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Abstract

The focus of this thesis is the characterization of the coherent and incoherent dynam-
ics of molecular nanomagnets. For this purpose, we will exploit several state-of-the-
art experimental techniques, such as magnetic resonances and inelastic scattering of
neutrons and X-rays. By means of nuclear magnetic resonances we will character-
ize the nuclear relaxation times and the parameters of the spin Hamiltonian of two
V-based molecular qudits, demonstrating, in addition, the capability to coherently
manipulate their nuclear states. This proof-of-concepts experiments represent an
important first step towards the implementation of molecular qudits in quantum
information processing. Moreover, by X-ray inelastic scattering, we will investigate
the phonon dispersions of one benchmark molecular qudit and their role in its relax-
ation dynamics. We will also focus on the key factors governing the phonon-induced
relaxation in Dy-based single molecule magnets by studying, through inelastic neu-
tron scattering, the changes induced in their phonon density of states by chemical
substitutions or structural deformations. Finally, a synergistic approach combining
electron and nuclear magnetic resonance will give us insights on the electronic re-
laxation dynamics of a supramolecular assembly linking an isolated nuclear qudit
and an electronic spin qubit.
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On the left and on the right side of the figure, the chemical structure
of two iconic single molecule magnets. On the left the first SMMs to
exhibit magnetic hysteresis at the molecular level and slow relaxation
of magnetization, Mnys [1] (formally {Mn;5012[O,CCD,C(CD3)3]16
(CD30D)4}). On the right, the first rare-earth based SMMs to display
magnetic hysteresis up to liquid nitrogen temperature, Dysprosoce-
nium [2] ([(Cp™*),Dy|[B(CsF5)4]. In the middle, a sketch of a double
well potential for the reversal of the magnetization for a high-spin S
complex, with a high-spin ground state mg=+S5. . . . . .. ... ..
Structure of some of the most representative molecular qubit emerged
for each class described in the main text. (a) {Cr;Ni} for d-block
cluster molecules. [3] (b) Vanadium and Vanadyl-based molecular
qubit [4, 5, 6] (c¢) Terbium and Ytterbium based single ion qubit for
rare-earth based class. [7, 8] (d) Two example of structure linking
together more than one molecular qubit: a rare-earth based dimer
[CeEr] [9] and a supramolecular chain decorated with two {Cr;Ni}
qubit linked with three copper based qudit [10] . . . ... ... ...
Bloch sphere showing the |0) and |1) basis of a qubit and all the
possible linear combination a|0) + b|1) filling the sphere surface.
Scheme of two feasible cooling methods: thermal initialization (left),
based on the slow cooling of the system to a temperature low enough
to isolate the ground state from the excited ones; projection measure-
ments (right), based on resonant e.m. pulses to rapidly project the
system to a desired state (when the thermal population is negligible).
In a rotating frame system, precessing spins are represented by static
Bloch sphere states. On the left, the system evolution from a per-
turbed in-plane state toward the thermodynamical equilibrium state
|0), timed by T3 relaxation time. On the right, the spin dephasing
process over time (blue and green arrow represents spins with in-
creased or decreased nutating frequency respectively), timed by T;
dephasing time. . . . . . . . ...
On the left, the S=1/2 electronic ground state degeneracy splitting
induced by the electronic Zeeman interaction Hy, as a function of the
field. On the right, the | —1/2) — |1/2) electronic transition enabled
by this Hamiltonian contribution observed in a canonical spectral
analysis . . . .. L
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system. On the right, the m; degenerate |3/2) — [1/2), |1/2) —
| —1/2), | —1/2) — | — 3/2) nuclear transition enabled within the
same electronic multiplet Amg = 0. The spectra is extended to dis-
play both electronic and nuclear transitions. . . . . . .. ... .. ..

1.8 On the left the splitting effect induced by the parallel Hyperfine com-
ponent A when the external field is applied parallel to it; On the right
the expected spectra showing the degenerate nuclear and the resolved
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1.9 On the left the splitting effect induced by an axial Hyperfine ten-
sor (inset) when the external field is applied perpendicular to the
strongest component; On the right the expected spectra where all
the nuclear and electronic transitions are resolved. . . . . . . . . . ..

1.10 On the left the splitting of the state with different |m;| induced by
a Quadrupolar coupling P with components only along Z when the
external field is applied parallel to it; on the right the resulting spec-
tral components for the spin Hamiltonian with only Quadrupolar,
electronic and nuclear Zeeman couplings. The nuclear transitions are
partially resolved, while the interaction leaves the electronic gaps un-
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2.1  Sketch of the "HyReSpect” spectrometer hardware and of the LC-
Resonant probe. Transmitter and Receiver stages hardware are better
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2.2 Scattering process with incoming and scattered beam energies £;, Ef
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3.1 [VO(TPP)] molecular structure. The principal orthogonal symmetry
directions of the molecular crystal are shown independently: the por-
phyrin lying in the ab plane and the oxidovanadium bond direction
along the caxis . . . . . . . . ... L

