uSQUID and
HF-EPR studies. In particular, our analysis allows us to quantify
3d-4f coupling by treating the Ln" moments as essentially Ising
spins. Unlike for other 3d-4f complexes, J,,, does not
monotonically decrease upon increasing Ln atomic number but
is shown to exhibit opposite effects for oblate and prolate Ln 4f
orbital distributions. This trend is rationalised through the
variation in orbital overlap due to a rotation of the Ln"
anisotropy axis. The important role of 4f anisotropy shape is
also confirmed by the ac susceptibility data which show the
absence of slow magnetic relaxation in zero field for prolate Ln"
ions.
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1. Experimental

1.1 Methods

Powder X-ray diffraction measurements were performed on a STOE STADI-P equipped with a Cu-Ka
source with a characteristic wavelength of 1.5405 A. Elemental analysis was performed on an Elementar
Vario MicroCube. IR spectroscopy was performed on a Nicolet iS 50 with ATR attachment.

1.2 Synthesis

LnCls-6H20 salts were produced using hydrochloric acid and the respective Ln oxide. All other reagents
were obtained from commercial sources and used without further purification. All reactions were
performed under the exclusion of oxygen using standard Schlenk techniques. Although the reaction
solution is sensitive to oxidation, crystalline products were air stable.

[V2Ln2(us-OMe)z(‘Budea)z(piv)e]

A solution of N-tert-butyl-diethanolamine (‘Bu-Hzdea) (1 mmol, 161.3 mg) in 5 ml MeCN was added to a
solution of VCIsz (0.5 mmol, 78.7 mg), LnCls-6H20 (0.5 mmol) and pivalic acid (Hpiv) (4 mmol, 296.5 mg)
in 16 ml of a 1:1 mixture of MeOH and MeCN under Schlenk conditions. After 10 minutes of stirring, 1
ml of EtsN was added and the resulting mixture stirred for 24 hours at RT. Subsequently, the solution
was filtered and left undisturbed for crystallisation. The products were obtained as purple crystals
suitable for single crystal X-ray diffraction.

1y was obtained in a yield of 96.5 mg (0.073 mmol = 29% based on Y').

Anal. Calc (found) % for V2Y2CasHoaN2018-2CH3OH: C, 45.11 (44.87); H, 7.72 (7.55); N, 2.10 (2.01).
Selected IR data (cm™): 2960 (m), 2926 (w), 2871 (w), 1560 (m), 1528 (w), 1481 (m), 1411 (m), 1375
(m), 1359 (m), 1226 (m), 1089 (w), 1089 (w), 1026 (w), 896 (w), 600 (w), 495 (w), 459 (w), 427 (w).

2tp was obtained in a yield of 198.6 mg (0.135 mmol = 54% based on Th').

Anal. Calc (found) % for V2Tb2CasHeaN201s-2CH30OH: C, 40.82 (40.73); H, 6.99 (7.03); N, 1.90 (1.87).
Selected IR data (cm™): 2960 (m), 2925 (w), 1563 (m), 1524 (w), 1481 (m), 1458 (w), 1409 (m), 1375
(m), 1359 (m), 1260 (w), 1225 (m), 1086 (m), 1049 (w), 1018 (w), 894 (w), 793 (m), 598 (w), 494 (w),
457 (w), 422 (w).

3py was obtained in a yield of 229.1 mg (0.155 mmol = 62% based on Dy"").

Anal. Calc (found) % for V2Dy2CasHoaN201s-:2CH3OH: C, 40.63 (40.59); H, 6.95 (6.70); N, 1.90 (1.83).
Selected IR data (cm™2): 2960 (w), 2925 (w), 2870 (w), 1561 (m), 1527 (w), 1482 (m), 1409 (m), 1375
(w), 1359 (w), 1226 (w), 1088 (w), 1019 (w), 895 (w), 895 (w), 753 (w), 598 (w).

44, was obtained in a yield of 167.6 mg (0.113 mmol = 45% based on Ho'").

Anal. Calc (found) % for V2H02C8H94N201s-2CH3OH: C, 40.49 (40.38); H, 6.93 (6.87); N, 1.89 (1.82).
Selected IR data (cm™): 2956 (m), 2926 (w), 2867 (w), 1591 (m), 1569 (s), 1533 (w), 1481 (m), 1428
(m), 1407 (s), 1374 (m), 1358 (M), 1225 (m), 1097 (m), 1082 (w), 1021 (m), 909 (w), 896 (W), 794 (W),
601 (W), 580 (W), 497 (W), 462 (W), 427 (W).

5gr was obtained in a yield of 160.7 mg (0.108 mmol = 43% based on Er').

Anal. Calc (found) % for V2Er2CasHo4N201s:2CHsOH: C, 40.37 (40.31); H, 6.91 (6.84); N, 1.88 (1.84).
Selected IR data (cm™): 2962 (m), 2928 (w), 2871 (w), 1591 (m), 1571 (s), 1531 (w), 1481 (m), 1429
(m), 1409 (s), 1374 (m), 1359 (m), 1229 (m), 1099 (m), 1084 (w), 1027 (m), 909 (w), 899 (w), 798 (w),
601 (w), 585 (w), 497 (w), 466 (w), 427 (w).
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6tm Was obtained in a yield of 183.4 mg (0.123 mmol = 49% based on Tm'!).
Anal. Calc (found) % for V2Tm2CasHeaN201s-2CH3OH: C, 40.24 (40.15); H, 6.89 (6.74); N, 1.88 (1.74).
Selected IR data (cm™): 2959 (w), 2926 (w), 1562 (m), 1530 (w), 1481 (m), 1410 (m), 1375 (w), 1359
(w), 1226 (w), 1090 (w), 896 (w), 601 (w).

7vp Was obtained in a yield of 119.9 mg (0.08 mg = 32% based on Yb').
Anal. Calc (found) % for V2Yb2CasH9aN201s-2CH3OH: C, 40.05 (39.41); H, 6.85 (6.75); N, 1.87 (1.76).
Selected IR data (cm™): 2961 (w), 2927 (w), 1563 (m), 1532 (w), 1482 (m), 1410 (m), 1375 (w), 1359
(w), 1225 (w), 1091 (w), 1020 (w), 603 (w).

Despite considerable efforts, it was unfortunately not possible to obtain the corresponding Gd"'-
analogue in a pure form.

1.3 Crystallography

Table S1. Crystallographic data for compounds 1y to 7vb.

Compound 1y 21 3oy 4ho
Formula CsoH102N2020V2Y2 | CsoH102N2020Th2V2 | CsoH102DY2N2020V2 | CsoH102H02N2020V2
FW /g mol? 1331.03 1471.05 1478.21 1483.07
Crystal System | Triclinic Triclinic Triclinic Triclinic
Space Group P1 P1 P1 P1

alk 9.7025(3) 9.7942(5) 9.7345(3) 9.8522(4)
b/A 13.5515(4) 13.5453(7) 13.6421(4) 13.4007(6)
c/A 14.4081(5) 14.4123(8) 14.4772(4) 14.3546(6)
al® 115.388(3) 115.277(4) 115.179(2) 115.041(3)
B/° 97.040(3) 96.802(4) 97.400(2) 96.839(3)
R 104.724(3) 105.723(4) 104.700(2) 106.296(3)
u/A3 1596.10(10) 1602.91(16) 1620.21(9) 1585.22(12)
Z 1 1 1 1

T/K 180(2) 150(2) 180(2) 150(2)
F(000) 700 752 754 756

D¢/ Mg m-3 1.385 1.524 1.515 1.554

A A 1.54178 1.34143 0.71073 1.34143
p/ mm-1 5.300 13.293 2.625 13.056
Data Measured | 13782 18150 21279 17314
Unique Data 5950 7556 10816 7483

Rint 0.0221 0.0358 0.0838 0.0407
Data with | 2 5816 7079 9654 7080

20(1)

WR; (all data) 0.1104 0.1348 0.1459 0.1416

S (all data) 1.058 1.032 1.033 1.060

Ry [12 20(1)] 0.0393 0.0497 0.0528 0.0508
Param./Restr. 425 /85 397 /35 403/ 42 395/43
Biggest diff. +1.01/-1.20 +2.04/-2.83 +3.49/-3.02 +2.67/-2.13
peak

and hole / eA3

CCDC number 2406392 2406393 2406394 2406395
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Table S1 (continued). Crystallographic data for compounds 1y to 7vb.

Compound Ser 61m Tvb
Formula CsoH102Er2N2020V2 | CsoH102N2020TmM2V2 | CsoH102N2020V2Y b2
FW /g mol? 1487.73 1491.07 1499.29
Crystal System Triclinic Triclinic Triclinic
Space Group P1 P1 P1

alA 9.7136(2) 9.6975(3) 9.7042(4)
b/A 13.5673(3) 13.5481(4) 13.5421(7)
cl/A 14.3884(4) 14.3920(4) 14.3843(8)
al® 115.124(2) 115.060(2) 115.042(4)
B/° 97.487(2) 97.580(2) 97.730(4)
v/° 104.676(2) 104.511(2) 104.460(4)
u/As3 1598.37(7) 1595.96(9) 1595.00(16)
Z 1 1 1

T/K 180(2) 180(2) 180(2)
F(000) 758 760 762

D¢/ Mg m3 1.546 1.551 1.561

A A 1.34143 1.34143 1.34143

M/ mm-1 10.460 10.966 11.498
Data Measured 18607 18954 15961
Unique Data 7538 7489 6814

Rint 0.0203 0.0179 0.0429
Data with | = 7043 6987 5872

200(1)

wR: (all data) 0.0836 0.0645 0.1604

S (all data) 1.042 1.029 1.106

Ry [I =2 20(1)] 0.0305 0.0246 0.0560
Param./Restr. 437 /160 436 /124 414/ 37
Biggest diff. peak | +0.68/-0.68 +0.66 /-0.93 +1.86/-1.96
and hole / eA

CCDC number 2406396 2406397 2406398
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Table S2. Selected bond lengths (A) and angles (°) for 1y to 7vo.