3.2 Spectra collected at different applied field By along the molecule sym-
metry directions: the ab plane (a), and the ¢ axis (b). In inset, a spu-
rious peak is identified from the absence of any time-domain spin-echo
signals. Indeed black line shows the echo signal in quadrature for a
real nuclear excitation in correspondence of 7 (dashed line), whereas
a spurious appears as the persistent gray oscillations. Reproduced
from Ref. [4] with permission from the Royal Society of Chemistry.
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Red dots correspond to the measured transition frequencies in the
broadband NMR spectra of V. Black lines represent the calculated
evolution of the transition frequencies as a function of the field By
applied (a) in the ab-plane, and (b) along c-axis. With capital letters
AB# and C# we label the Am; = +1 transitions for each direction.
Shaded areas were not experimentally explored. Reproduced from
Ref. [4] with permission from the Royal Society of Chemistry.
Energy levels as a function of the applied field from the diagonal-
ization of the spin Hamiltonian with static field B, applied (a) in
plane ab and (b) along c-axis. The red and blue shades highlight
the mg = £1/2 multiplets, respectively. On the left of each plot, two
insets show a zoom into the nuclear level splitting of the lower and up-
per multiplets, with the levels marked by the nuclear spin components
m; along the field. Vertical marks highlight the nuclear transitions
identified in the spectra of figure 3.2. Reproduced from Ref. [4] with
permission from the Royal Society of Chemistry. . . . . . . . .. ...
Difference in subsequent nuclear transitions energies d(my) = (Ep,+1—
E.,)— (En, — En,—1) in the mg = 1/2 multiplet (crosses), as a func-
tion of the applied field Bx. These values are in sound agreement with
what expected from the diagonalization of the pseudo-quadrupolar
Hamiltonian (black line). Reproduced from Ref. [4] with permission
from the Royal Society of Chemistry. . . . . . .. .. ... ... ...
Echo intensity decay as a function of the delay between the Hahn echo
exciting and refocusing pulses. The experimental data for a selected
nuclear transition ((a) AB2, (b) C1) are plotted together with the
relaxation rate Ty single exponential fit for different applied fields.
Reproduced from Ref. [4] with permission from the Royal Society of
Chemistry. . . . . . . . . .
Nuclear phase memory time for different nuclear transitions, mea-
sured with a refocusing Hahn-echo sequence, as a function of the
applied field By (a) in the ab-plane and (b) along c-axis. Reproduced
from Ref. [4] with permission from the Royal Society of Chemistry.
Nuclear Rabi oscillations over a wide time interval, for transitions
AB1 and AB7, corresponding to the transition m; = —3/2 — —1/2
for both the lower and higher-energy electronic multiplets mg =
+1/2, respectively. Reproduced from Ref. [4] with permission from
the Royal Society of Chemistry. . . . . . .. ... ... ... .....
Rabi oscillations as a function of pulse B; attenuation, on the tran-
sition labeled AB1 between the states m; = —3/2 — —1/2 of the
lowest electronic multiplet mg = 1/2. The rf power is defined with
an increasing attenuation from a reference value (0 dB). Reproduced
from Ref. [4] with permission from the Royal Society of Chemistry.
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Simulated effect of a rf pulse resonant with a nuclear transition that
increase the my value by Am; = 41, when the system is initialized in
mr =1/2,—1/2,-3/2 (a,d; b,e; c,f respectively). On the left (a-c) the
difference between target level population as a function of time. On
the right (d-f) the colormap represents the population evolution with
time for all the nuclear states. The pulse is applied along the molecule
Z axis with intensity B; = 5 G. The targeted transitions are: (a,d)
mr=1/2—3/2, (be) m; =—-1/2 - 1/2, (¢,f) m; = =3/2 = —1/2,
with Amg = 0. The focus here is on the mg = 1/2 spin multiplet,
which is the only one populated because of the states initialization.
Reproduced from Ref. [4] with permission from the Royal Society of
Chemistry. . . . . . . . . .
Simulated effect of a rf pulse resonant with a nuclear transition Am; =
+1, on the thermally populated system. On the left (a-c) the differ-
ence between the target levels populations as a function of time. On
the right (d-i) the colormap represents the population evolution over
time for all the nuclear states of both the electronic spin multiplets
mg = £1/2. The pulse is applied along the molecule & axis with inten-
sity By =5 G. The targeted transitions are: (a-d) m; = 1/2 — 3/2,
(b-e) m; = —1/2 — 1/2, (c-f) my = —=3/2 — —1/2, with Amg = 0.
Reproduced from Ref. [4] with permission from the Royal Society of
Chemistry. . . . . . . . . .
On the left, the [V(Cp)2Cly] bent-metallocene structure. The molec-
ular reference frame is shown, with the y-axis bisecting the C1-V-Cl
angle, the z-axis perpendicular to the CI-V-Cl plane (axial direction)
and the z-axis unequivocally defined. On the right the crystallo-
graphic unit cell with the two inequivalent molecules labeled as V1
and V2. Reprinted with permission from Ref. [12]. Copyright 2021
American Chemical Society. . . . . . . ... .. ... ... .. ....
Picture of the crystal collected from microscopy (left) and a sketch
of the crystal shape (right). The two are compared to show the edge
length hierarchy and the relative indexing of crystal faces with the cor-
responding crystallographic planes. Reprinted with permission from
Ref. [12]. Copyright 2021 American Chemical Society. . . . . . . . . .
The crystallographic planes (111), (010) and (10-1), that correspond
to the crystal faces, are highlighted in the unit cell. This sketch assist
in the visualization of the applied field directions with respect to the
molecular reference frame. Reprinted with permission from Ref. [12].
Copyright 2021 American Chemical Society. . . . . . . . .. ... ..
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(a) Continuous Wave (v = 9.405 GHz, black) and Echo Detected Field
Sweep (v = 9.70 GHz, blue) X-band EPR powder spectra of sample
3c measured at T = 20 K. The spectra are both simulated (red)
using the Hamiltonian parameter of table 3.2. EDFS is translated
in B for better comparison. (b) CW-EPR Q band spectrum (v =
33.7 GHz, black). (c,d) 2D colormap (blue negative, red positive)
of 3c single crystal X-band EPR spectra as a function of 64 and
Op rotations. Black lines correspond to the simulated spectra for
the two inequivalent molecules. It is evident the overlap of the two
spectra along the reference frame axis (f4 5 = 0°,90°) within the EPR
resolution. Reprinted with permission from Ref. [12]. Copyright 2021
American Chemical Society. . . . . . . . .. .. ... ... ... ...
Broadband NMR spectra measured at T' = 4 K at fixed applied static
field By = 0.2 T, for the field directions Bg, Bj;, By schematized in
inset with respect to the crystal faces. In black, the Gaussian spectral
lines fitting. Reprinted with permission from Ref. [12]. Copyright
2021 American Chemical Society. . . . . . . .. ... ... ... ...
The measured NMR frequencies for a single crystal of 3b (yellow
and cyan dots) are compared with the spin Hamiltonian fitting model
(black and red dots for each molecule, respectively). The applied field
directions Bg, Bjs, By are schematized in inset. Cyan experimental
points label the transitions whose ™75 was measured. Shaded areas
were not explored experimentally. Reprinted with permission from
Ref. [12]. Copyright 2021 American Chemical Society. . . . . . . . . .
Calculated energy levels for the experimental field configurations Bg,
B,/, B, with respect to the crystal faces. Black and red lines relates
to the two inequivalent molecules. For the nuclear transitions labeled
by vertical colored lines it was also measured the nuclear phase mem-
ory time "7y (fig. 3.19). Reprinted with permission from Ref. [12].
Copyright 2021 American Chemical Society. . . . . . .. ... .. ..
(a) Temperature evolution of the electronic spin-lattice 7} and spin
coherence “T,, relaxation times, for each dilution percentage of [V(Cp)
Cly]. Solid and dashed lines represent respectively the models 3.4 and
3.5 fitting results. (b,c,d) Nuclear phase memory time "7, measured
on dilution 3b for the transitions labeled in figure 3.18 at T'=4 K as
a function of the applied field, for Bg, By, B, configuration, respec-
tively (sketch in inset). Reprinted with permission from Ref. [12].
Copyright 2021 American Chemical Society. . . . . . . . ... .. ..
Transverse magnetization decay from NMR echo relaxation experi-
ments, as a function of the delay 7 between exciting and refocusing
pulses, at T' = 4 K and fixed static field By, along Bg (a), By, (b), By
(c) for transitions S1, L2, M2. Lines shows the single exponential
decay fitting. Reprinted with permission from Ref. [12]. Copyright
2021 American Chemical Society. . . . . . . .. .. .. ... .. ...
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(a) Electronic Rabi nutation experiments (EPR X-band) on 3c at
T = 20 K at different excitation powers. (b) Frequency domain pic-
ture to highlight the monochromaticity of the oscillations. (c) Linear
dependence of Rabi frequency (2r = wgr/2m) on the exciting mi-
crowave pulse amplitude B;. Reprinted with permission from Ref.
[12]. Copyright 2021 American Chemical Society. . . . . . ... ...
(a,b) Nuclear Rabi nutation experiments on transitions S1 and L1,
respectively, at T' = 4 K and fixed field Bs = By, = 0.1 T, on a single
crystal of 3b. Differences in the oscillations damping rates Ag, A;, are
attributed to the inhomogeneities of the applied field with respect to
crystal rather than to ™75, which is comparable for the two transi-
tions. (c,d) Nuclear states population changes induced by the Rabi
sequence for transitions S1 and L1 simulated by numerically solving
the Lindblad master equation for a single m rotation of the nuclear
spin system. All the states are labeled by the nuclear spin compo-
nent m; (accurate at more than 99 % because of state factorization
at this field). The only levels that undergoes significant population
changes are the targeted ones. Reprinted with permission from Ref.
[12]. Copyright 2021 American Chemical Society. . . . . . ... ...
(a) Calculated spectral frequency of three subsequent transitions A,
B and C, belonging to the same electronic multiplet. The static field
is applied along Bg. (b,c,d) Simulated coherent Rabi oscillations,
corresponding to the transitions A: m; = 7/2 — 5/2 (b), B: m; =
5/2 = 3/2 (c) and C: my = 3/2 — 1/2 (d). The leakage to the other
nuclear states is negligible. The optimal excitation conditions for
monochromatic oscillations are found to be: By = 0.22 T and By = 2
G. The resulting inversion (m-pulse) is still much shorter than the
phase memory time ™75 corresponding to this transitions. Reprinted
with permission from Ref. [12]. Copyright 2021 American Chemical
Society. . ...
(a) Encoding sequence sketch for the four labeled nuclear spin states
m; = —3/2,—1/2,1/2,3/2 (colored horizontal lines), ordered by en-
ergy. Each rf-pulse in the sequence is labeled by the angular rotation
induced on the nuclear system. (b) Step by step time evolution of the
diagonal elements of the system density matrix p (colored lines) when
targeted by the pulse sequence in (a) with a pulse amplitude of B; = 1
mT. The system is initialized in the generic 0.83| — 1/2) 4+ 0.55|1/2)
state superposition and brought into the encoded state 3.6 in an over-
all manipulation time of 4 us. The final state is in sound agreement
with the squared expectation values (crosses), with the secondary
oscillations induced by the rf manipulations that do not affect signifi-
cantly the encoding. Reproduced from Ref. [4] with permission from
the Royal Society of Chemistry. . . . . . . .. ... ... ... ....
Rabi nutation experiment at the fixed static field By = 0.3 mT along
the system x-axis induced by 7.7 dB attenuated linearly polarized rf-
pulses B; along z. The targeted nuclear states are the one involved in
the encoding sequence 3.6. Reproduced from Ref. [4] with permission
from the Royal Society of Chemistry. . . . . . .. .. ... ... ...
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(a-b) view of the [VO(TPP)] crystal structure along the a and ¢ axis
respectively. (c) Brillouin zone picture, in which the symmetry direc-
tion probed in our experiment are highlighted (red arrows). . . . . . . 81
Longitudinal (a, b, ¢) and transverse (d, e, f) IXS scans along the
directions I' — N, I' — K, and I' — K, collected in low-resolution
configuration. . . . . .. ..o 82
Longitudinal (a) and transverse (c) IXS scans along the directions
I'-K,, I'=N,and I'— K, collected in high-resolution configuration,
to resolve the low energy phonons contribution close to the elastic line. 83
The 2D colormap shows the inelastic cross-section calculated start-
ing from phonon energies and polarisazion vectors extracted from
ab initio calculations, along the three sampled symmetry directions
in the recirpocal space in both longitudinal and transverse config-
uration: (a,e) I' = N, (bf) I' = K,, (¢,d) I' = K,. The line-width
associated to each phonon modes is chosen small enough to enable
the distinction of the contribution arising from any branch. Cyan
dots and squares (0E = 3 / 1.5 meV respectively) represent the ex-
citation energies extracted from the spectra in figures 4.2 and 4.3.
White dots/squares represent the energies extracted from the inspec-
tion of secondary analyzers. Shaded areas highlight the regions non
accessible experimentally due to the dominant elastic contribution. . . 84
Experimental IXS spectra (black dots) are compared with the sim-
ulated cross-sections (red line). The latter are convoluted with the
experimental resolution ((a-e,g): JF = 3 meV; (fhji): JF = 1.5
meV). A representative spectra is shown for each probed symmetry
direction. Blue lines represent the inelastic cross-section, calculated
with a line-width that enables to discriminate the contribution of each
phonon mode. The elastic line is omitted for clarity. . . . . . . . . .. 85
Phonon density of state (black line) and modulus |V,| of the spin-
phonon coupling coefficient (red line, negative axis) computed ab ini-
tio, as a function of energy. In inset the comparison between the low
energy pDOS of [VO(TPP)] (black) and the parent molecular qubit
[VO(acac)q] (green). [13] . . . . .. ..o oo 86
Calculated spin relaxation time T, for [VO(TPP)] (red squares) com-
pared to the Ty measured in [14] with pulsed X-band EPR (black
dots). These data are then compared to the simulated T; after the
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rium structure (yellow) to an extensively distorted one (red). These
distortions consist in a bending of the porphirin planar ring and a
twist of the phenyl groups, and are associated with the lowest energy
optical mode at [-point. . . . . . . . .. ..o 88

(a) Dysprosocenium a molecule and its counterion [15]. The arrow
sketches the substitution made on the counterion for the synthesis
of sample 3. (b) Sample 3 structure [Dy(Cp'*)y][B(C¢Hs)4] with 'H
substituted with F in the counterion. . . . . . . .. .. ... ... .. 92
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(a) Dysprosocenium a molecule and its counterion [15]. The arrow
sketches the counterion substitution made for the synthesis of sample
2. (b) Structure of sample 2 [Dy(Cp),][AI{OC(CF3)3}4] with the
Al-based counterion that substitute the Boron-based one of sample a 92
(a) Dysprosocenium a molecule and its counterion [15]. The arrow
sketches the counterion and Cp-group substitution made for the syn-
thesis of sample 1. (b) Sample 1 structure [Dy(Dtp)s][AI{OC(CF3)3}4]
with counterion and Dysprosium ligands substitution. . . . . . . . .. 93
Magnetization relaxation rates for 1 (from [16]), 2 and 3 in the range
T=2-110 K, from ac susceptibility (high-T) and dc decay experiments
(low-T). These measurements were performed by Prof. Mills group
at the University of Manchester (see List of Collaborators). . . . . . 94
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STIK™ n® =215 . . . . . . 94
Comparison of the calculated pDOS for samples a, 2, 3. Panel (a)
exhibits the whole calculated energy range, while panel (b) shows the
restricted low-energy regime, highlighting the significant differences
in the low energy spectra, compared to the less pronounced ones in
the intermediate-energy spectra. . . . . . .. .. ... 95
pDOS measured on IN1 for sample 1 (green line), 2 (light blue line)
and 3 (magenta line), compared with the same measurement collected
for the benchmark Dysprosocenium on the MERLIN spectrometer at
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Introduction

Molecular magnetism has represented a very active research topic over the last few
decades. The fruitful collaboration of scientists belonging to different backgrounds,
such as Physics and Chemistry, has contributed in paving the way for the imple-
mentation of these systems in quantum information processing. This thesis focuses
on several aspects of the experimental characterization of molecular magnets spin
dynamics. By exploiting different techniques we deepen the understanding of re-
laxation dynamics mechanisms in various molecular magnets, we fully characterize
the model spin Hamiltonian of some prototypical systems, we detect the effect of
physical and chemical stimuli on their phonon-induced relaxation and finally we
implement targeted manipulation of the system spin states by radiofrequency and
microwave pulses, demonstrating the possibility of exploiting these complexes for
quantum information processes.

1.1 Molecular nanomagnets

The discovery, at the beginning of the 1990s, of magnetic hysteresis originating at
the single molecule level by R. Sessoli and coworkers [1] triggered the development
of a brand new research field [19] which nowadays permeates into several branches
of science, from quantum information theory to super-dense information storage,
from nanoscopic sensing and nanoscopic probing to electric transport etc: Molecu-
lar magnetism.

The progenitor of this compounds class, displaying magnetic hysteresis and slow
relaxation of the magnetization, was the so-called Mnjs (aka [Mn;3012(CH3COO) 6
(H20)4)). [1, 20] This system, and the class of compounds that emerged in the fol-
lowing years (as Feg or Nijg), are clusters of exchange-coupled d-block metals, whose
magnetic behavior can be approximated to a single gigantic total spin S slowly re-
laxing because of an effective double well potential arising from the large ground
state spin and a strong magnetic anisotropy. [21, 22] The presence of an energy
barrier to the reorientation of the magnetic moment leads to the bistability of the
ground state total spin S (fig. 1.1). This effect made these molecules interesting
candidates for the ultimate miniaturization of the memories, where each molecule
can encode a single "bit” of memory (from here the name Single-Molecule-Magnets).
However, the magnetic bistability of the giant spin ground states with mg = +5 in
undermined by different relaxation processes: some are temperature independent,
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such as the quantum tunneling of the magnetization (QTM) below the energy bar-
rier, others are instead thermally activated, due to the coupling of the spin with
molecular vibrations, generating other relaxation paths such as the Orbach multi-
step mechanisms over the energy barrier and non-resonant Raman. Consequently,
the magnetic hysteresis in these first SMMs can be observed only when QTM is not
activated /ineffective and at extremely low temperatures, where thermal fluctuations
are suppressed. [19, 23, 24, 25]

X [ ! BN

\4s—1)

mg = +S =~

Figure 1.1: On the left and on the right side of the figure, the chemical structure of
two iconic single molecule magnets. On the left the first SMMs to exhibit magnetic
hysteresis at the molecular level and slow relaxation of magnetization, Mnjy [1]
(formally {Mn12012[03CCDyC(CD3)3]16 (CD3OD)4}). On the right, the first rare-
earth based SMMs to display magnetic hysteresis up to liquid nitrogen temperature,
Dysprosocenium [2] ([(Cp')2Dy][B(CgF5)4). In the middle, a sketch of a double
well potential for the reversal of the magnetization for a high-spin S complex, with
a high-spin ground state mg = +S.

A remarkable step in the magnetization blocking temperature of SMMs have been
achieved in the following years with a second generation of molecular nanomagnets,
based on a single f-block magnetic ion. [26] Here indeed, the strong spin-orbit cou-
pling of the rare-earth elements (e.g. Lanthanides) combined with a prominent axial
ligands crystal field, produces a large anisotropy barrier, that stabilize the ground
state spin even at high temperature (fig. 1.1). The energy barriers of several hun-
dreds of Kelvin degrees high of most of these single molecule magnets is however not
the only factor that governs the persistence of the hysteresis at high temperatures.
Indeed, the complex interplay of several relaxation processes interferes with the
magnetic stability and an extensive knowledge on these mechanisms is fundamental
for the improvement of the performances. At very low temperature, the most effec-
tive relaxation mechanism is the quantum tunneling of the magnetization (QTM),
[19] which is temperature independent but can be made inefficient in pronounced
axial ligands field environment. [27] Moreover, at higher temperature, where lattice
and molecular vibrations are activated, the coupling of phonons with the magnetic
moments induce an incoherent relaxation dynamics in these systems. As a conse-
quence, the engineering of these vibrations and the study of their coupling with the
spin is a key step for the improvement of the performances of molecular systems.
[28, 29, 30] Taking into consideration all these factors, a record breaking magnetic
blocking temperatures of 80 K have been recently reported in Dysprosium-based
molecules ([(Cp'™),Dy][B(CgF5)4], with Cpf*= 1,2 4-tri-tert-butylcyclopentadienyl)
with double-decker axial ligands environment (see fig. 1.1). [2, 15] Here, the promi-
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nent axiality of the ligands field, besides inducing a great isolation of the ground
state Kramer doublets from the excited crystal field states, contribute significantly
to the suppression of the quantum tunneling of the magnetization under the barrier.
Moreover, the strong bonds in the ligands environment of the rare-earth ion prevents
efficient spin coupling with molecular vibrations, thus enhancing the persistence of
the magnetic bistability at higher temperature.[15]

Very recently a cost-effective semi-ab initio approach have been developed to un-
derstand the relaxation dynamics of these systems. Physical insights on the origin
of these relaxation mechanism can indeed give fundamental information in order
to develop the next class of record breaking molecular complexes, with blocking
temperatures above the liquid nitrogen limit. [17, 31] In particular non-resonant
two phonon Raman processes were discovered to play the key role in triggering the
magnetization relaxation for these SMM class in the range of temperatures crucial
for the determination of T (see also sect. 5).

Because of the long spin lifetime and the remarkable coherence intrinsic to several
molecular magnets, these systems offers also an attractive option for the realization
of quantum bits. Indeed, the two quantum basis state |0) and |1) can be easily
encoded into the two states of a single spin S = 1/2 molecule. The major obsta-
cle for the exploitation of these systems in quantum information processing is the
persistence of the coherence of a given superposition of states in each qubit unit,
defined by the decoherence time Ty (see sect. 1.2). Therefore, since lattice vibra-
tions, together with electric and magnetic interactions with the environment, make
quantum superpositions of states very fragile, lot of effort have been oriented in the
last decades to the synthesis of molecular complexes with long coherence times and
to the investigation of the decoherence mechanisms.[5, 28, 30, 32, 33, 34, 35, 36, 37]
The first proposed molecular qubit in the 2000s with a coherence time 75 > 1 us was
again a cluster with an even number of d-block atoms antiferromagnetically (AF)
coupled: a [Cr;NiF¢Pivyg] ring. Indeed, the substitution of a Cr magnetic center
in an Homometallic S = 0 ring [38] with a divalent Ni cation causes the unbalance
of the AF coupling and the emergence of a S = 1/2 doublet ground state. [3, 39]
As well as long coherence time (73), these clustered systems were also capable to
implement the first one-qubit operations, with clear Rabi oscillations of spin popula-
tions demonstrated in the benchmark Cr;Ni ring and in Vanadium-based molecular
clusters.[40, 41]

Recently, complexes with a single transition-metal ion are in fact emerging as highly
coherent spin qubits (see fig. 1.2). In particular, several Vanadium-based systems
display coherent oscillations of spin state populations also approaching room tem-
perature, [35] as well as temperature-resilient coherence times, of the order of the
milliseconds in the optimal conditions.[5] Vanadium complexes have also been re-
cently studied as promising coupled qubit-qudit systems. Indeed, the coupling of
the electronic S and nuclear I spin degrees of freedom provides a 21 4+ 1 multilevel
structure called qudit (i.e., quantum digits featuring more than two levels d > 2)
that can be exploited to expand the computational space or to implement quantum
error correction algorithms on single molecular objects. [4, 12, 42]

Rare-earth ions play a role also in the development of molecular qubits. Indeed, the
ones featuring a ground state Kramer doublet, well separated from the excited states
by a significant crystal field splitting, can be described as systems with an effective
spin S¢/7 = 1/2 [8, 33, 43] for qubit encoding (see fig. 1.2). In other cases, owing
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Figure 1.2: Structure of some of the most representative molecular qubit emerged
for each class described in the main text. (a) {Cr;Ni} for d-block cluster molecules.
[3] (b) Vanadium and Vanadyl-based molecular qubit [4, 5, 6] (¢) Terbium and
Ytterbium based single ion qubit for rare-earth based class. [7, 8] (d) Two example
of structure linking together more than one molecular qubit: a rare-earth based
dimer [CeEr| [9] and a supramolecular chain decorated with two {Cr;Ni} qubit
linked with three copper based qudit [10]

an electronic spin S > 1/2; rare-earth based molecular qubits can open new possi-
bilities for the expansion of the available computational space. This can be done by
exploiting all the electronic spin states to encode more than a single qubit in each
molecule [44] or a single qudit with several d states. [7, 45] In addition, rare-earth
based systems embedding more than one asymmetric magnetic unit, as dimers [46] or
trimers [47] have been proposed as single-molecule quantum hardwares with chem-
ically coupled qubits. A similar approach has been pursued for chemically-linking
together several transition metal clusters (i.e. rings) in supramolecular assembly
(see examples in fig. 1.2). [10, 48, 49]

The final step for the actual implementation of molecular systems for quantum
computation is the deposition of single objects and their wire-up in ”processor-
like” structures. [42, 50, 51] Consequently, several studies have recently focused on
the deposition of magnetic molecules on surfaces,[52, 53, 54] and on the coupling
with systems that enable the manipulation and read-out of these single quantum
objects,[55] e.g. with superconducting resonators or nanostructured junctions.[7]

1.2 Di Vincenzo criteria for Molecular Magnets

Molecular spin systems have been identified as a promising evolution of Noisy
Intermediate-Size Quantum devices (NISQs) in order to push forward the capa-
bilities of modern quantum technologies. [56, 57, 58]