1y 21 3oy 4o Ser Bm %)
Ln1-01 2.4345(16) | 2.461(3) | 2.461(2) | 2.449(3) | 2.4345(17) | 2.4250(15) | 2.418(4)
Ln1-01 24571(16) | 2.472(3) | 2.465(2) | 2.450(3) | 2.4476(17) | 2.4373(15) | 2.432(4)
Ln1-02 2.2784(16) | 2.301(3) | 2.287(2) | 2.280(3) | 2.2620(17) | 2.2517(15) | 2.240(4)
Ln1-03 2.2661(16) | 2.289(3) | 2.273(2) | 2.271(3) | 2.2556(17) | 2.2427(15) | 2.231(4)
Ln1-05 2.3444(18) | 2.367(3) | 2.353(3) | 2.349(3) | 2.3318(19) | 2.3209(17) | 2.314(4)
Ln1-07’ 2.3704(18) | 2.398(3) | 2.391(3) | 2.387(3) | 2.364(2) | 2.3535(18) | 2.349(4)
Ln1-08 2.3680(19) | 2.412(4) | 2.390(3) | 2.384(4) | 2.373(2) | 2.3613(18) | 2.353(4)
Ln1-09 23687(18) | 2.384(3) | 2.386(3) | 2.350(4) | 2.363(2) | 2.3566(17) | 2.343(4)
V1-01 2.0516(17) | 2.057(3) | 2.050(2) | 2.052(3) | 2.0515(17) | 2.0480(15) | 2.049(4)
V1-02 1.9266(16) | 1.931(3) | 1.933(2) | 1.931(3) | 1.9328(18) | 1.9298(16) | 1.929(4)
V1-03 1.9262(16) | 1.931(3) | 1.936(2) | 1.923(3) | 1.9284(18) | 1.9268(16) | 1.925(4)
V1-04 2.0258(17) | 2.018(3) | 2.024(2) | 2.016(3) | 2.0243(19) | 2.0235(17) | 2.031(4)
V1-06 20111(17) | 2.018(3) | 2.014(3) | 2.022(3) | 2.0156(19) | 2.0153(17) | 2.008(4)
VI-NL 2226(2) | 2.236(8) | 2.228(3) | 2.225(d) |2225(2) | 2.2231(19) | 2.220(5)
Ln1--Ln1’ | 4.1285(4) | 4.1551(5) | 4.1496(3) | 4.1289(5) | 4.1187(3) | 4.1022(3) | 4.0916(6)
Ln1--V1 3.3326(5) | 3.3567(7) | 3.3427(5) | 3.3292(7) | 3.3164(4) | 3.3086(4) | 3.2963(9)
L1 VA 3.3265(4) | 3.3556(7) | 3.3428(5) | 3.3272(8) | 3.3175(4) | 3.3080(4) | 3.2984(9)
Ln1-O1-Ln1’ | 115.13(6) | 114.77(11) | 114.78(8) | 114.89(12) | 115.05(7) | 115.06(6) | 115.02(14)
V1-OLl-Lnl |9558(6) | 9555(11) | 95.19(8) | 94.99(12) | 94.96(6) | 95.04(6) | 94.74(14)
V1-OL-Ln1® | 94.66(6) | 9518(11) | 95.08(8) | 94.89(12) | 94.61(6) | 94.64(5) | 94.41(13)
V1-02-Lnl | 104.54(7) | 104.63(13) | 104.46(10) | 104.19(13) | 104.21(7) | 104.34(6) | 104.27(16)
V1-03-Ln1' | 104.73(7) | 105.02(12) | 104.89(10) | 104.66(14) | 104.65(7) | 104.75(6) | 104.80(16)
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Figure S1. Experimental powder X-ray diffraction patterns and simulations using the single crystal structures and
Mercury 2020.3.0.53 for compounds 1y — 7vb.
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2. Bond Valence Sum (BVS) Analysis

Table S3. V' valences calculated from Bond Valence Sum Analysis® for V(1) in compounds 1y-7vb.

Compound Calculated valence for V(1)

1y 2.94

21 2.97

3py 2.95

4Ho 2.97

5Er 2.96
67m 2.97

Tvb 2.97
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3. Additional Magnetic Data

V,Yb,

M (ug/f.u.)

V,Y,

0: L 1 L 1 L 1
0 4 8 12

Figure S2. Isothermal magnetisation of 1y — 7vy at a constant temperature of T = 1.8 K. The red solid line depicts
a simulation of 1y using the parameters obtained from HF-EPR (see the main text).

Analysis of the magnetisation plateau in the microSQUID data:

While the overall shape of the M(B) loops at 30 mK exhibits a predominantly ferromagnetic character, a
magnetisation plateau appears near zero field as the bath temperature is increased (cf. inset of Fig.
7(b)). Such a temperature-induced transition indicates the presence of antiferromagnetic excited states
several Kelvin above the ground state and can be rationalised with the help of the simulated Zeeman
diagrams for 440, 5er and 6tm presented in Figure S6. From the general trend it becomes evident that
the antiferromagnetic state exhibits a small energy shift in zero field from an adjacent ferromagnetic
state which leads to a level crossing at B < 0.5 T. As the spin temperature rises above 1 K, thermal
population of the excited states via under-barrier temperature-dependent processes allows for the
detection of the corresponding exchange field Bex = 0.05(1) T. Such a small exchange field can likely be

attributed to the weak dipolar Dy-Dy coupling Joy-oy. Assuming an Ising-like character of the Dy
moments, Joy-py can be estimated using the exchange field approach Jp,_p, = —ugg; % with gs = 4/3
]

and my = 15/2, yielding Joy-py = -6(1) mK.[53l
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Figure S3. Isothermal magnetisation of 41o (a), 5er (@) and 6mm () at T = 1.8 K and simulations using the strict Ising
model (orange solid line) in equation 2 and an almost-Ising model (red dashed line) with the parameters shown in
Table 2 (see the main text).
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Figure S5. In-phase susceptibility (a), out-of-phase susceptibility (b), Cole-Cole plot (c) and Arrhenius plot of the
obtained relaxation times at Hext = 0.1 T of 21». Solid lines in (a), (b) and (c) depict fits of equation S1 to the data.
The solid line in (d) depicts a fit of equation 4 (see the main text) with the parameters shown in the plot.

XT—X
Xae(F) = (xsn + T2250) (s1)
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4. Additional HF-EPR Data
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Figure S6. Loose powder HF-EPR spectra of 21 (&), 5er (b) and 6m (C) at fixed frequencies and variable
temperatures.
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Chapter 7

Anisotropic Spin Chains in a
Re!V-based Metal-organic
Compound

The preceding chapters presented the magnetic investigation of metal-organic molec-
ular complexes based on 3d transition metal and 4f lanthanide ions, both of which
have their own advantages and disadvantages over the other. Owing to intrinsically
strong spin-orbit coupling in the 4f orbitals, lanthanide-based complexes typically
exhibit large single-ion anisotropies, but their complex coordination chemistry often
leads to ligand fields with low symmetry and, thus, to fast quantum tunnelling ef-
fects. Moreover, the localised nature of the 4f electrons limits the orbital overlap
with neighbouring ions, such that magnetic exchange coupling involving lanthanide
ions is generally weak. In contrast, the orbital contribution to the magnetic anisotropy
in the 3d orbitals is suppressed by the surrounding ligand field, and the good relaxation
properties of transition metal clusters usually arise from strong magnetic interactions
between the metal centres.

A compromise between these effects is found in the 5d transition metal ions. In
comparison to their lighter 3d and 4d counterparts, the 5d orbitals are more spa-
tially extended and exhibit a larger spin-orbit coupling [38}|113]. This leads to strong
anisotropic magnetic interactions, while still maintaining a sizeable single-ion aniso-
tropy [114]. The chemical properties of 5d transition metal ions also allow for the
construction of high-symmetry ligand fields [115,/116]. Yet, possible exchange paths
to neighbouring ions are typically longer and involve more intermediate ions than in
3d-based compounds. Among the 5d transition metal ions, Re' has attracted the
most attention for possible SMM applications. In an octahedral coordination, the
orbitally non-degenerate *A,, electronic ground term with three unpaired electrons
S = 3/2 yields large magnetic anisotropies [115-118] and eventually leads to single-
ion magnet behaviour [36]. To explain the good relaxation properties, the nature of
single-ion anisotropy in Re!V was theoretically studied in great detail and the Re!V-
ligand covalency was found to drastically reduce the influence of quantum tunnelling
processes |119}120]. Similar to the idea of 3d-4f architectures, the combination of 3d

89
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and 5d transition metal ions into heterometallic clusters [121] introduced a new class
of single-molecule [122] and single-chain magnets [35]. The key characteristic in this
class of materials is given by the anisotropic magnetic 3d-5d coupling, which has been
discussed recently in more detail [114{123], but an elusive treatment remains missing.
Unfortunately, the same holds for the magnetic interaction in supramolecular clusters
based on 5d transition metal ions, as, for example, reported in Re'v salts [124].

In this chapter, a Re!V-based metal-organic compound is investigated using dc mag-
netisation measurements. Originally intended to serve as a reference sample for inves-
tigations on novel 4 f-5d complexes, the studied sample exhibits intriguing magnetic
properties that can not be explained by considering isolated molecules. The magnetic
data clearly show the relevance of intermolecular Re-Re exchange interaction, which
is studied by means of numerical calculations.

7.1 Molecular Structure

The studied sample was synthesised by Dr. Sukhen Bala and structurally characterised
by Dr. Christopher E. Anson in the group of Prof. Dr. Annie K. Powell from the Karl-
sruhe Institute of Technology (KIT). Chemical reaction of [BuyN][Re" Brs(Hpyzc)]
with Y(OTf)3 and bipyridine in MeOH and MeCN at room temperature results in
deep orange needle-shaped crystals suitable for single crystal X-ray diffraction. The
compound was identified as the complex [(Re!Y Brs(ua-pyzc))2 (Y™ (bpy)2(OMe))s] (1)
crystallizing in the monoclinic space group C2/c. Fig. [T.1a) depicts the molecular
structure of (1). The central, dimeric Y unit is bridged by the carboxylate groups
of two Re!VBrs(pyzc)?~ metalloligands and two methoxides. Two bpy ligands each
complete the coordination spheres of the non-magnetic Y ions, such that the coor-
dination geometry is best described as a square antiprism. As a part of the utilised
metaloligand, the magnetic Re!V ions are coordinated by five bromide ions forming an
almost perfect square pyramid and one nitrogen ion, which is located on the middle
axis below the base of this pyramid. Due to this coordination geometry, the local lig-
and field acting on the Re'Y ions is expected to exhibit a symmetry close to Cy,. The
two distinct Re!Y positions within the molecular structure are related by an inversion
symmetry.

Fig. [7.1]b) shows the crystal packing of complex (1) in the solid state. The crystal-
lographic unit cell contains two molecular orientations, which are tilted by an angle
of approximately 68° with respect to each other. As visualised in Fig. (C) by only
considering the Re-Br-subsystem, the Re!Y ions form quasi-linear chains with alter-
nating local Brs orientations along the c-axis of the crystal. These chains assume a
non-regular hexagonal structure in the ab-plane (Fig. [7.1](d)), where the closest in-
terchain distance occurs between neighbouring chains along the a-axis. In contrast
to the Re-Br bonds within a ReBrs unit, the Br-Br bonds connecting two of those
units are not of ionic origin, but arise from short contact (type 1) halogen-halogen
interaction |127].
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Figure 7.1. (a) Molecular structure and (b) crystal packing of complex (1) as
obtained from single crystal X-ray diffraction [125]. Gold: Re(IV); Turquoise: Y (III);
Purple: Br; Light blue: N; Brown: C; Red: O; White: H. (c¢) and (d) show the chain-
like structure of the Re-Br-subsystem. Purple lines do not depict true ionic Br-Br
bonds, but are only a guide to the eye. Figures were generated by VESTA .
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7.2 Direct Current Magnetisation
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Figure 7.2. Temperature dependence of the static magnetic susceptibility (black
circles) and corresponding x7-product (green squares) of complex (1) at B = 0.1 T.
The inset shows a zoom into the low-temperature region of x (7).