Indeed, among a variety of possible systems studied in the past decades, as ultra-
cold atoms,[59] photons,[60] superconducting circuits, [61, 62] Nitrogen and other
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vacancies in solid crystals [63, 64, 65, 66] etc., molecular systems appear to be partic-
ularly suitable for the realization of quantum computation, [50, 51, 67, 68, 69]. This
because they potentially fulfill the requirements set by Di Vincenzo and coworkers
at the beginning of the millenium for the realization of a quantum computing plat-
form. [70] Indeed, despite shorter with respect to other platforms (e.g. see [71]),
the coherence times of many molecular qubits have been demonstrated to be long
enough for the spin state manipulation without significant losses in coherence. [39]
In the following, we will deepen each of these basic criteria for the actual realiza-
tion of quantum information processing with physical platforms, highlighting how
molecular spin systems satisfy these requirements and which aspects are currently
the most critical. [42]

Scalable defined Qubit

Any system, to being exploited as a quantum bit, must be well characterized. This
means that the parameter of its Hamiltonian, together with the coupling with other
nearby qubits and with physical (photons, phonons, external fields, etc.) stimuli
exploited for state manipulation, must be known with accuracy. Here, magnetic
molecules have the advantages to be perfectly reproducible quantum objects, chem-
ically synthetized and ”engineerable” | and easily characterized by bulk spectroscopic
resonant techniques as Nuclear Magnetic Resonance and Electron Spin Resonance
for single molecular-crystals (as detailed in sect. 2.1.1 and 2.1.2). [45, 72] In-
deed, even for a large ensamble of individual molecules, such as a single crystal
arrangement, the strain of the single molecule parameters (g-strain and D-strain as
defined in [73]) is generally limited and results in a moderate broadening of spectral
linewidth (centered around the resonant frequency for the mean parameter values).
Thus, despite strain effects, for the purpose of electromagnetic field manipulations,
molecules in a crystal can be considered practically identical. In addition, some
of these molecules naturally posses a real (or effective) S = 1/2 ground state that
outline a very simple realization of a qubit, since the two mg = 4+1/2 spin states
naturally represent the |0) and |1) state that define the qubit state. [3, 5, §]

Moreover, besides being well defined, a physical system for being applied as a
qubit in a quantum hardware must be scalable. The scaling up, to expand the com-
putational space, can be done in several ways. [50] By chemical design, for example,
it is possible to create molecular structure that hosts more that one magnetic center,
as dimers or trimers of qubits. [9, 47] Similarly, AF rings, such as [Cr;Ni|, are well
known and thoroughly studied systems that feature the possibility to be bonded
together in supramolecular structures, combined with other spin 1/2 complexes,
[10, 48, 49, 74, 75, 76] and to be deposited on surfaces, retaining their magnetic
properties. [53, 77, 78]

Another option, more recently developed, is to exploit the internal degrees of free-
dom of the system, to expand the computational space. The resulting quantum
system can be seen as a qubit that feature more than two discrete states (qudit) or
as a collection of effective two-level qubit embedded within the same molecular unit.
This happen for example in S > 1/2 complexes, as the S = 7/2 of Gd*" ions where
d = 8 electronic spin levels are available. [43, 44] Rather than the electronic spins,
the nuclear spin degrees of freedom of the molecule metal ion can be exploited as
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Figure 1.3: Bloch sphere showing the |0) and |1) basis of a qubit and all the possible
linear combination a|0) + b|1) filling the sphere surface.

another powerful resource for quantum computation, because of their isolation from
the environment. The nuclear spin is indeed efficiently coupled to the electrons by
Hyperfine interaction, resulting in a split of the level degeneracy and in a consider-
able speed up of the required manipulation time, regardless of its isolation from the
environment. [4, 12, 45]

However, the advantages gained by increasing the number of electronic and nuclear
states of the qudit is not sufficient to cover complex algorithm at single molecule
level. Therefore, it is necessary to design multi-qubit platforms that enables the
realization of two- or many-qubits gates. As proposed in this review [50] by S. Car-
retta et al., a possibility provided by molecular qubits, thanks to their stability (even
isolated) and chemical tunability, is to link the molecules chemically, by introducing
switchable molecular linkers [76, 79] with ultra-fast switching-time (well below the
hundred of ns, depending on the system) [76, 80], or physically by periodic deposi-
tion on active substrates, as superconducting on-chip resonator. [51, 81] Both these
approaches allows to control coherently and individually the spin states. [50]

Qubit Initialization

From a computational point of view it is fundamental to have a clear picture of
the qubits state at the beginning of the quantum information processing. This re-
quirement is fulfilled if the physical system chosen for the computation can be easily
initialized to a well known state. [70] For the case study of molecular magnets, ini-
tialization of the state can be easily achieved by cooling strategies. Given a molecular
system with an effective spin S = 1/2 ground state, by naturally cooling at the mK
temperature (rutinely achieved in NISQ platforms) we initialize the system by pop-
ulating only the lowest energy spin state (fig. 1.4). [82] Fast initialization during
computation processes can also be implemented by artificial cooling with projecting
measurements into the desired state (e.g. with electromagnetic pulses). Another
strategy suitable for molecular systems is the exploitation of cooling algorithms,
[83] that allows to reach initialized states with pulse sequences, even at temperature
in which all the states are thermally populated.
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Figure 1.4: Scheme of two feasible cooling methods: thermal initialization (left),
based on the slow cooling of the system to a temperature low enough to isolate
the ground state from the excited ones; projection measurements (right), based on
resonant e.m. pulses to rapidly project the system to a desired state (when the
thermal population is negligible).
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Qubit Coherence times

When the physical quantum system is placed in contact with the environment,
the generic qubit state |¢)) = a|0) + b|1) degenerates, in a time we define as de-
coherence time, into the classical mixture described by the system density matrix
p = |a?|0)(0] + |b|*|1)(1|. Therefore, this decoherence time represents the lifetime
of the quantum superposition state in which the qubit is placed for computational
purposes.

For a proficient implementation of a quantum algorithm, the decoherence time of
the physical platform on which it is implemented is not supposed to last longer than
the entire computation itself. Indeed, the error induced on quantum states by de-
coherence can be corrected by error correction protocols, as proposed by Shor and
Steane in 1995 and 1996 respectively. [84, 85] As a consequence, a good compromise
for the decoherence of a system is set by the gate time (”Clock time” in [70]) if
Quantum Error Correction (QEC) is applied. In order to implement proficiently
any quantum gate, with negligible coherence losses due to relaxation, the system
decoherence time must be longer than the time needed to implement a single gate
(at least 10* times the "clock” for complete fault-tollerant computation [70]).

In this regards, magnetic molecules display unique advantages in tuning the relax-
ation mechanisms. The principal sources of decoherence come from the interaction
of molecular spins with molecular vibrations (phonons), ligands nuclear spins and
nearby electronic spins. [51] In the last decades, after the identification of these relax-
ation mechanisms, several strategies have been proposed to remarkably improve the
decoherence times of molecular spins. The identification of the specific vibrational
modes most strongly coupled with the spin (detrimental for quantum coherence)
enables the suppression of those relaxation path by chemical optimization of the
structure, e.g. by stiffening of ligands or groups removal (see sect. 4). [29, 30, 86]
Moreover, decoherence effects induced by magnetic dipolar interaction have been
remarkably reduced by exploiting strong magnetic dilution of molecular magnets in
diamagnetic host structures. Finally, the interaction of electronic spins with the
nuclei hosted into the molecule ligands structure cannot be easily suppressed, since
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Hydrogen is the one that interfere the most and also the most abundant element in
this class of molecules. However, the molecular structure can be optimized in order
to reduce this contribution to relaxation by separate as much as possible the sources
of decoherence and reducing their abundance (e.g. by deuteration or fluorination).
[37]

Two different characteristic times are used to quantify the decoherence of a molec-
ular qubit: T} and T5. The first describe the interaction of the spin with the crystal
structure (phonons) and it is then called spin-lattice relaxation time, while the sec-
ond is called spin-spin relaxation time (or phase memory time) and accounts for
the interaction with nearby spins, denoting the coherence time of the qubit. If we
represent the spin motion of the system in the rotating frame (that allows us to get
rid of nutation motion) as a Bloch sphere, the two relaxation mechanisms can be
distinguished in two different motions as shown in figure 1.5.

|0) |0)
+Z T1 £z

1) 1)

Figure 1.5: In a rotating frame system, precessing spins are represented by static
Bloch sphere states. On the left, the system evolution from a perturbed in-plane
state toward the thermodynamical equilibrium state |0), timed by T} relaxation
time. On the right, the spin dephasing process over time (blue and green arrow
represents spins with increased or decreased nutating frequency respectively), timed
by 15 dephasing time.

T} indicate the time needed for the system to re-establish the thermodynamical equi-
librium after a perturbing stimulus, thus probing its coupling with the environment
with which it exchanges energy. T, instead, indicates the decay rate of spin phase
coherence within the system.

The possibility of implementing QEC, to protect the intrinsic fragility of quantum
information, on a single multilevel quantum object represents another fundamental
advantage of exploiting magnetic molecules as building blocks for quantum com-
putation platforms. Indeed the qudit architecture, featuring multiple electronic or
nuclear levels in a single molecule, enables the encoding of error protected ”logical”
qubits into a single quantum object. [88] The aptitude to the implementation of
QEC permits to release the strict requirements of extremely long relaxation time
for molecular qubits, since the errors arising from dephasing can be mitigated by
artificial corrections.
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Universality

The fourth requirement set by Di Vincenzo for a prototypical quantum platform is
the capability of implementing a Universal set of single and multi-qubit quantum
gates. Since any quantum algorithm can be decomposed as a sequence of unitary
transformations U;,[89] the requirement is translated in identifying system in which
is possible to implement any unitary transformation. When referring to a physical
system, this condition is fulfilled if all the manipulation of the system can be identi-
fied by a set of Hamiltonians, that generate all the required unitary transformations
U; = e#/"  Tmplementing the universal set of unitary transformation enable the
simulation of any quantum time evolution of a system.

In this regard, molecular magnets are easily manipulable systems, where the molecule
spin is pushed in interaction with an external electromagnetic (e.m.) stimulus to
manipulate the electronic and nuclear states, without any significant constraint.
Therefore, we can easily assume that given a magnetic molecule, its spin state can
be manipulated in order to cover uniformly the whole Bloch sphere (fig. 1.3). The
expansion of the computational space to multi-qubit gates, must go through the
coupling of several molecular units. Therefore, as discussed for the scalability, to re-
alize functional two and multi-qubit entangling gates, various molecular units must
be wired up by coupling with external superconducting on-chip resonators [81] or
by introducing switchable molecular couplers or linkers, sensible to external stimuli.