Direct current magnetisation measurements were conducted on a fixed polycrystalline
powder sample using a magnetic properties measurement system (MPMS) as described
in Chapter [3] The temperature dependence of the static magnetic susceptibility and
the respective xT-profile of complex (1) at B = 0.1 T are depicted in Fig. [7.2]
Upon cooling from room temperature, x exhibits a Curie-like behaviour, which also
manifests itself as an approximately constant yT-profile down to 150 K. For two Re!V
ions with S = 3/2, the value xT(T = 300K) = 2.94ergK/G?mol corresponds to
g = 1.8. Such a small g-factor is not uncommon for Re!" ions in a cubic ligand
field symmetry and likely results from the intrinsically strong spin-orbit coupling in
the 5d orbitals [36,/124,/128]. Below 150 K, xT starts to decrease first slowly and
then more rapidly when cooling below 50 K. Such an observed decrease probably
arises from the depopulation of the m,-Stark levels and/or from antiferromagnetic
interactions between the Re!Y moments. The presence of antiferromagnetic coupling
is further supported by the observation of a small shoulder marking the onset of a
maximum in Yy at low temperatures. This maximum is, however, superimposed by
a further Curie-like increase of the static magnetic susceptibility, which might arise
from a small fraction of non-interacting Re'V spins in the sample.
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Figure 7.3. Isothermal magnetisation of complex (1) at various selected tempera-
tures (a). The inset (b) shows the corresponding isothermal susceptibility OM/0B.
Vertical dashed lines mark the level crossing at Bc.

Clear signatures of antiferromagnetic interactions can also be seen in the isothermal
magnetisation of complex (1) as displayed in Fig. [7.3] At small magnetic fields,
M(B,T = 1.8K) increases almost linearly, but then begins to exhibit weak right-
bending up to 2.1 T. From there on, clear left-bending occurs until another point
of inflection at Bc = 5.8 T marks the appearance of a level-crossing. All of these
features are better visible in the isothermal magnetic susceptibility OM /0B (c.f. inset
of Fig. and unambiguously reveal antiferromagnetic coupling between the Re!V
ions. The highest measured magnetisation of 2.47 ug/f.u. at 7 T is still less than half
of the saturation magnetisation Mg, = 5.4 up/f.u. expected for two Re!V ions with
g = 1.8. At higher temperatures up to 5 K, all observed features remain visible at the
same B¢ in the data, but become broader due to thermal fluctuations.

The unambiguous observation of antiferromagnetic coupling in complex (1) implies
the presence of intermolecular magnetic interactions between the Re!V ions. Most
presumably, those interactions correspond to the magnetic coupling along the Re!V
chains as mediated by the short-contact halogen-halogen bonds (see Fig.[7.1]). Similar
exchange mechanisms were also reported in bisadeninium Re!V salts [124]. Halogen-
halogen-bond-mediated intermolecular coupling was, moreover, demonstrated to arise
in radical- and 3d transition metal-based supramolecular clusters [129-133] and found
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to govern the magnetic relaxation in polycrystalline samples of 4 f lanthanide single-
molecule magnets [134]. To determine the microscopic spin Hamiltonian parameters,
the static magnetic susceptibility at B = 0.1 T and the isothermal magnetisation at
T = 1.8 K were simulated using

N N
H = (1 — ntimp) (Z gBS, + 505 + Y JSiSj> + M <gBS + DSf) (7.1
i <ij>

The first part describes the contribution of a S = 3/2 Heisenberg chain with nearest-
neighbour interactions between N sites exhibiting a local single-ion anisotropy. To
account for the alternating tilting of the Cy,-symmetric, local NBrj ligand field, ﬁi =
diag(0, 0, D) for even i and D; = R (68°)diag(0,0, D)R,(68°) for odd i is used. Here,
R, (0) denotes a rotation around the global X—aXiSEI The second part describes the
behaviour of non-interacting, but equally coordinated Re!V impurity moments with
S = 3/2. To ensure a correct scaling, the ratio of uncoupled Re'v spins is defined by
the factor nimp.

Due to the exponentially-growing Hilbert space, simulations of the Hamiltonian ([7.1))
by means of exact diagonalisation are restricted to a finite chain length of N = 6
and employing periodic boundary conditions. However, chain lengths in real micro-
crystals are typically on the order of a few 100 lattice site [135,/136]. To investigate
the putative influence of finite-size effects, simulations of the static magnetic suscep-
tibility using the Hamiltonian were performed for different chain lengths V.
Fig. displays the results of simulations of M /B employing the finite-temperature
Lanczos method (FTLM) |137,/138|, density-matrix renormalisation-group technique
(DMRG) |139,]140], and exact diagonalisation (ED) up to N = 12. All FTLM
and DMRG calculations were performed by Prof. Dr. Jiirgen Schnack and Lukas
Horstmann from Bielefeld University. Numerical simulations by means of exact di-
agonalisation of the spin Hamiltonian were carried out by the present author using
the FasySpin MatLab software package [141]. As can be seen from the overlap of
DMRG and ED simulations for N = 3 to N = 12 down to low temperatures, the used
spin Hamiltonian ([7.1]) is very robust against finite-size effects. This probably arises
due to the single-ion anisotropy term, which allows for a more classical treatment of
the Re!Y moments. In contrast, the N = 3 FTLM calculation strongly deviates from
the observed general behaviour at low temperatures, since the physical approxima-
tions employed in this method are no longer valid when thermal energy is comparable
to the first excitation energy gap [142]. Nonetheless, the numerical findings demon-
strate that reliable simulations of the magnetic properties can be performed by exact
diagonalisation of the Hamiltonian ([7.1]) even for N = 6.

The best simulation of the magnetic properties of complex (1) using this approach is
shown in Fig. and yields the parameters ¢ = 1.8, D = +8.64 K, J = 4+2.40 K and

1Since no transversal anisotropy is assumed in the Hamiltonian 1) the same results are obtained
for rotations of the local single-ion anisotropy tensor around the global y-axis.



Direct Current Magnetisation 95

. B=01T _
2%, e N=3(FTLM)
0.3 ’? Y = N=3(DMRG) ]
* + N=6(ED)
- v+ N =8 (DMRG)
= o N = 12 (DMRG)
L2l 1
Q
E L 4
Ire = 18 \
01l Dre=864K .
Jre.re = 240K
0 10 20 30 40 50

T (K)

Figure 7.4. Simulated static magnetic susceptibility M/B at B = 0.1 T using
the Hamiltonian ([7.1)) with different chain lengths N and the parameters shown in
the plot. Simulations employing the finite-temperature Lanczos method (FTLM),
density-matrix renormalisation-group technique (DMRG) and exact diagonalisation
(ED) were performed by Prof. Dr. Jiirgen Schnack, Lukas Horstmann and the present
author, respectively.

Nimp = 0.05. As can be seen, the simulated static magnetic susceptibility at B = 0.1 T
agrees well with the experimentally obtained susceptibility down to 50 K, but begins
to deviate towards lower temperatures. The isothermal magnetisation at 1.8 K also
seems well reproduced by the performed simulations. However, the discrepancy to
the experimentally obtained data becomes clearer when considering the isothermal
susceptibility displayed in Fig. (d) Firstly, the numerical simulations predict an
additional intermediate maximum of OM /0B at B = 3.9 T, which is not present in the
measured susceptibility. Secondly, the used model overestimates the transition field
B¢ of the observed level crossing by more than 1 T. In an attempt to directly simulate
OM /0B, the transition field Be was found to only weakly depend on the single-ion
anisotropy D. Instead, B¢ is mainly determined by the magnetic Re-Re-coupling J.
The best match of the simulated transition field to the experimentally measured one
is achieved by J = 3.36 K. However, no parameter set was found that adequately
described the experimental magnetic data using this value (see Fig. .
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Figure 7.5. Best simulation of the static magnetic susceptibility at B = 0.1 T (a) and
isothermal magnetisation at 7' = 1.8 K (c¢) of complex (1) using the Hamiltonian
and the parameters as described in the text. (b) and (d) depict the corresponding
simulations of xT" and M /0B, respectively.
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The inability to simulate the experimental magnetic data using the Hamiltonian ({7.1])
directly indicates that the description of complex (1) as a S = 3/2 Heisenberg chain
with local single-ion anisotropy conveys the basic aspects of the magnetic response, but
lacks important details. Since the local ligand field surrounding the Re!V ions exhibits
almost perfect Cy, symmetry, transverse or higher-order anisotropy terms are expected
to be small and, thus, unlikely to significantly alter the numerical results. More
plausibly, the combination of strong spin-orbit coupling and the diffuse nature of the 5d
orbitals allows for considerably anisotropic exchange interaction [38]. Such exchange
mechanisms are not included in the used model. An alternative approach may also
be given by including an interchain coupling term in the Hamiltonian . As the
Re!V-chains, pointing along the crystallographic ¢ axis, each form close pairs along
a, the additional coupling term extends eq. to a spin-ladder model. However,
both of the discussed specifications require enhanced computational power and more
complex numerical techniques, such as finite temperature Lanczos |137138]|, density-
matrix renormalisation-group [139,/140] or Monte-Carlo methods [143|, are required
to perform the corresponding simulations. Such calculations are beyond the scope
of this thesis, and a collaboration with research groups which are specialised in the
simulation of spin Hamiltonians has started to tackle the problem.

7.3 Conclusion

Within this chapter, the static magnetic properties of a Re!V-based metal-organic
complex with the general formula [(Re! Brs(ua-pyzc))2(Y™H (bpy)a(OMe))s] (1) are
reported. The experimental data reveal the presence of intermolecular antiferromag-
netic interactions mediated by short-contact halogen-halogen bonds. As such, the
Re!V ions form S = 3/2 spin chains with local single-ion anisotropy. Numerical simu-
lations show that the magnetic coupling within the Re!V network can not be described
by an isotropic Heisenberg interaction along the chains. Instead, other effects, such
as anisotropic exchange or interchain coupling, are needed to describe the magnetic
data.



Chapter 8

Summary and Conclusion

This thesis presents the detailed magnetic investigation of novel metal-organic molec-
ular complexes hosting 4 f lanthanide as well as 3d and 5d transition metal ions. Mag-
netic characterisation relies primarily on tunable high-frequency/high-field electron
paramagnetic resonance spectroscopy (HF-EPR), supported by static and dynamic
magnetisation measurements. The employed HF-EPR setup enables the study of low-
energy excitations over a wide range of experimental parameters: T = 2 — 300 K,
B =0-16 T and f = 30 — 1000 GHz. Analysis of the HF-EPR spectra and mag-
netisation data provides direct access to the microscopic spin Hamiltonian parameters
that govern the magnetic properties of the investigated compounds.

In the muffin-shaped complex [Er(PPTMP)y(H50)][OTf]s, the triply-capped, slightly

distorted trigonal-prismatic ligand field surrounding the central Er'!!

ion gives rise to
fast quantum tunnelling of the magnetisation (QTM) in the magnetic ground state,
which can be suppressed by a small external static magnetic field Bq. = 0.1 T. Us-
ing HF-EPR spectroscopy, the effective g-tensors and zero field splittings (A) of the
two energetically lowest Kramers doublets (KD) are experimentally determined. The
absence of SMM-behaviour due to a significant mixing of states is rationalised by the
presence of pronounced transverse components in the ground state effective g-tensor.
When ground state QTM is quenched, slow magnetic relaxation likely occurs through
a thermally-activated process involving the first excited Kramers doublet at 780 GHz
(37.4 K) above the ground state. The higher-lying excited KDs are strongly gapped
(A > 1 THz) and probably do not contribute to the relaxation dynamics. From
loose powder measurements, it can be inferred that the symmetry of the electrostatic
ligand field favours m; = £9/2 as the magnetic ground state and m; = 5/2 as the
first excited state of the *I 5 /2 multiplet. Comparison of the experimental data with
the predictions of numerical ab-initio calculations shows that the explicit treatment
of spin-orbit coupling in CASOCI calculations provides an excellent description of the

111

magnetic properties of mononuclear Er'*' complexes.

Analogous investigations on a series of three pentagonal-bipyramidal (PBP) complexes
Er(DAPMBH/H,DAPS)X with similar equatorial NoOg Schiff base coordination but
different apical ligands (X = (H;O)Cl (1), (CH3OH)N;3 (2) and Cly (3)) reveal a
stabilisation of the m; = +11/2 Kramers doublet due to the local pseudo-Ds), lig-
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I jon. All complexes exhibit pronounced

and field symmetry around the central Er
transverse components in the effective g-tensor, which leads to fast ground state QTM
in zero external magnetic field and thermally-assisted QTM (TA-QTM) via the low-
energy excited KDs when a small static magnetic field is applied. The presence of two
charged axial ligands in complex (3) results in significantly low-lying excited states
(AP, =139 K and AP, = 22.1 K) compared to (1) (A", = 39.6 K) and (2)
(Agi)z = 36.8 K), where one of the axial ligands is neutral. This finding accounts
for the observed absence of slow magnetic relaxation at By, = 0.1 T in (3). The
experimental results emphasise that both the axiality of g.r and the size of Ay
play a similarly crucial role for the relaxation rate of TA-QTM. While numerical
crystal field analysis of the static magnetic susceptibility accurately reproduces the
spectroscopically obtained spin Hamiltonian parameters for all complexes, ab-initio
CASSCEF calculations are found to strongly overestimate the energy splittings in the
anionic complex (3). This discrepancy likely arises due to the complexity of numerical
structure optimisation for charged molecular complexes in the solid state.

The magnetic relaxation dynamics in the family of isostructural, butterfly-shaped
VIILn" complexes with the general formula [VoLing (15-OMe)(‘Budea)s(piv)g] (Ln'!
= Y, Tl Dyl Ho!™ Er!!, Tm!™ and Yb') are mainly governed by the in-
corporated lanthanide ion. As such, the local ligand field gives rise to weak SMM-
behaviour in all compounds hosting rare earth ions with predominantly oblate elec-
tron distribution (Tb™! Dyl and Ho'') and field-induced slow magnetic relaxation in
V5 Tmsy. The complex VoY, can be described as a weak antiferromagnetically coupled
(J = —0.18 K) dimer consisting of two V! ions with dominant easy-plane-type single-
ion anisotropy (D = 9.3 K). Modelling of the lanthanide moments as (quasi-)Ising
spins at sufficiently low temperatures, magnetic fields, and excitation frequencies al-
lows for a quantitative determination of the antiferromagnetic 3d-4f coupling Jy_r,

I principal anisotropy axes 6. The

and the relative angle between the V' and Ln
observed inverse correlation of Jy_r, and 6 along with their non-monotonous depen-
dence on the Ln atomic number suggests that 3d—4f charge transfer is the dominant
exchange process between V' and Ln' ions. This presents a stark contrast to other
molecular 3d-4f complexes based on Cu!, Ni'! and Fe'! ions studied in the literature,
where a dominant 3d—5d charge transfer process results in ferromagnetic 3d-4f cou-
pling. The findings are rationalised by the predominantly w-character of the partially
filled to, orbitals in VM| which highlights the important role of the spatial distribu-
tions of the contributing 3d and 4f orbitals for the design of heterometallic 3d-4f

molecular magnets.

Antiferromagnetic intermolecular interactions that are mediated by short-contact halo-
gen-halogen-bonds in the complex [(Re!YBrs(u-pyzc))2(Y (bpy)2(OMe))s] lead to the
formation of S = 3/2 spin chains with local single-ion anisotropy. The numerical cal-
culations demonstrate that the corresponding spin model is quite robust against finite-
size effects, such that reliable simulations can be performed even when including only
N = 6 spins with periodic boundary conditions. However, the S = 3/2 Heisenberg-
chain model with local single-ion anisotropy can not adequately describe the experi-



101

mental magnetic data. Thus, the diffuse nature and strong spin-orbit coupling of the
involved 5d orbitals yield more complex exchange effects, such as anisotropic coupling
or interchain interactions.

In conclusion, the thesis at hand provides valuable insights into the magnetic proper-
ties of metal-organic molecular complexes through the quantitative determination of
the microscopic spin Hamiltonian parameters. Taken together, the findings empha-
sise that for the rational design of molecular materials, ligand field engineering, orbital
symmetry control and targeted tuning of exchange pathways have to be pursued in
parallel. This requires further research to move beyond the search for optimised
parameters in isolation, but instead calls for an understanding of how multiple mi-
croscopic parameters act in concert to produce the macroscopic magnetic response.
Such an integrated design philosophy holds promise not only for improving the perfor-
mance of known single-molecule magnets but also for accessing entirely new regimes
of magnetic behaviour. By bridging synthetic chemistry, magnetisation studies, HF-
EPR spectroscopy, and quantum-chemical calculations, the present work contributes
to this holistic approach, which potentially guides novel magnetic materials toward
both fundamental insight and functional application.






Appendix A

Measurements on Toroidal CugLns
Complexes

This appendix presents the experimental results of low temperature direct current
magnetisation and HF-EPR studies on a series of toroidal Cu'Ln™ (Ln = Y, Gd,
Dy) complexes. The polycrystalline powder samples were synthesised by Deepanshu
Chauhan in the group of Prof. Dr. Gopalan Rajamaran at the Indian Institute of
Technology Bombay (IIT Bombay).
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Figure A.1. Molecular structure of the Cugling complexes as obtained from single
crystal X-ray diffraction [144]. Pink: Cu(II); Dark blue: Ln(III); Light blue: N; Red:
O; Brown: C; White: H. Figure was generated by VESTA [126].
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Figure A.2. Isothermal magnetisation of CugY3 at T'= 0.4 K.
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Figure A.3. HF-EPR spectra of CugY3 obtained at various frequencies and T' = 2 K.
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Figure A.4. Frequency versus resonance field diagram of CugY3 at 7' = 2 K obtained
by collecting the resonance positions at different frequencies. Solid lines depict linear
fits of the type f = gugB/h to the resonance branches.
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Figure A.5. HF-EPR spectra of CugY3 obtained at f = 260.5 GHz and at various
temperatures.
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Figure A.6. Isothermal magnetisation of CugGds at T'= 0.4 K.
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Figure A.8. Frequency versus resonance field diagram of CugGds at T' = 2 K
obtained by collecting the resonance positions at different frequencies. Solid lines
depict linear fits of the type f = gugB/h + A to the resonance branches.
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Figure A.9. HF-EPR spectra of CugGds obtained at f = 260.2 GHz and at various
temperatures.
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Figure A.10. Isothermal magnetisation of CugDy3 at T'= 0.4 K. Arrows depict the

direction of the field-sweep.
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Appendix B

Magnetisation Studies on Dimeric
Lny Complexes

This appendix presents the experimental results of alternating and direct current mag-
netisation studies on a series of dimeric Lni" (Ln = Nd, Gd, Dy, Ho, Er) complexes.
The polycrystalline powder samples were synthesised by Yangxin Chen in the group
of Prof. Dr. Annie K. Powell at the Karlsruhe Institute for Technology (KIT).
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Figure B.1. Molecular structure of the dimeric Lny complexes as obtained from
single crystal X-ray diffraction [125]. Dark blue: Ln(III); Light blue: N; Grey: P;
Red: O; Brown: C; White: H. Figure was generated by VESTA [126].
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Appendix C

Construction of a V-band Cavity
for the HF-EPR Setup
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Appendix D

Studies Beyond the Scope of this
Thesis

The following appendix sections present two dilatometric studies on the inorganic
compound NayCosTeOg. The corresponding data were measured in the frame of the
author’s Master thesis [145], but the data analysis and interpretation was conducted
during his doctoral studies.

D.1 Signatures of a Quantum Critical Endpoint in
the Kitaev Candidate NasCo,TeOg

The results of this section were published as a research Letter in Physical Review B
Volume 110, Issue 14 in October 2024 [146]. The corresponding manuscript is also
available under the DOI: https://doi.org/10.1103/PhysRevB.110.1.140402. Specific
contributions of each co-author, especially the contribution of J. Arneth, who serves
as the corresponding and first author, are given in the following list:

e J. Arneth performed the dilatometry and magnetisation measurements, analysed
the corresponding data, constructed the plotted figures, and wrote the presented
manuscript draft.

e K.-Y. Choi, R. Kalaivanan and R. Sankar grew the single crystalline samples
and conducted the structural analysis.

e R. Klingeler led the project and supported the data analysis and manuscript
writing.

e All authors proofread the manuscript.
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Signatures of a quantum critical endpoint in the Kitaev candidate Na,Co,TeOgq
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The putative Kitaev material Na,Co,TeOg has recently been proposed to enter a quantum spin disordered
state when magnetic fields are applied in parallel to the honeycomb layers. In this Letter we uncover signatures
of a quantum critical endpoint (QCEP) associated with the assumed order-disorder transition by means of
high-resolution capacitance dilatometry. At the critical field Bc ~ 6 T, a sign change of the out-of-plane
thermal expansion coefficient o, indicates the accumulation of entropy upon crossing the phase boundary. The
proportional relationship between isothermal magnetization and magnetostriction signals that the QCEP can
be tuned by magnetic field and pressure simultaneously. The presented results expand the material classes that
exhibit metamagnetic quantum criticality to honeycomb antiferromagnets with possible Kitaev interactions.