[76, 79]

Qubit measurements

The final step of a quantum computation process is the readout of the result. The
ideal physical platform must allow the measurement of the state of each specific
qubit, without altering the state of the others.

This aspect is currently the most critical, since it potentially require the realization
of a single molecule read out mechanism. Regarding the two possible architecture
proposed above, having single-molecule qubits spatially separated and selectively
coupled by planar resonators can allow the individual readout of a desired pro-
cessor region with e.m. stimuli, without causing the collapse of the full system
wavefunction. [50, 55] However, up to date this approach poses strict experimental
limitation, due to the very weak spin-photon coupling (see [90]). Moreover, other
platforms permits single qubit readout by electric transport measurements [42] or
light irradiation. [91] Electric and magnetic field are also exploited for the readout
of single molecule qudit, when the population of a single couple of levels can be
extracted by resonant excitations, without affecting nearby states.

1.3 Spin Hamiltonian formalism

The Spin Hamiltonian approach enables the description of the static properties and
coherent dynamics of magnetic molecules and it represents the most effective for-
malism for the interpretation of experimental data from spectroscopic techniques.
Given a molecular system it permits to describe accurately the energy levels of the
system and the hierarchy of magnetic interactions. [19, 92, 93]

This approach permits to describe all the contribution to the system Hamiltonian
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in terms of spin-only operators, starting from the assumption that each ion in the
molecule can be described as an effective spin §;. The latest assumption is accurate
for systems with quenched orbital angular momentum (as in almost all 3d systems),
or when the orbital angular momentum is not quenched (as in 4f systems), but the
crystal field splitting of the J quantum number yields a well isolated ground state
multiplet.

The most general spin Hamiltonian describing molecular nanomagnets can be writ-
ten adding several contributions: [19, 92]

7’[:7‘[61—1-7'[0}74-%(1@4—%24—%”. (1.1)

Here, H., represents the exchange interaction between mangnetic ions in the molecule,
Hcr the effect of the local crystal field, and Hg;, the through-space and through-
bond dipolar coupling. Finally, H; models the Zeeman interaction with an external
magnetic field and H,, defined as ”fine structure” Hamiltonian, accounts for the
interaction with the nuclear degrees of freedom. In this thesis we will mainly focus
on single ion molecules with effective or intrinsic spin S = 1/2, in which the ex-
change interaction H., between ions in the molecule is absent and the crystal field
excited states are ignored because of the considerable isolation from the ground state
Kramer doublet. Moreover, by drastic dilution ( up to 2%) of the MNM in its crystal
structure with its diamagnetic analogue, the inter-molecular dipolar contribution to
the spin Hamiltonian in 1.1 is also strongly suppressed. Therefore, for these systems,
the spin Hamiltonian in 1.1 can be universally expressed in its reduced form:

H:%Z+%n:HZ+HHyp+Hq+%Zn7 (12)

where in the fine structure Hamiltonian we made explicit all the contribution due to
the interaction with the nuclear momentum: the Hyperfine coupling H g, the nu-
clear quadrupolar interaction H, and the nuclear Zeeman terms Hz,. These terms
are expressed in terms of product of spin operators, as detailed in the following
sections.

1.3.1 Electronic and Nuclear Zeeman interactions

The ground state Kramer degeneracy (for both systems characterized by real or
effective spin 1/2 ground states) is removed by applying an external magnetic field
B, as a results of its Zeeman coupling with the electronic spin S. The Hamiltonian
for the electronic Zeeman effect is thus given by the scalar product:

Hy = upS - gs - B, (1.3)

where pup = 1.3996 x 10* MHz/T is the Bohr magneton and gg the spectroscopic
splitting tensor, that varies for different ions and structures. If we focus on the
coordinate reference frame of the molecule, the tensorial product is reduced as:

Hz = up(9:5: B + 9,5,By + 9.5.B.), (1.4)

with the field components B, , . defined in polar coordinates with respect to the
molecule frame (B, = Bsinfcos¢, B, = Bsinfsing, B, = Bcosf). When the
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field is instead applied along a specific molecular axis (B,z), the electronic Zeeman
term can be defined as a simple scalar contribution to the spin Hamiltonian Hy; =
1pg.S.B,. The Zeeman splitting induced with the applied field enables |mg =
—1/2) — |mg = 1/2) electronic transitions at an energy that increase linearly with
B and can be schematically depicted as in figure 1.6. For these electronic excitations,
the typical energies involved are in the microwave range (mw).

Electronic transitions
|_ _______________ |
[ -1/2 51/2 |
: .
I I
I |
| |
| |
I |
I I
| : »
: Agns = +1 : .
m =
L. . (B>0)

Figure 1.6: On the left, the S=1/2 electronic ground state degeneracy splitting
induced by the electronic Zeeman interaction Hz, as a function of the field. On
the right, the | — 1/2) — [1/2) electronic transition enabled by this Hamiltonian
contribution observed in a canonical spectral analysis

Regarding instead the fine structure Hamiltonian, we have to consider that also
the nuclear magnetic moment couples with the external magnetic field B. This
interaction is usually small compared to the other contribution to 1.2 and it can be
easily written as the scalar product between B and the nuclear spin I

Hzn :NNgNi'B- (15)

Here the proportionality constants are the scalar nuclear magneton puy (uy = 7.6226
MHz/T) and the ion dependent isotropic spectroscopic splitting gy . This terms
introduces a small isotropic splitting of the nuclear states within the same electronic
multiplets (Amg = 0), enabling Am; = +1 transitions as shown in figure 1.7.
Differently from what outlined for the electronic Zeeman splittings, nuclear state
excitation energies falls typically in the radiofrequency range (rf).

1.3.2 The Hyperfine interaction

Finally, for a single ion magnetic molecule, the most relevant contribution to the
fine structure Hamiltonian is constituted by the interaction between the nuclear and
electronic magnetic moments, mediated by the local steady electronic magnetic field
generated at the nucleus site. This interaction can be expressed in terms of spin
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Figure 1.7: On the left, the nuclear degeneracy splitting induced by nuclear Zeeman
interaction Hz,, as a function of the field in a S = 1/2, I = 3/2 system. On the
right, the m; degenerate 3/2) — [1/2), |1/2) — |—1/2), |—1/2) — | —3/2) nuclear
transition enabled within the same electronic multiplet Amg = 0. The spectra is
extended to display both electronic and nuclear transitions.

operators as the quadratic form between the electronic S and the nuclear I spin.
Hpyp=1-A-8S. (1.6)

The tensor A is called Hyperfine tensor and it describes the electron-nucleus in-
teraction. For spin S = 1/2 systems it arises from two different mechanism: the
dipolar magnetic interaction between S and [ and the contact interaction of the
electron spin density effect on I. [19] By assuming that the principal axis of the
molecule reference frame are coincident with the one of the Hyperfine tensor, the
Hamiltonian can be rewritten as:

Huyp = ApSely + AySy L, + A,S. 1. (1.7)

For systems with axial symmetry this expression is usually further simplified by
defining a transversal A; and longitudinal A components of the Hyperfine tensor:

Heyp = AL (S, + Syly) + Ay (S.1.). (1.8)

The energy involved in the Hyperfine splittings is typically smaller than the elec-
tronic Zeeman effect. Therefore, for sufficiently high magnetic fields we observe a
splitting of the nuclear multiplet m; confined within each electronic my = +1/2
lines. The transverse and longitudinal components of the Hyperfine tensor with
respect to the applied field contributes differently to the m; splitting, as detailed
in figures 1.8 and 1.9. For intermediate magnetic field applied along the system
z axis B.Z, the component Aj induces an equivalent field-independent splitting of
all the m; levels, thus without altering the degeneracy of the Am; = +1 transi-
tions. However, at zero field A splits the states with concordant sign for mg and
my from the states in which mg and m; have discordant signs, e.g. | £1/2,+3/2)
from | £1/2,F3/2). As a consequence, the degeneracy of the electronic transitions
Amg = £1 for different m; values is broken and all the Hyperfine lines are split in
the ESR regime (see fig. 1.8).

If we now consider an Hyperfine tensor with axial symmetry, also a transverse A,
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Figure 1.8: On the left the splitting effect induced by the parallel Hyperfine compo-
nent A when the external field is applied parallel to it; On the right the expected
spectra showing the degenerate nuclear and the resolved electronic transitions, aris-
ing from the Hyperfine tensor expressed in inset.

contribution will appear. This contribute at low field to a mixing of the electronic
and nuclear wave functions and at intermediate field introduces anisotropy in the
splitting of the m; states, acting as a pseudo-quadrupolar contribution. Both the
two aspect will be developed in the following subsections. The effect of an axial
hyperfine tensor is shown in figure 1.9, where all the nuclear transitions of both
electronic multiplets are also resolved.

The dominant contribution in the matrix element of the NMR transitions can vary

E

SNSRI O
X X 4

Amg = +1
Am; =0

Electronic transitions

Figure 1.9: On the left the splitting effect induced by an axial Hyperfine tensor
(inset) when the external field is applied perpendicular to the strongest component;
On the right the expected spectra where all the nuclear and electronic transitions
are resolved.

as a function of the increasing applied field, e.g., when the Zeeman g;uy overcome
the A, contribution. The Hamiltonian hierarchy change can results in crossings of
the levels and of transitions energies within a nuclear multiplet m; or even from
different electronic mg multiplets.
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1.3.3 The Nuclear quadrupolar coupling

When the nuclear spin of the magnetic ion is I > 1, the nuclear quadrupole mo-
ment interacts with the electric field gradient arising at the nucleus. The gradient,
responsible for this term, is generated by the anisotropy in the electric charge dis-
tribution on the paramagnetic ion. This interaction, can be expressed in terms of
spin operators as the quadratic form:

H,=1-P-1, (1.9)

where P is the quadrupolar tensor, generally oriented along the principal axis of the
other Hamiltonian terms (A, g). When referring to the principal axis the quadrupo-
lar Hamiltonian H, can be rewritten in the simpler form:

Hy =PI+ P,I} + P.IZ, (1.10)

When considering the simple case of a quadrupolar tensor with component only
along Z axis, in zero field (ineffective Zeeman interaction) the nuclear states with
different absolute value of |m;| are splitted by the quadrupolar interaction, while
the states that differ only for the m; sign are kept degenerate, as shown in figure
1.10.

AN
E Al D e
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X
»
& W
AV MV AV
X N X
r | l
1 I\ 1
1 “‘\ j 1 :
I ‘\‘ | ! 1
I || 1! 1
! [ ! 1
! | ! 1
I \ 1! 1
1 \ ! |
X Amg =0 b Amg = +1 : v
1 Am; = 1 1 Am; =0
b o T 1 (B>0)
Nuclear transitions Electronic transitions

Figure 1.10: On the left the splitting of the state with different |m;| induced by a
Quadrupolar coupling P with components only along Z when the external field is
applied parallel to it; on the right the resulting spectral components for the spin
Hamiltonian with only Quadrupolar, electronic and nuclear Zeeman couplings. The
nuclear transitions are partially resolved, while the interaction leaves the electronic
gaps unperturbed.

This contribution to the spin Hamiltonian is thus fundamental, together with the
pseudo-quadrupolar of section 1.3.4, to distinguish the excitation energy of each
nuclear transition, enabling the possibility to selectively address each nuclear and
electronic state of the system. [4]

1.3.4 Second order effects
Electro-nuclear mixing

In the low field region, the level diagram for an axial Hyperfine coupling in figure 1.9
shows a wide anticrossing that induce a strong curvature of the levels, sympthomatic
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of a mixing between the electronic and nuclear degrees of freedom of the system
wavefunction. This electro-nuclear mixing [45] derives directly from the component
of the Hyperfine field perpendicular to the applied field. Indeed, assuming that the
magnetic field is applied along the Z axis, the system eigenstates |V, ,,) can be
easily calculated analytically to the first order of perturbation theory in the limit
of g.upB > |A,|. Neglecting the nuclear Zeeman and quadrupolar coupling, the
system wave function results:

ozAL
g.upB + (m[ + 1/2)AH

’\I]ms,m1> = ]ms,m1>j: |m52|21,m1:|:1>, (111)
where the first ket is the unperturbed wave-function while the second one takes into
account the effect of the transverse A, to the mixing (o = (mg F 1,m; + 1S, 1, +
Sylylmgmy)). Consequently, the matrix element of the allowed NMR transitions
|Vingm;) = [ Wingm,+1), for an applied field along 2 are composed by a pure nuclear
excitation uyg; summed to a second component dependent on A, and arising from
the electro-nuclear mixing of the wavefunction described above:

(Wingme|grinLe + 9ot SeWimgm1) = (1.12)
OéAJ_
g-ppB + (m; +1/2

= grun(m|lylm; £ 1) £ A Gzpi(ms F 115z/msg)

A
e a(gvpn £ ﬁ)-

gzRgz)

The mixing of the electronic and nuclear degrees of freedom in the system wave-
function is fundamental for the purpose of studying the NMR response of molecular
qubits, because of the strong enhancement of the NMR transition matrix elements
caused by the A, contribution: ;‘—é > grun, even at field where the mixing is small
(B ~ 0.2 T). As a consequence, also the manipulation time of the nucleus becomes
very short.

Pseudo-quadrupolar contribution

As already mentioned above, the transverse component of the Hyperfine interaction
with respect to the applied field acts as a pseudo-quadrupolar contribution to the
energy spectra, thus contributing to the degeneracy-breaking of the nuclear transi-
tion energies.

This effect is a fundamental resource for the manipulation of spin states in this class
of systems. Indeed, by retaining only the secular terms in the spin Hamiltonian
(i.e. large By or small transverse Hyperfine), the difference between the gaps of
my nuclear transitions, fundamental for their selective addressability, is due to the
nuclear quadrupolar interaction, which however is small for 3d-ion based molecu-
lar magnets (see sect. 3.2 and 3.3). Nevertheless, when the Hyperfine component
transverse to the applied field By is significant, up to the second order perturbation
theory with respect to the Zeeman term, it induces a non negligible splitting of the
my multiplets, analogous to the one induced by the quadrupolar coupling. [4]

If we restrict to the lowest electronic mg multiplet, the low-energy effective Hamil-
tonian can be expressed as the sum of a pseudo-Zeeman contribution H pseydo—z and
an effective quadrupolar coupling H pseudo—q:

Heff = HPseudo—Z + HPseudo—zp (]-]-3>
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where, if By is applied along Z and perpendicular to A., the pseudo-Zeeman contri-
bution has the form:

A, (A2+ Az) gNpN + 24, A g5

Loy I, 1.14
2 8Bo(g51dh — gxHi) ] )

HPseudon - Befflx =

while the effective quadrupole interaction can be written as

I(I+1
with ; )
peff — (A2 + A7) gspp + 2A,A.gnpin 116
’ 8Bo(g21% — g1i3)
A2 - A2
preff _ ( Yy z) gspiB (117)

8Bo(g51h — 9xi%)
These two effective quadrupolar couplings results to be larger than the intrinsic
quadrupole interaction P for some 3d-ions, as for the largely studied Vanadium
complexes.[4, 5, 6, 35] The advantage of a secondary mechanism inducing the split-
ting of the m; states, acting analogously to the zero-field splitting for the electronic
states, is to expand significantly the class of complexes suitable for quantum com-
puting applications. Indeed, it removes the strict requirement of a strong intrinsic
quadrupole to realize systems displaying selective addressability of states, since it
can be achieved also by properly designed hyperfine tensors and applied magnetic

fields.

1.4 Lindblad Master equation

To understand and reproduce the incoherent spin dynamics of molecular qubits it
is fundamental to consider their interaction with the environment, which plays a
key role in triggering the relaxation and decoherence processes. Therefore the spin
system S must be treated as an open quantum system, since its evolution depends
on both the internal dynamics and the coupling with the environment.
Given a Spin quantum system S coupled via an interaction V with the environment
B, the total Hamiltonian describing the closed Spin+environment system have the
form: ) )

Hip(t) = H, @ Ip+Is® Hp + V(1), (1.18)

where the open Spin system Hamiltonian Hg and the environment Hp act respec-
tively on their subspaces. For a closed quantum system the time evolution can be
accounted by an appropriate equation of motion of the system density matrix p: the
Liouville-von Neumann equation.

oty = [A.a0)] (119)

with p(to) = >, wi |vi(to)) (Yi(to)|, where w; are the weigth of the state vectors
|i(to)). However, treating the whole environment system is typically unaffordable,
since it hosts infinite and non-easily definable degrees of freedom. Therefore, it is
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convenient to describe the system by focusing on the reduced Hilbert space of the
spin S system, which contains all the spin dynamics information. The operators
X acting on this reduced Hilbert space are defined by means of the partial trace
formalism:

(X) = trg {Xﬁg} , (1.20)

where the reduced density matrix pg = trg(p) is obtained from the partial trace of
the total density matrix, over the environment degrees of freedom. The equation of
motion for the open system becomes then:

%ﬁs(t) = _itTB [ﬁwt,ﬁ(t)] : (1.21)

h
If we assume that the correlation time of the environment dynamics are negligibly
shorter then the time scale of the system correlation (Markov approximation), and
that the time dependent coupling V is a small perturbation of the system (weak-
coupling approximation), we can then formulate the quantum master equation in
interaction picture as the Lindblad equation:

o) = L

~

a W=y [ﬁtot’ﬁs(t)] +D(ps(t), (1.22)

where the first term of the equation represents the unitary coherent dynamics gen-
erated by the system Hamiltonian H unperturbed by B, while the second term
D(ps(t)) (Dissipator) accounts for the non-unitary effect of the interaction with the
environment and is written as: [94]

. . 1 . .
D(ps(t) = {Lm,nps@)Lin,n — g(Lin,an,nps(w + ps(t) L, W Liny)| . (1.23)
with L,,,n defined as Lindblad operators.

Spin systems are subject to the pure dephasing mechanism, due to the coupling with
the environment. For taking into account the non-unitary effect of dephasing, the

Lindblad operators L,,, n must be written as: [94, 95]

and the Lindblad equation becomes: [94]

 ps(t) = — i [ B ps(0)] +

dt
D b {|m><m|ﬁs(t)|m><m| - %(|m><m|ﬁs(t) +ps(t)[m)(ml)| ,

m,n

(1.25)

where |m) are the eigenstate of the system. This dissipator causes the decoherence
of the off-diagonal elements of the density matrix p,, ,(t) with a rate 7™" = (7,, +
Yn)/2), whilst the diagonal nature of the Lindblad operator keeps unchanged the
diagonal population p,,,,(t) (no energy exhange between system and environment).
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For the nuclear spin system that will be discussed in section 3, the eigenstates are
labelled by the corresponding component of the nuclear spin |m;) and the dephasing

rate corresponds to the nuclear phase memory time 7" = 1/1}" o [4] Moreover,
for the case-study of molecular qubits it could be useful to simulate the effect of an
external stimulus on a spin system already coupled with the environment. This can
be simply achieved by adding a time dependent term H, (t) to the Hamiltonian of
the master equation that rules the unitary evolution of the system density matrix.
The Lindblad master equation becomes:

Loty =~ i [ o+ B(0). 5s(0)] +

5 Yo [0 o] 1) G0 + o) )|

m,n

(1.26)

By numerically solving this master equation by using realistic parameters of the
spin Hamiltonian, the time dependent perturbation and the dephasing rates gives
fundamental insight into the dynamics of prototypical molecular qubits.
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Experimental techniques

The experimental study of molecular nanomagnets in this thesis has been done
by exploiting several techniques: resonant techniques, such as broadband Nuclear
Magnetic Resonance, Electron Paramagnetic Resonance, and scattering techniques,
such as neutron and X-rays inelastic scattering. In the following sections we will
give a brief introduction to all of them.

2.1 Resonance techniques

In this section we will focus on two resonance techniques which have several similar-
ities, from the poin of view of the theoretical background, and one important differ-
ence, the physical target. Both Nuclear Magnetic Resonance (NMR) and Electron
Paramagnetic Resonance (EPR) are in fact resonant experimental techniques ex-
ploiting the interaction of magnetic moments with an external electromagnetic irra-
diation, perturbing the system. In the first case, the magnetic moments p; = puygnI
arise from the nuclear spin I of the system, while, for the second technique, the fo-
cus is on the magnetic moments p, = psg, - S arising from the unpaired electrons
spin S. Since we are dealing with resonant techniques, this implies that the electro-
magnetic irradiation must be tuned to a natural frequency of the system in order
to be effective, which is, depending on the different physical target, the frequency
of the magnetic moments gyroscopic precession under an external static magnetic
field. These magnetic resonance frequencies falls typically in the radio-frequency
(rf) region for the nuclei, while for the electrons in the microwave (mw) one, thus,
we will refer to rf and mw irradiation depending if we are describing an NMR or an
EPR experiment. In the following chapter we will discuss in details the Broadband
NMR (sect. 2.1.1) and EPR (sect. 2.1.2) techniques.