DOI: 10.1103/PhysRevB.110.L140402

Within the framework of the everlasting search for a quan-
tum spin liquid (QSL), the exactly solvable Kitaev model
offers a promising route to a long-range entangled yet mag-
netically disordered state with exotic elementary excitations,
such as Majorana fermions [1]. At the heart of this model
lie strongly anisotropic, bond-dependent Ising interactions
in a S = 1/2 honeycomb network, leading to pronounced
magnetic frustration. The first wave of Kitaev candidate
materials consisted of d° transition metal ions with strong
spin-orbit coupling (SOC) situated in edge-sharing anion oc-
tahedra [2,3]. Among many experimental results arising from
such theoretical proposals especially the 5d iridate Na,IrOs;
and the 4d ruthenate «-RuCl; have managed to stand out,
since both exhibit promising characteristics hinting at prox-
imity to the QSL phase [4-6].

However, over time the list of materials possibly realizing
the Kitaev model has also expanded to include cobaltates
with a high-spin d” electronic configuration [7-9]. In these
systems the presence of spin-active e electrons is suggested
to reduce the strength of Heisenberg interactions J, thereby
enhancing the dominance of the Kitaev contributions. Out
of these “second wave” materials, Na,Co,TeO¢ has quickly
been regarded as the most promising compound due to its
notable similarities to «-RuCl;: Even though Na,;Co,TeOg¢
exhibits magnetic long-range order below Ty = 27 K, the first
reported antiferromagnetic zigzag ground state [ 10]—recently
revised as a triple-q order [11,12]—is a promising indication
of a proximate QSL state, as these two phases are adjacent
in the parameter space of the Kitaev-Heisenberg model [13].
Indeed, a discontinuous phase transition appears when a mag-
netic field of Bc ~ 6 T is applied along the direction of the
nearest-neighbor Co-Co bonds [14,15]. Despite the lack of
knowledge about the exact magnetic ground state in the high-

“Contact author: jan.arneth@kip.uni-heidelberg.de
TContact author: klingeler @kip.uni-heidelberg.de
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field phase of Na,;Co,TeOg, the experimental and theoretical
results suggest the emergence of magnetic disorder at the
critical field [16-18].

Here, we further highlight the intriguing effects of in-
plane magnetic fields on Na,Co,TeOg by showing that the
first-order phase transition at B¢ exhibits strong signatures of
quantum critical behavior close to a quantum critical endpoint
(QCEP). The role of magnetoelastic coupling is elucidated
by thermal expansion and magnetostriction measurements be-
tween 2 and 300 K and up to 15 T on high-quality single
crystals of NayCo,TeOg grown as described in Ref. [19].
Note that the presence of a potential antiferromagnetic im-
purity phase [20] is ruled out by our magnetization data
(cf. Supplemental Material [21]). Out-of-plane relative length
changes dL./L., i.e., along the crystallographic ¢ direction,
were studied on a 0.145-mm-thin single crystal by means
of a three-terminal high-resolution capacitance dilatometer
(Kuechler Innovative Measurement Technology) in a home-
built setup placed inside a variable temperature insert of
an Oxford magnet system [22,23]. From the relative length
changes the linear thermal expansion coefficient o, = 1/L. X
(0L./0T) was derived. Magnetic fields were applied along
the direction of first-neighbor Co-Co bonds (B||a*) within
the hexagonal planes. Thermal expansion and magnetostric-
tion measurements were performed at rates of 0.3 K/min and
0.3 T/min, respectively. The magnetization was studied by
means of a physical properties measurement system (PPMS,
Quantum Design) using the vibrating sample magnetometer
(VSM) option.

The low-temperature out-of-plane thermal expansion of
Na,Co,TeOg is shown in Fig. 1 for representative magnetic
fields B||a*.! Tn zero magnetic field, the ¢ axis continuously
shrinks upon cooling, but notably, it also shows a sharp kink at

!'The measurements have been performed following a field-cooled
(FC) protocol where the sample was cooled in the applied field.

©2024 American Physical Society
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FIG. 1. (a) Out-of-plane thermal expansion dL./L. and (b) linear
thermal expansion coefficient «, for both zero and finite magnetic
fields applied B||a*. As a reference point, L(T = 2 K; B = 0 T) is set
to zero and data at different fields in (a) are scaled according to the
magnetostriction measurements at 18 K (gray markers; see Fig. 3).
Ty and T, mark the evolution of long-range magnetic order and the
additional hump in zero field. Inset: Anomalies in o, at Ty for B = 0,
55,and 6 T.

the antiferromagnetic ordering temperature 7y = 26.8(3) K,
which is reflected by a corresponding A-shaped peak in the
thermal expansion coefficient ¢ [Fig. 1(b)]. The pronounced
anomaly unambiguously indicates significant coupling be-
tween spin and lattice degrees of freedom in Na;Co,TeOg.
Interestingly, at around 7, = 7.5(9) K, another steplike fea-
ture can be found in the thermal expansion data as well as a
corresponding broad hump in «.. Note that the observation
of a A-shaped anomaly at 7y and a broad hump at 7, re-
sembles the overall behavior of the specific heat capacity c,
of Na;Co,TeOg as reported in Ref. [15]. In their study Yao
et al. attribute the broad hump at 7;, to magnetic interplane
correlations that remain short ranged due to Na disorder in
separating layers.

While the thermal expansion coefficient at temperatures
above Ty is not particularly sensitive to magnetic fields ap-
plied along the a* axis, the anomaly at 7y shifts to lower
temperatures and becomes more pronounced in magnetic
fields up to 5 T. Concomitantly, the initially A-shaped anomaly
evolves into an even more pronounced symmetric peak and
a small preceding steplike feature [see «(5.5 T) in the inset

in Fig. 1(b)]. The observed symmetric peak-shaped anomaly
implies an associated jump in L, i.e., a first-order phase
transition. At fields B > 6 T, a clear anomaly is no longer
visible in the length changes and in o only the small step-
like increase can be identified. Also for the humplike feature
at T, two field regimes can be identified: For B <5 T,
the steplike shrinking of the ¢ axis continuously diminishes
with increasing external magnetic field while it reappears for
B > 6T, albeit now signaling an anomalous increase in length
[Fig. 1(a)]. Eventually, at B > 10 T, the ¢ axis only weakly
depends on temperature 7 < 30 K and o, is independent
on the applied field in this regime (see the Supplemental
Material [21] for all thermal expansion data). For the further
analysis of the data, we hence use (15 T) as an estimate of
the nonmagnetic thermal expansion, since at such high fields
the spins are completely polarized at sufficiently low temper-
atures. Similar methods have been used in the literature, e.g.,
in the closely related honeycomb magnet a-RuCl; [24].

‘We particularly emphasize the field dependence of the ther-
mal expansion around T¢,: It is already evident from the c-axis
dependence in Fig. 1(a) that o shows a sign change from
positive at small fields to negative at fields B > 6 T. At inter-
mediate fields around 5.5 T the thermal expansion coefficient
almost vanishes below 10 K. The field effects are particularly
visible when considering the thermal expansion coefficient as
a function of B at fixed temperature of 7 = 8 K as shown
in Fig. 2(a) (for other temperatures see the Supplemental
Material [21]).> Here, we also plot the bare magnetic con-
tribution ag € = . — ag™™* by using ag o ~ @ (15 T).
Both data sets clearly imply a sign change in thermal ex-
pansion at Bc(8 K) >~ 5.5 T which coincides well with the
field-driven first-order phase transition occurring in the same
field range [15,16,25,26].

In recent literature, the corresponding discontinuity in the
magnetization at B¢ has been attributed to an order-disorder
transition into a QSL-like state [16]. Here, we uncover another
intriguing property of the anomalous behavior at B¢, that is,
its distinct signatures of quantum criticality. Since the linear
thermal expansion coefficient is directly proportional to the
pressure dependence of the entropy via the Maxwell relation
o ~ 35/9pc|r, a sign change of o, upon the application of
magnetic fields implies a maximum of the magnetic contri-
bution to the entropy at Bc. Such an accumulation of Spae
is regularly expected to occur at a quantum critical point
(QCP) [27-29]. It is important to note that the here reported
quantum criticality, and hence also its critical properties,
differs from the commonly discussed ones in the way that
the underlying phase transition is not continuous but of a
first-order type. In this scenario the so-called metamagnetic
quantum critical endpoint (QCEP) is understood to be the
endpoint of a line of a first-order phase transition when the
temperature is reduced to zero [27,28,30]. Our interpretation
is further supported by the data in Ref. [31], the detailed

2At T = 8 K, zero-field thermal expansion shows a hump associ-
ated to pronounced critical fluctuations so that the effects of magnetic
fields can be expected to be particularly large. In addition, at lowest
temperatures, thermal expansion vanishes so that the signal-to-noise
ratio decreases at lowest temperatures under study.

L140402-2
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FIG. 2. (a) Out-of-plane linear thermal expansion coefficient and
its magnetic contribution at 8 K as a function of magnetic field.
The vertical dashed region marks the first-order phase transition
at Bc. (b) Temperature dependence of the unidirectional magnetic
Griineisen parameter y,™*¢, obtained by dividing the magnetic con-
tributions to o, and ¢, from Ref. [15], at selected magnetic fields
applied along the a* axis.

inspection of which shows that the in-plane thermal expansion
coefficient o« changes its sign, too, at B||a* = 6 T [31].

A key signature of metamagnetic quantum criticality is
a sign change of the magnetic Griineisen parameter, which
is defined as the ratio of the magnetic contributions to the
thermal expansion coefficient and the specific heat capacity
Vmag = o™ /c'pnag [27,28,32]. Figure 2(b) shows the uniaxial
magnetic Griineisen parameter of Na,Co,TeOg at representa-
tive magnetic fields as calculated from our thermal expansion
data and the specific heat capacity measured in Ref. [15]. The
resulting Griineisen ratio is close to zero at 7 > 20 K but
continuously increases upon cooling for B < 5 T. The oppo-
site trend appears for B > 6 T. Extrapolating the temperature
dependence for 7 — 0 the data indicate a divergence at zero
temperature, which can, however, not be seen directly in the
data due to limited resolution and tiny length changes at low
temperatures.