2.1.1 Nuclear Magnetic Resonance

In the nuclear magnetic resonance technique we are dealing with nuclear mag-
netic moments py, arising from the atomic ground states of several nuclei featuring
I # 0. Because of the small magnetic moment py (compared to the electronic
one j./pr ~ 10371), and the absence of a strong exchange mechanism, nuclear
ferromagnetism is limited to the mK temperatures. Thus, in a NMR experiment
under applied static field, the target system will be a spin paramagnets featuring
several states E,, (depending on the spin I) corresponding to the different values
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of the quantum number m; = I, of the spin quantized along the applied field.
The population of these nuclear states will be governed by the Boltzmann statistic
P,, < e Em/FT" Nuclear magnetic resonance is therefore the spectroscopic technique
that enables to study these energy levels and the transitions induced among them
by a resonant rf radiation. There exist two possible resonant excitation methods:
field-sweep and frequency-sweep. Here we focus on the frequency-sweep method,
used for the NMR investigations of this thesis. It consists in targeting the system
with a rf-field of variable frequency. When this frequency v,y matches one of the
characteristic gaps of the nuclear states structure A ~ hv,y, the transition prob-
ability is enhanced and the process detected. The detection of these energy gaps
and the measurement of the spin relaxation processes towards equilibrium after the
rf irradiation are the information commonly accessible from an NMR experiment
on a magnetic nucleus. The NMR experiment can be interpreted in two different
ways: as a forced precession of the nuclear magnetic moment in a rf field (from F.
Bloch [96, 97, 98]) or as the result of the competition between the relaxation to
the thermal equilibrium (Boltzmann populations) and the excitation induced by the
electromagnetic irradiation. [92, 99|

In a quantum mechanical approach, the eigenvalues of the angular momentum
I = nl component I, along the external field direction z, coincide with all the
21 + 1 possible configurations m = —I,—1 + 1,...I — 1,1. Thus, given the rela-
tionship between the magnetic moments and the angular momentum components
(Im|p.|Im') = pungn{(Im|I,|Im'), the effect of an applied external static field Hyz
is the Zeeman interaction energy:

H=p-B=~haBI, = uygnBlIL., (2.1)

that splits the nuclear spin states, characterized by the eigenvalues E,, for each m
state:
E = —pungnBm. (2.2)

To induce excitations between these Zeeman levels and thus performing the NMR
experiment, the system must be targeted with a perturbation hw resonant to one of
the gaps within the F,, states.

hw = Eny — Ep,. (2.3)

In this case, the perturbation consists in a rf-field B; | B that induces an additional
interaction term By = —ungn By . 1.cos(wt) that drives the transition between close
nuclear states m — m=+1 with Am = +1. By considering the case of a spin [ = 1/2
system, the transition probability between the two m; nuclear states is defined as
|{(+|I.|—)|?, where |+) and |—) correspond to the states of component m; = +1/2.
For stimulating the transition it is necessary to have a population difference between
the two target states. Indeed, by defining the number of spin per level as N (t) and
the transition rate as W, the excited spin per unit time is defined by the product
N4 (t)IW and the states population variation is described by the rate equation:
d% — WNL(t) — WNL (), (2.4)
whose solution in terms of population difference n(t) = N, (t) — N_(t) = npe
gives an exponential decay toward a condition in which there is no population differ-
ence. Indeed, the time dependent energy of the system E(t) = N_E_+ N, (E, +hw)

—2Wt
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saturates with an absorption rate:
dE/dt = hwoWn(t) = nohw(We 2. (2.5)

However, after the rf-stimulus is removed, the nuclear spin system interacts with
the thermal bath environment and relaxes towards the initial thermal equilibrium
state, following a Boltzmann distribution:

N_ AEL _

Thus, the relaxation of the population difference induced by the rf field, which
is governed by the interaction with the environmental thermal bath (lattice), is
modeled by a relaxation rate 1/7T; called spin-lattice relaxation rate:

n(t) = ng(l — e /™). (2.7)
This, combined with the rate equation 2.4, gives an energy absorption rate from the

nuclear spin system:
E
B ot (L) | (2.8)

The nuclear spin time evolution during and after the rf-manipulation can be de-
scribed by the phenomenological Bloch equations for the nuclear magnetization.
[96, 97, 98] This approach enables the definition of the relaxation constants that are
usually employed to model spin relaxation. We start from a nuclear spin system
in its thermodynamical equilibrium when a static field B = Bz is applied. This
condition corresponds to a null transverse magnetization M, , = 0 and a saturated
longitudinal magnetization M, = My = x,Hy, with x,, nuclear susceptibility. The
classical precession of the nuclear spins in this field, plus a relaxation term, is de-
scribed by the Bloch equations:

d%xyy—_ M()—Mw‘y ? (29)

dt MNgN(M X B)z,y + T

{% = pungn(M x B), + LT_IMZ

where T} and T, account for the relaxations of the longitudinal and transverse mag-
netization, respectively.

When a rf exciting field B; 1 B is added to the spin system, in a reference frame
Z,1y,Z rotating at the same frequency of By, the nuclear spins time evolution is still
described by a precession, but in this configuration the precession is around an ef-
fective field B.fy = BiX, + (B — w/7)z, sum of the two applied fields. The Bloch
precession equations become:

B = ungy BiM,, — M
W = (ungnBo — w)M, — 3= . (2.10)
Pl = —(ungnBo — W) M, + pngn BiM, — M,

As already outlined above, the relaxations times of the longitudinal Z and trans-
verse , y magnetization components are kept distinct. This because these constants
represent two different processes. As seen for the definition of the absorption rates
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for a thermal-like relaxation process, T} is related to the recovery of the thermal
equilibrium of the nuclear state population, induced by the coupling with a ther-
mal bath constituted by the electronic and crystal environment of the nuclear spins
(spin-lattice relaxation). Conversely, the transverse relaxation consists in a dephas-
ing that occurs during spin precession in the zy-plane (spin-spin relaxation).

If the rf field is a short pulse of duration ¢p (short enough to avoid simultaneous
decoherence) resonant with the system natural frequency w = pungn B, the effect of
the perturbation is a nutation of an angle 6 = uygnBitp around the effective field
Bix. Consequently, by tuning ¢p, it is possible to realize /2 rotations onto the xy
plane or 7 inversion of the nuclear magnetization. In particular, after a 7/2 pulse
the nuclear magnetization evolves following Bloch equations:

M,y (t) = My, (0)e /T (2.11)

which is the so-called free induction decay that follows the resonant perturbation.
The decoherence induced by static fields once the nuclear magnetization is on the
xy plane can be refocused by applying a second 7 pulse to the spins system that
reverse the dephasing, generating an echo-like signal from the refocusing of the
spin precession (dynamical contributions are irreversible phenomena that defines
the intrinsic T3). Conversely, the longitudinal relaxation consist in a recovery of the
initial state M, by the exchange of energy with the thermal bath. From the Bloch
equations the recovery follows the trend:

M, (t) = My + (M. (0) — Mgy)e ¥/ (2.12)

T, and 17 can be measured experimentally by proper pulse sequence on well defined
spin transitions (at fixed w). By refocusing the echo with a 7/2 — 7 — 7 pulse
sequence for example, as a function of the delay 7 we can measure the decay of the
transverse magnetization (75 spin relaxation). By ”heating” the nuclear spin system
with a pulse train to the most disordered state and then refocusing after a delay
7, we measure the recovery of the longitudinal saturation in a ”cooling-down”-like
process (Pyqim —t — m/2 — 7 — ). Moreover, by collecting the resonance signals
over a wide frequency range, from the collected NMR spectra we can link the energy
gaps of the excited transitions to the levels structure of the spin Hamiltonian, and
fit its parameters, as outlined in section 1.3.

HyReSpect broadband spectrometer

The paramagnetic state of an ordinary magnetic material is characterized by a spin
dynamics that features fast Hyperfine field fluctuations. Being these fluctuations
faster then the nuclear Larmor wy, frequency, the resulting nuclear relaxation, corre-
lated to the hyperfine field fluctuations, is ultra-fast and prevent the detection of a
resonance signal. Molecular NanoMagnets, however, at low temperatures are char-
acterized by spin-lattice relaxation rates much longer than the rather short time
needed for the system manipulation with rf pulses (fastened by strong hyperfine
couplings). Thus, during the short time-scales of a spin-echo rf sequence, the target
nucleus experiences a quasi-static electronic environment. [100]

In this context, the NMR apparatus must be suitable for the excitation and detection
of fast relaxing signals. For the experiments reported in this thesis, we exploited a
pulsed broadband NMR spectrometer named ”"HyReSpect” (”Hyperfine Resonance
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Spectrometer” ), entirely designed at the University of Parma and optimized for the
investigation of magnetic materials, spanning both frequency and field. [11] This

Spectrometer
- Transmitter stage - Power rf

amplifier
@_' l\
I/ LC-Resonant
probe

l &3

Preamplifier A/4

RX |« \I
Spectrometer
- Receiver stage -

Figure 2.1: Sketch of the "HyReSpect” spectrometer hardware and of the LC-
Resonant probe. Transmitter and Receiver stages hardware are better detailed in
[11].

experimental apparatus (sketched in fig. 2.1) features a wide frequency span with a
flat response in the 8-800 MHz range, covering the natural frequency range of several
nuclei, such as transition metals (V, Cu, Mn, etc.). It is also equipped with a fast rf
switching, with pulses that are programmable in steps of 12 ns, broadband receiver
+3 MHz and an effective experimental irradiating bandwidth limited to 1-2 MHz
due to the LC resonator finite passband. The receiver bandwidth, together with a
short instrumental dead time and a high speed digital pulser, enables the generation
of pulse sequences characterized by short pulses and delays, necessary for the detec-
tion of short living signals with a fine time resolution. Faster signal averaging with
respect to commercial NMR spectrometers enables also the collection of optimal
signal to noise ratio on shorter experiment timescales. The used probehead is a LC
resonant circuit in which the sample is placed within the coil and inserted into a
Maglab EXA superconducting cryomagnet.