Signatures of metamagnetic quantum criticality as de-
scribed in the present Letter have been first found and
discussed in SrzRu,O7; [32-34]. Later on, a sign change
of the out-of-plane thermal expansion coefficient connected
to a first-order phase transition was also observed in
CeRu,Si; [35,36] and in Ca; gSrg,RuOy4 [37]. Additionally,

(00/%r) W

B(M)

FIG. 3. Isothermal magnetostriction L.(B) (black) and magneti-
zation M (B) (blue) at T = 2 K for B||a*. Arrows denote the direction
of the field sweep. The inset depicts magnetostriction measurements
at various temperatures, which are shifted along the ordinate. B¢ and
Bs mark the critical field and the saturation field, respectively.

indications of QCEPs were found in UGe; [38], UCoAl [39],
and ZrZn, [40]. To our knowledge, metamagnetic quantum
criticality has been reported exclusively in itinerant electron
systems, which highlights the finding of Na;Co,TeO¢ ex-
hibiting a quantum critical endpoint as an antiferromagnetic
insulator. At this point it is noteworthy that thermal expansion
in the closely related Kitaev candidate «-RuCl; also hints at
the emergence of a quantum phase transition at B¢, which is
debated to precede a QSL state [24]. In «-RuCls, however,
the transition into the putative magnetically disordered phase
exhibits a rather continuous character, which leads to differing
quantum critical properties as compared to Na;Co,TeOg.
The coupling of spin and lattice degrees of freedom
can be also directly studied through magnetostriction ex-
periments. Figure 3 shows the relative out-of-plane length
changes (black) and the isothermal magnetization (blue) of
Na,Co,TeOg at 1.8 K for Bl||a*. As can be seen, the dis-
continuity in the magnetization is accompanied by a positive
jump in the c-axis length, suggesting that both magnetic field
and uniaxial pressure can be used as tuning parameters of the
QCEP [27]. At Bs(2 K) =~ 10 T, the magnetization implies the
evolution of the polarized spin configuration. Similar to the
field region around B¢, dL. exhibits pronounced differences
between the up- and down-sweep of the magnetic field starting
from 8 T, while no corresponding hysteresis is observed in
the magnetization data. As depicted in the inset of Fig. 3,
the hysteresis region at Bc(T') narrows as the temperature is
increased and totally vanishes at 7 > Ty. Notably, hysteresis
in magnetostriction above B¢(T') ranges well beyond Bs(7T')
and persists up to at least 24 K, i.e., in the whole reported
quantum disordered regime [16]. The hysteresis diminishes
but the hysteretic field range does not shrink upon heating.
This indicates magnetostructural domain effects rather than a
weak first-order character of the phase boundary Bs(T'). In
addition, the magnetostriction exhibits a weak discontinuity
of unknown origin at B >~ 1.5 T when the field is increased
from zero, but not when the field is subsequently decreased. At
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FIG. 4. Magnetic phase diagram of Na,Co,TeOq for magnetic
fields applied B||a* as constructed from magnetic and dilatomet-
ric measurements. PM, AFM, and SR denote the paramagnetic,
canted antiferromagnetic, and spin reoriented phase, respectively.
The hatched area shows the hysteresis region observed in M and L
(see the text). Additionally, (T, B) is depicted in color scale. The
distinct data sets are shown in the Supplemental Material [21].

intermediate temperatures around 6 K this results in crossing
of the up- and down-sweep magnetostriction at approximately
55T.

Noteworthy, field-induced magnetization and length
changes, at 2 K, closely track each other, i.e., the curves
can be well overlapped by a single scaling factor, up to
the critical field Bc. This observation parallels the findings
of magnetostriction measurements on Sr3Ru,O; [34] and
CeRu,Si, [36]. Following the arguments discussed in that
frame, such a good proportionality of M(B) and L.(B) im-
plies that variations in uniaxial pressure and magnetic field
probe the same thermodynamic information as expected in
a quantum critical regime [27]. Hence, the magnetostriction
data strongly corroborate the results of our thermal expansion
measurements.

Collecting the anomalies found in dilatometric and mag-
netic quantities allows for the construction of the magnetoe-
lastic phase diagram shown in Fig. 4 (see the Supplemental

Material [21] for the magnetic measurements). In agreement
with most phase diagrams reported in the literature [15,16],
our dilatometric studies imply three distinct thermodynamic
phases: Coming from the high-temperature paramagnetic
(PM) regime the spin system undergoes a continuous phase
transition into a canted antiferromagnetic (AFM) state at 7x.
Upon increasing the magnetic field along the Co-Co bonds,
Na;Co,TeOg exhibits a first-order phase transition showing
strong signs of quantum criticality. Above B¢, the spins re-
orient (SR) out of their low-field configuration into a yet
unknown magnetic structure while above Bg(2 K) = 10 T, the
magnetic moments are almost fully polarized. As indicated
by the shaded area in Fig. 4, the AFM/SR phase boundary
exhibits pronounced hysteresis at low temperatures. At low
temperatures, our data suggest that the system does not return
into the AFM phase even when the magnetic field is decreased
back to zero.

In conclusion, our measurements of the thermal expan-
sion and magnetostriction consequently give insights into the
important role of magnetoelastic coupling in the Kitaev can-
didate material Na;Co,TeOg. A sign change of the Griineisen
parameter at the critical field B¢ indicates the accumulation of
entropy in the (B, T') plane above the critical field and thereby
implies the existence of a metamagnetic QCEP. In addition,
the proportional relationship between isothermal magnetiza-
tion and magnetostriction for B < B¢ signals that the QCEP
can be tuned by a magnetic field and pressure simultaneously.
The presented results expand the scope of sample classes
that exhibit metamagnetic quantum criticality to honeycomb
antiferromagnets with possibly Kitaev-like interactions and,
hence, contribute to the understanding of quantum criticality
in antiferromagnetic insulating systems.
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PACS numbers:

I. THERMAL EXPANSION COEFFICIENT

FIG. 1: Schematic depiction of the used measurement geometry. The hexagonal shape reflects a stacking of honeycomb layers.
All measurements have been performed by measuring the out-of-plane length L. while the external magnetic field is applied
along the Co-Co-bonds within the lattice planes.
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FIG. 2: Linear thermal expansion coefficient a. for various magnetic fields applied B||a*.
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FIG. 3: Magnetic contribution af**® = ac(B||a*) — ac(B||la* = 15) T at selected magnetic fields applied along the a* axis.
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FIG. 4: Magnetic contribution to the linear thermal expansion coefficient ag'*® = ac(B||a*) — ac(B||a* = 15) T as a function
of magnetic field applied along the a* axis at selected temperatures.
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II. ISOTHERMAL MAGNETOSTRICTION AND MAGNETISATION
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FIG. 5: Out-of-plane magnetostriction for B||a* at selected temperatures. The data are shifted by 1.1x 10~° along the ordinate.
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FIG. 6: Isothermal magnetization for B||a™ at selected temperatures. The data are shifted by 0.3 us/Co along the ordinate.
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IIT. THERMAL EXPANSION IN APPLIED MAGNETIC FIELDS
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FIG. 7: Out-of-plane relative length changes as a function of temperature at selected magnetic fields applied along the a* axis.
The curves are shifted with respect to the magnetostriction data (vertical lines) at 18 K.
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IV. STATIC MAGNETIC SUSCEPTIBILITY
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FIG. 8: Temperature dependence of the static magnetic susceptibility at selected magnetic fields applied along the a* axis. In
(a) the data is acquired upon heating under zero-field-cooled (ZFC) conditions, i.e., subsequent to cooling to 1.8 K without
external magnetic field and, thus, initially preparing the system in the AFM state. In (b) the data is acquired upon heating
subsequent to cooling to 1.8 K in an external magnetic field of B||a* = 8 T. Hence, the system is initially prepared in the SR
state. The inset depicts a zoom into the low-temperature region of the data.
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FIG. 9: Static magnetic susceptibility at B = 0.05 T applied along the a* axis measured under field-cooled (black) and zero-
field-cooled (green) conditions. Dashed vertical lines mark anomalies in the data at T, 71 and T5.
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D.2 Competing Interactions and the Effects of Uni-

axial Out-of-plane Perturbations in the Hon-

eycomb Antiferromagnet Na,Co,TeOgq

The results of this section were submitted as a research article to Physical Review
Materials. A preprint of the manuscript has been uploaded to arXiv under the arXiv
number: 2506.06189 with the DOI: https://doi.org/10.48550/arXiv.2506.06189 [147].
Specific contributions of each co-author, especially the contribution of J. Arneth, who
serves as the corresponding and first author, are given in the following list:

e J. Arneth performed the dilatometry and magnetisation measurements, analysed
the corresponding data, constructed the plotted figures, and wrote the presented
manuscript draft.

e K.-Y. Choi, R. Kalaivanan and R. Sankar grew the single crystalline samples
and conducted the structural analysis.

e R. Klingeler led the project and supported the data analysis and manuscript
writing.

e All authors proofread the manuscript.
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Despite exhibiting magnetic long-range order below Tn = 26.7 K, the honeycomb cobaltate
NaxCo2TeOg is predicted to enter a Kitaev spin liquid state when subjected to small external
perturbations. While most of the reported literature investigates the effects of magnetic fields ap-
plied parallel to the honeycomb layers, we present high-resolution capacitance dilatometry studies
for fields perpendicular to the Co-planes up to 15 T. Griineisen analysis reveals the effect of uniaxial
out-of-plane strain and shows that antiferromagnetic order in NaxCo2TeOg is stabilized at a rate of
0T~ /0p. = 0.28(5) K/GPa. Further, failure of the Griineisen scaling at low temperatures around
Ter ~ 7.5 K demonstrates the presence of competing energy scales. In contrast to an only weak
field dependence of the anomaly at T, a broad hump at T..(B = 0 T) evolves into a sharp peak
at high fields applied B || ¢. Our magnetostriction data show that a kink in the magnetisation
at Bc ~ 4.6 T is accompanied by an inflection point in the field-induced length changes, which is
likely related to weak unequal spin canting. All observed phenomena leave their signatures in the
magnetoelastic phase diagram as constructed by our experimental results.

I. INTRODUCTION

Unlike in the prime example of frustrated magnetism, the triangular antiferromagnet, the exactly solvable Kitaev
model introduces magnetic frustration not by the geometry of the underlying lattice but via strongly anisotropic bond-
dependent magnetic interactions that can not be simultaneously satisfied for a honeycomb network of S =1/2 [1]. At
low temperatures, the resulting magnetic ground state of this model system is given by a quantum spin liquid (QSL)
phase, which features fractionalized elementary excitations. Hence, it did not take long until the first suggestions of
extremely fault-tolerant quantum computers based on materials realizing the Kitaev model were put forward [2-4].
However, so far, the search for actual compounds hosting a Kitaev quantum spin liquid ground state continues. After
thorough investigation of the initial ’first wave’ candidates, which were mainly based on 4d and 5d late transition
metal ions with strong spin-orbit coupling [5-9], two independent theoretical studies predicted that sufficiently strong
Kitaev interactions might emerge also in high-spin Co?* honeycomb lattice systems [10-12].

Among these ’second wave’ compounds, NasCosTeO¢ has attracted the most attention by far [13-17]. Although
antiferromagnetic long-range order emerges at Ty ~ 26.7 K, thermodynamic and spectroscopic studies suggest that
NayCoyTeOg can be described by an extended Heisenberg-Kitaev model with coupling parameters reasonably close
to hosting a QSL ground state [18-22]. Such an assignment, thus, prompts the idea of using external perturbations,
including magnetic and electric fields or pressure, to tune the balance of the magnetic interactions in favour of the
Kitaev exchange. The bulk of the recent literature focuses dominantly on the influence of magnetic fields applied
perpendicular to the Co-Co bonds within the honeycomb planes since the system undergoes a first-order phase
transition into a putative spin disordered state at B || a* ~ 6 T [16, 17, 23]. We have recently shown that this
transition exhibits signatures of a quantum critical endpoint [24]. Yet, the exact magnetic state in the high-field
phase of NayCosTeOg remains unclear.

In this work, we explore the effects of two, only scarcely investigated perturbations, namely uniazial pressure and
magnetic fields applied perpendicular to the Co-layers [25-27]. We employ high-resolution capacitance dilatometry
which has been proven as a valuable method to elucidate and quantify spin-lattice coupling in layered correlated
electron systems [28-32]. Using Griineisen analysis, we find competing energy scales at low temperatures and de-
termine the uniaxial pressure coefficient of Ty from the experimental data at zero magnetic field. Magnetostriction
and thermal expansion measurements for fields B || ¢ up to 15 T enable us to elucidate the role of magnetoelastic
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coupling in the thermodynamic properties of NagCosTeOg. We also present the magnetoelastic phase diagram, which
corroborates the findings of our analysis.

II. EXPERIMENTAL METHODS

All experiments have been performed on a high-quality 0.145 mm thin (L.(300K,0T) = 0.145 mm) single crystal
of NayCoyTeOg grown as described in Ref. [33]. The possible formation of an antiferromagnetic polymorph impu-
rity phase [34] is excluded by our magnetisation data (see Fig. Al in the Appendix). Out-of-plane relative length
changes dL./Lc, i.e., along the crystallographic c-direction, were studied by means of a three-terminal high-resolution
capacitance dilatometer (Kuechler Innovative Measurement Technology) in a home-built set-up placed inside a Vari-
able Temperature Insert of an Oxford magnet system [35, 36]. Magnetic fields were applied in the direction of
the measured length changes, i.e. B || ¢. From the relative length changes the linear thermal expansion coefficient
ac =1/L. x (0L./0T) and the longitudinal magnetostriction coefficient A\c = 1/L. X (0L./0B) were derived. Ther-
mal expansion and magnetostriction measurements were performed at sweep rates of 0.3 K/min and 0.3 T/min,
respectively. The magnetisation was studied using the vibrating sample magnetometer (VSM) option of a Physical
Properties Measurement System (PPMS-14, Quantum Design).

III. EXPERIMENTAL RESULTS

The out-of-plane thermal expansion dL./L. of NapCo2TeOg at B = 0 T, shown in Fig. 1a, demonstrates a distinct
kink at the long-range magnetic ordering temperature Ty as well as a broad step-like feature at lower temperature
around T¢,. [24] Consequently, the evolution of antiferromagnetic long-range order is signalled by a sharp A-shaped
anomaly in «. (see the inset), thereby evidencing the presence of pronounced magnetoelastic coupling. According to
the Ehrenfest relation 0Tn/0p. = TnVimAac/ACy, [37, 38], where V;, denotes the molecular volume, the sign of the
anomalous length changes, i.e., shrinking of the ¢ axis upon entering the antiferromagnetic state, directly implies a
positive uniaxial pressure dependence of Ty for compression along the ¢ axis. Quantifying the size of the actual jumps
in o and ¢, from Ref. [39] by means of area conserving constructions [40-42], as depicted in the inset of Fig. 1(a)
yields 0Tn/0p. = 0.26(5) K/GPa.

A more detailed investigation of the uniaxial pressure effects in NagyCosTeOyg is achieved by performing a Griineisen
analysis [43-45], for which we extract the magnetic contribution to the thermal expansion coefficient using a8 =
ae(B) — ac(B || a* = 15T) as described in Ref. [24]. This approach utilizes that magnetic contributions to the
thermal expansion are strongly suppressed by B||a*, such that ae(B || a* = 15T) ~ a2°"~™38 with a°" ™28 bheing
the non-magnetic (phononic) contributions to the thermal expansion coefficient. As visible in Fig. 1b, o{**® and ¢3¢
exhibit a similar temperature dependence in the vicinity of the anomaly at Ty, and can, hence, be scaled onto each
other by a temperature-independent magnetic Griineisen parameter 7% = a**® /c[*® = 0.12(2) mol/MJ around Ti.
This experimental observation implies that the emergence of antiferromagnetic long-range order in NayCosTeOg is
driven by a single dominant energy scale €*. The uniaxial pressure dependence of €* is given by the Griineisen relation
V&8 = 0lne* /dp. ~ 1 %/GPa. Since only one energy scale significantly contributes to the entropy changes at T,
it is straightforward to identify €* with the magnetic ordering temperature, i.e., €* o< Tx. Doing so yields the uniaxial
pressure dependence of dTx/9p. = 0.28(5) K/GPa, which is in excellent agreement with the value obtained from the
Ehrenfest analysis.

In contrast to the observation of a temperature-independent magnetic Griineisen parameter around Ty, af'**® and
cp?8 follow a significantly different temperature dependence below T' =~ 18 K, such that the Griineisen scaling using
only a single parameter v2**8 is not possible at low temperatures. Hence, our data imply that the anomalous entropy
changes around T, can not exclusively be attributed to the magnetic interplane interaction as discussed in Ref. [39]
but must arise from at least two competing energy scales.

The small positive pressure dependence of Ty signals that antiferromagnetic long-range order in NagCosTeOg is weakly
stabilised upon compression of the lattice along the ¢ axis. As discussed for other 2D quantum magnets [31, 32, 46],
this likely results from increasing intralayer coupling, which presumably resembles the dominant energy scale €*, due
to changes in the Co-O-Co bond angle. An enhancement of the magnetic interplane interaction as a result of rising
orbital overlap also seems plausible, but is rather unlikely to significantly contribute to Tx. [13, 47] In contrast to
the small positive value of dTx/9p. determined for NasCosTeOg here, compressive uniaxial strain perpendicular to
the honeycomb planes of the closely related Kitaev candidate a—RuCls was found to shift the balance of magnetic
couplings in favour of the Kitaev exchange, and thereby suppresses antiferromagnetic order at a rate of 9Tx/9p. ~
—12K/GPa [28, 29, 48], which is almost two orders of magnitude larger than reported here for NayCosTeOg. This
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FIG. 1. (a) Out-of-plane thermal expansion dL./L. and corresponding thermal expansion coefficient . (inset) at B = 0 T.
Dotted red lines in the inset illustrate the determination of the jump Ac., at Tn, employing an area-conserving construction.
(b) Magnetic contribution to the thermal expansion coefficient and to the specific heat capacity from Ref. [39] scaled by the
magnetic Griineisen parameter v *® as described in the text. Dashed black lines mark the anomalies observed at Tx and T,.

discrepancy likely results from the important role of interlayer interactions in the exchange frustration mechanism
found for a—RuCl; [49], whereas magnetic coupling in NayCoyTeOg is effectively two-dimensional. Hence, our results
emphasize that, despite showing similar physical properties as a«—RuCls, uniaxial out-of-plane pressure is not a
suitable external perturbation to tune NasCosTeOg into a QSL state.

The effects of magnetic fields applied perpendicular to the Co-layers on the thermal expansion coefficient are displayed
in Fig. 2. While both anomalies at Ty and T, are visible for all measured fields up to 15 T and no new features
oceur in ag, the data illustrate quite different field effects on the two anomalies. In agreement with reported magnetic
susceptibility measurements [26, 39], the thermal expansion data in Fig. 2 demonstrate only a small suppression of
Tx in an applied field B || ¢ = 15 T. This contradicts the effect of magnetic fields applied parallel to the honeycomb
planes which yield the complete suppression of long-range magnetic order already for B L ¢ ~ 10 T. Our data hence
confirm a strongly anisotropic magnetic field effect on the ground state of NasCoyTeOg. At the same time, the data
in Fig. 2 show that the pronounced A-shaped anomaly associated with the evolution of long-range antiferromagnetic
order evolves into a broader step-like feature indicating the suppression of critical fluctuations. In contrast to the
only small changes at Ty, the broad hump centred around T¢, is strongly affected by magnetic fields along the ¢
axis. Specifically, up to B =9 T, the feature becomes significantly more pronounced and turns into a sharp, almost
symmetric peak which again starts to decrease for even higher fields. Simultaneously, T, follows a non-monotonous
magnetic field dependence, that is, the associated hump shifts to lower temperatures in both small and high magnetic
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FIG. 2. Out-of-plane thermal expansion coefficient at selected magnetic fields applied B || c¢. The data are shifted along the
ordinate for better visibility. The dashed line qualitatively marks the field dependence of T¢,.

fields, whereas a positive 9T, /OB is observed in the field range 3T < B < 9T (see the dashed line in Fig. 2 and
Fig. 4).

The quantitatively and qualitatively contrasting field dependencies of both the size and the positions of the anomalies
at Ty and T, clearly imply their different microscopic origin and, hence, the presence of multiple competing energy
scales. In particular, our data evidence that the competing energy scales are differently affected by magnetic fields
Bl||c. While the ratio of the jumps Aa. and Ac, from Ref. [39] at Ty is roughly constant in the different magnetic
fields and, thereby, indicates a rather field-independent pressure dependence 9Tn/9p., the findings for T¢, are very
different: Exploiting the Griineisen relation implies the increase of d1nT.,/0p. with the external magnetic field by a
factor of 3in B =5 T and of nearly 5 in B = 9 T (see Tab. I). The strong variation of the uniaxial pressure coefficient
of T¢, upon application of magnetic fields B||c can be directly read-off the data in Fig. 2 where the associated peak
in a. is roughly six times larger at 9 T than in zero field while the corresponding feature in ¢, only doubles in
size [39]. The increasing pressure coefficient implies that the competing energy scale evolving around T, becomes
more susceptible to out-of-plane lattice strain when magnetic fields B || ¢ are applied which qualitatively corroborates
its assignment with short-ranged out-of-plane correlations.

B || ¢|0Tn/8pe (K/GPa)|01In Ter /Ope (%/GPa)
0 0.28(5) 6.1(17)
5 0.27(5) 17(5)
9 0.28(6) 27(6)

TABLE I. Pressure dependecies of Tx and T, at different magnetic fields applied B || ¢ (see the text).

Magnetoelastic coupling in NasCoyTeOg is further investigated by our magnetostriction studies. The field-induced
length changes up to 14 T measured at T'= 2 K are shown in Fig. 3a. For comparison, the isothermal magnetisation
obtained at the same temperature is shown in the diagram as well. We observe the following main features: Starting
from zero field, dL./L.(B) is concave and continuously decreases with magnetic field. At B¢ ~ 4.6 T, magnetostriction
changes its curvature from concave to convex but continues to decrease further until a minimum appears around
Biin ~ 8 T. Above 8 T, the ¢ axis continuously expands up to the highest measured field. The inflection point
in dL./L.(B) coincides with a kink in the isothermal magnetisation at B, which has been observed but is only
scarcely discussed in the literature [26, 27]. The correspondence of lattice and magnetization changes is better
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FIG. 3. (a) Out-of-plane magnetostriction and isothermal magnetisation for B || ¢ at T = 2 K. The inset displays the
corresponding magnetostriction coefficient A and susceptibility 9M/0B. (b) Out-of-plane magnetostriction at 7' = 2 K up to
different maximum magnetic fields B || ¢. Closed (open) symbols depict up-(down-)sweeps of the magnetic field.

visible in the respective first derivatives, i.e., in the magnetostriction coefficient A, and in the differential magnetic
susceptibility OM /OB shown in the inset of Fig. 3, where the minimum in A, coincides with a distinct jump in OM /0B.
Simultaneously, a low-temperature upturn of the static magnetic susceptibility x.(T)) = M.(T)/B is found only for
B > 5 T (see Fig. A2), which has been heuristically related to a change of the ferrimagnetic spin canting along
¢ [39]. In agreement with recent electron spin resonance spectroscopy studies revealing the softening of a magnon
excitation mode and, hence, symmetry-breaking in a similar field region [50, 51|, the here presented magnetic data
exhibit characteristics of a continuous (second-order) phase transition at Be. On the other hand, the associated
magnetostrictive response implies a weak discontinuous character at most, which renders the assignment of the
observed anomalies to a second-order thermodynamic phase boundary unclear. The position of B¢ is virtually
temperature-independent up to 6 K, i.e., around T¢,(B ~ 5 T), above which no associated feature can be discerned
(see Fig. A3). Following the interpretation of B¢ marking a phase transition, the absence of corresponding features
at temperatures above T, indicates that the latter signals a phase boundary as well (cf. the magnetoelastic phase
diagram in Fig. 4).

In contrast to the results of pulsed magnetisation measurements in Ref. [26], we neither observe a peak centred around
9 T in our quasi-static 9M /9B data nor identify any corresponding features in the lattice parameters. We conclude
that the reported characteristics may be associated with dynamic effects at higher sweep rates. Notably, our ¢ axis
magnetostriction data in Fig. 3 display pronounced hysteresis from B ~ 2 T up to the highest field of 14 T while the
up- and down-sweep of the isothermal magnetisation perfectly coincide within the resolution of our experiment. A
similar finding, i.e., hysteretic behaviour in the field-induced length changes, but not in the magnetic properties, was
discussed to arise from the formation of structural domains also for fields along the a* axis [24]. Our data, hence,
imply that structural domains are present for B || ¢ as well. Interestingly, hysteresis in dL./L.(B) only occurs when
the magnetic field is increased beyond Be (see Fig. 3b). Following the putative assignment of B¢ to a phase boundary,
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FIG. 4. Magnetoelastic phase diagram of Nay;Co2TeOg for B || ¢ as constructed from dilatometry and magnetisation data. For
comparison, anomaly position in specific heat data from Ref. [39] are shown, too. PM and cAFM denote the paramagnetic and
canted antiferromagnetic phase, respectively. All lines and coloured areas are guide to the eye.

this observation would imply that structural domains appear in the presumed high-field phase. Such domain effects
could, therefore, explain the observed unusual shape of the anomaly marking B¢ in the magnetostriction. Note
here that, while the minimum in dL./L. shifts by roughly 1 T between up- and down-sweep, the position of B¢ is
independent of the direction of the magnetic field sweep.

The anomaly positions extracted from our magnetic and dilatometric data are summarised in the magnetoelastic
phase diagram shown in Fig. 4. For reference, we also include the results of the specific heat capacity measurements
from Ref. [39]. As discussed earlier, the phase boundary marked by Tx separating the paramagnetic (PM) from the
canted antiferromagnetic (cAFM) state is rather robust against magnetic fields applied along the ¢ axis. In numbers,
an external field of 15 T reduces the Néel temperature by only about 1 K. A more detailed investigation, moreover,
reveals that T does not decrease continuously but two different regimes can be identified (see the inset of Fig. 4).
At high magnetic fields B 2 5 T, the magnetic order is suppressed by magnetic fields as expected for long-range
antiferromagnetic order. In contrast, Tx /0B is positive for small fields up to at least 3 T which likely arises due to
ferrimagnetic spin canting along ¢ in the magnetic ground state. Note that the observed positive field dependence of
Tx is thermodynamically linked to the sign of the corresponding anomalies in the magnetic susceptibility by means
of the Ehrenfest relation 0T/0B = —TVA(OM/JT)/Ac, [37]. The superposition of these two regimes leads to a
maximum in Ty at B ~ 4 T. At this point, it is noteworthy that the sign change of 9Tx /9B occurs at fields only
slightly smaller than Bc. Thus, one might speculate that the low-temperature features at Be and the changes in the
slope T, (B) in this field range result from the same microscopic mechanism (possibly a change of spin canting along
c) as the sign change in 0Tx/0B.

The magnetic field dependence of T, is also not monotonous but can be separated into three regions. For B <3—5T,
the observed peaks in a. and ¢, shifts to smaller temperatures with increasing external field. Subsequently, Tc.
increases (this behaviour is better visible directly in the a. data in Fig. 2) at intermediate fields up to 9 T until being
suppressed again by even higher magnetic fields. The first crossover region also falls into the field range of B¢ hinting
at an intertwining of the two phenomena. The second sign change of 9T,,/0B is not accompanied by any distinct
features in the here presented static thermodynamic properties but might be related to the peak occurring around
9 T in the pulsed magnetisation measurements, which would imply a spin dynamic origin [26]. The observation of
clear anomalies in the thermodynamic response functions strongly implies that T, and B¢ are associated with phase
transitions, the exact nature of which remains an open question.
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IV. CONCLUSIONS

In conclusion, we report a detailed dilatometric study on the Kitaev spin liquid candidate NagCoyTeOg up to high
magnetic fields applied B || ¢. In contrast to the findings for the closely related a-RuCls, uniaxial compression per-
pendicular to the honeycomb planes is demonstrated to stabilise the antiferromagnetic ground state in NayCoyTeOg.
Moreover, the calculated pressure coefficient 9Tn/9p. = 0.28(5) K/GPa is almost two orders of magnitude smaller
than in a-RuCls which renders tensile out-of-plane strain a rather ineffective perturbation to drive NasCosTeOg into
a spin disordered phase. While the entropy changes around Tx are dominated by a single energy scale €*, the failure
of Griineisen scaling around T, implies competing interactions at lower temperatures. Magnetic fields applied parallel
to the honeycomb layers do not significantly suppress the magnetic order, but the low-temperature energy scale is
found to become increasingly sensitive to lattice changes at high fields. The conclusion of strong coupling between
spin and lattice degrees of freedom is further corroborated by our magnetostriction measurements showing that both
the isothermal magnetization and the field-induced length changes exhibit a clear feature at Bc which putatively
arises from a change in the spin canting along the ¢ axis. The magnetoelastic phase diagram reveals sign changes
in the field dependencies of both Ty and T, connected to Bc. Summarising, our investigations provide a deeper
understanding of the role of magnetoelastic coupling in the ground state properties of NasCosTeOg.
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APPENDIX
Appendix A: Static magnetic susceptibility

The out-of-plane static magnetic susceptibility of NagCosTeOg at B = 0.05 T, shown in Fig. Al, is characterised by a
pronounced kink at Ty = 26.8 K marking the evolution of canted antiferromagnetic long-range order. Due to unequal
spin canting on the two different Co-sites, x. exhibits a rather ferrimagnetic behaviour, i.e., strong hysteresis below
Tn and initially negative net magnetisation after field cooling. In addition to the prominent anomaly at Ty, a small
jump can be identified at low temperatures in the ZFC data. The absence of this feature in the FC data implies that
it is associated with dynamic effects, such as domain wall movement. Importantly, we do not observe any additional
anomalies in the susceptibility that might correspond to putative impurity phases, such as the antiferromagnetic
polymorph reported in Ref. [34].

The effects of higher magnetic fields B || ¢ on x. are depicted in Fig. A2. In agreement with the thermal expansion
data, Ty is only hardly affected by the external fields. However, the corresponding anomaly is found to exhibit a
different shape in small and high fields: While Ty is marked by a pronounced upwards kink, i.e., AOM/OB > 0
upon heating, for B < 3 T, the anomaly exhibits the opposite sign for B 2 5 t. Utilizing the Ehrenfest relation,
this straightforwardly corroborates the findings of the magnetoelastic phase diagram as described in the main text.
Simultaneously, x. exhibits a small upturn at low temperatures for B > 5 T, but not for B < 3 T, which might be
related to the critical field B¢ and is discussed in more detail in the main text.

Appendix B: Magnetostriction at higher temperatures

Fig. A3 shows the out-of-plane magnetostriction of NayCosTeOg at selected temperatures measured for increasing
magnetic fields B || ¢. On increasing the temperature, shrinking of the ¢ axis at small fields becomes less pronounced
and both the minimum and the inflection point in dL./L. gradually broaden until they are no longer discernable for



Competing Interactions and the Effects of Uniaxial Out-of-plane Perturbations in
the Honeycomb Antiferromagnet NayCosTeOg

154

T T T T
20F Bjc=0.05T Ty |
g
& 10
Q
>
[ ,
B |
e 0 :
- i
= i
| circles: ZFC
-10 lines: FC |
10 20 30
T (K)

FIG. Al. Zero field cooled (ZFC) and field cooled (FC) out-of-plane magnetic susceptibility at B = 0.05 T. The dashed vertical
line marks the emergence of magnetic order at Ti.

T 2 8 K. At temperatures higher than 6 K, magnetostriction is positive in the entire measured field range. While the
position of B, shifts with varying temperature, B¢ is essentially temperature independent.
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