2.1.2 Electron Paramagnetic resonance

As already highlighted in the introduction, Electron Paramagnetic Resonance (EPR)
is complementary to NMR, since it gives fundamental and non redundant informa-
tion on the coupled electro-nuclear spin system. Electronic resonances indeed inves-
tigate the electronic magnetic moments arising in systems with unpaired electrons.
[101, 102] The EPR experiment can be described exactly in the same theoretical
framework used for the NMR experiment, with the only difference of the magnetic
moment g, = pupgs - S, which originates from the unpaired electrons of the system.
Thus, in the case of an electronic spin multiplet S = 1/2, for a static field Bz aligned
with the z axis of the g tensor, the Zeeman interaction:

H=p. B=ppgs,BS., (2.13)
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causes the splitting of the energy levels, labeled by the two electronic spin component
along the static field direction mg = +1/2

E,.e = —itpgs,Bmsg. (2.14)

Consequently, for this simple model system, the energy of the mw-EPR stimulus
inducing the transition for the resonant experiment between the two mg states must
be:

hw = gs, 1B B. (2.15)

EPR experiments are usually performed at fixed mw-frequency and the transition
energies are varied by sweeping the static field B until the Zeeman gaps match the
irradiation energy. This because the resonator quality factor strongly depends on
the target frequency and thus limits the frequency span range. For this reason, EPR
can be performed with different characteristic frequencies reported in table 2.1, each
of them particularly suited for specific experiments/samples.

EPR frequency bands
L-band | 0.8-1.2 GHz
S-band | 3.4-3.8 GHz
X-band 9-10 GHz
Q-band 34 GHz
W-band 94 GHz

Table 2.1: EPR frequency bands. X and QQ bands are the most commonly exploited
for the study of molecular magnets spin Hamiltonians and decoherences.

In EPR spectroscopy the spin system can be targeted both by a continuous mw-field
(continuous wave EPR) or by a pulsed mw-field (pulsed EPR). In this section we
will focus only on the pulsed EPR technique, which is the one used for the mea-
surements of spin relaxation reported in section 6. When the system is targeted
by the mw-field B; of a pulsed EPR experiment, in analogy with what shown in
section 2.1.1 for NMR, the electronic spin magnetic moments precess following the
Bloch equations 2.1.1. Thus, it is possible to manipulate, through mw-pulses the
electronic spins, inducing tuned nutations of angles § = ugg,Bitp. This enables
the characterization of the system energy spectra, together with the electronic spin
lattice 17 and spin-coherence ¢T3 relaxation times. The former is detected with
a slightly difference pulse sequence with respect to NMR. Here the pulse train is
substituted by a simple inversion 7 pulse and the resulting sequence is known as
inversion-recovery sequence m — /2 — 7. The detection is done by refocusing the
electronic spins previously pushed into the ”inverted” non equilibrium state —M,
as a function of the time required to recover the equilibrium condition My = M.
Pulsed-EPR spectra as a function of the static field B in fixed frequency regime en-
ables the fitting of the spin Hamiltonian model. This analysis is complementary to
the fitting of the NMR spectra, since the two techniques feature different sensitivity
to the Hamiltonian parameters of electronic or nuclear origin respectively (e.g., the
best fit of the spectroscopic splitting tensor g is achieved with EPR, while NMR
features better sensitivity on the hyperfine tensor components).
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Elexsys-E580 Pulsed spectrometer

In order to perform the measurements reported in the previous section, the EPR
apparatus must feature high sensitivity and high speed manipulations. For this
purpose, we exploited a Bruker Elexsys-E580 pulsed-EPR spectrometer from the
EPSRC National Service for Electron Paramagnetic Resonance Spectroscopy Labo-
ratory at the University of Manchester. This pulsed-EPR spectrometer is equipped
with a SuperQ-FT microwave bridge for pulsed Q-band (vgpr = 34 GHz) experi-
ments combined with a dedicated Q-band resonator. The spectrometer is supplied
with a 1.8 T electromagnet and a cryogen-free cryostat incorporating a closed he-
lium circuit.

The sample is placed into a modular Bruker Flexline resonator, suitable for the multi-
resonance Elexsys platform, featuring high cavity filling factor and short deadtimes.
The cavity quality Q-factor is variable and enables experiment optimization. It
could be critically coupled for continuous wave (CW) investigations, or kept low for
short deadtime and large irradiation bandwidth or matched to the sample relaxation
time to increase the signal to noise ratio.

The wide detection bandwidth (800 MHz) and the fast averaging signal processing
are guaranteed by the combination of the PatternJet-II pulse programmer, which
delivers a high time resolution (up to 1 ns), and the fast SpecJet-I1I digitizer, which
enables high speed acquisition with 1 ns resolution, zero dead time between shots and
on board signal processing. This two digital units in particular allowed to average
FIDs and fast-decaying spin echoes within the sample 77 limit. The SpinJet-AWG
(arbitraty Waveform Generator) additional modulus, enables high speed manipula-
tion and detection of pulses with non-trivial shaping over a multiple channel archi-
tecture.

2.2 Scattering techniques

Studying the scattering of a coherent radiation on a sample and the energy ex-
changed during the process gives unique insights into the atomic structure and
coherent dynamics of the system. Indeed, scattering techniques are of fundamen-
tal interest in molecular magnetism, since the radiation interaction with the nuclei
allows to directly probe the molecular and lattice vibrations triggering their phonon-
induced relaxation dynamics. [30, 31] Moreover, for probes featuring a non-zero spin,
i.e. neutrons, the magnetic interaction with spin and orbital momenta enables also
the characterization of the system spin Hamiltonian and its coherent spin dynamics.
[103]

In this thesis, X-ray and neutron scattering experiments are used for probing the
phonon spectra and dispersions in Molecular nanomagnets (MNMs). Thus, in the
following sections, we will give a brief introduction to the Inelastic Neutron Scatter-
ing (INS) and the Inelastic X-ray Scattering (IXS) techniques, highlighting the im-
portant information that can be extracted from the experiments. [104, 105, 106, 107]
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2.2.1 Inelastic scattering

An inelastic scattering process, as sketched in figure 2.2, is defined by the two
conservation laws for momentum and energy:

Q=ks— ki, (2.16)
hw = Ef — B, (2.17)

with the squared momentum depending on the scattering angle:
Q* = k} 4 k7 — 2k;ky cos(0). (2.18)
To describe the scattering process we start defining an incident flux of the incoming

SAMPLE

E, k;

Figure 2.2: Scattering process with incoming and scattered beam energies E;, Ey

and wavevectors /gi, Ef, and geometrical representation of the transfer momentum )
and the scattering angle 6.

beam per unit of perpendicular sample surface and per second Iy. The scattering
cross section o, is then defined as the number of scattered particle per flux unit:

number of scattered particles
Iy '

oy = (2.19)
If we now restrict to a given direction identified by a small solid angle df) and to a
final energy of the scattered particles in a narrow range (Ey, Ey + dEy), the local
double differential cross section becomes:

&0, scattered particles into solid angle d) with energy (E;,Ef + dEy)

ONOE LydUE

(2.20)
The double differential cross section includes all the physical information that can
be extracted from the scattering experiment.
All the scattering processes can be described within the Fermi Golden Rule for-
malism, defining a transition rate between two identified states, by means of the
interaction of the probe with the sample expressed by a potential V. Let’s con-
sider a scattering event in a df) solid angle, defining a final wavevector k}, in which
the energy of the scattering system changes from F) to E). The probe-sample
states changes consequently from |k;, A) to |l%z, ). The resulting double-differential
cross-section can be written as:

9%0, 1
= Wi Nl 2.21
0Q0F [OdeEkadQ [, )=k g N ( )
fln
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Here I/V| R\ 5[ N) represents the transitions rate between the two states. Given
the Fermi Golden Rule, this rate can be written as a function of the squared ma-
trix element of the interaction potential V' between the two states and the energy
conservation rule for the probe-sample system (E; + E\ = Ey + Ey):

2 - -
Z M/|Ei,/\>—>|12f,xf) = ?pkakf, NV ki, N ?6(Ex — Ex + E; — Ey), (2.22)
kg in d

where py, defines, for the scattered particles with momentum Ef, the number of

states, per unit energy, in d€). For a further expansion of this expression it is neces-
sary to specify the nature of the interacting potential V' and the d2, dE density of
states py,dEy, in order to calculate the matrix element and extrapolate the normal-
ization constants. Thus, it is necessary to separate the treatment depending if the
scattering particles are neutrons of X-rays.

2.2.2 Inelastic Neutron Scattering

The interaction between a neutron and a bound nucleus is defined by the Fermi
pseudopotential V.

2;h2 S b0 — Bi(1) (2.23)

J

Vnuc (7", t) =

with b; scattering length of the j¥ atom in position ﬁj defining the interaction
magnitude with the neutron at position 7.

Moreover, by exploiting the quantum mechanics box normalization and the relations
between the energy and momentum of a neutron, the state density py,dEy in the
transition rate definition 2.2.1 can be rewritten as the number of wavevectors in the
unit volume 873 /V;:

‘/0 —
Thus we obtain the density of states as a function of the final momentum:

By combining all these terms, we can write the cross section associated to the
scattering event |k;, A) — |k, \') as:

820’ 1 kf m 2 — —
s == ) 7= (5= ) kg, N[VI]k, \)P0(Ex—Ex+hw). (2.2
(898E)|E_A>_>E . (N> 2 (52) 1y NIVIE, NEO(Es =By 1), (226)
13 f7

However, in a typical scattering experiment we cannot focus only on the processes
in which the system undergoes the specific A — X transition. Thus, summing over
all the final states A" and averaging over the initial A\, we obtain:

9o, ) Z ( 0?0, >
N (2o , (2.27)
(@QaE o \OROEJ ki x

Now, we substitute the pseudopotential V' definition within the Fermi Golden Rule,
and we write the matrix element summation as a thermal average (indicated as ())
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on the initial states. The double differential cross section thus takes the integral
form:

Pa, 1 —iG-R;(0) iG-R./ —iw
(mw) - (N> (%h) be / SRSy ar, (228)

where the integral thermal average is a correlation function that depends on atom
position as a function of time and the scattering function S; (@, E') can be defined

as:
S;(Q,E (%h) Z / i R5(0) i Q- Ryr (1) g =t iy (2.29)

It is now possible to disentangle the Contrlbutlons to the scattering function due to
correlations between the same atom at different times or between different atoms.
Indeed, if j = 5’ then W = b2, while if j # j' then W — 7", The two scattering
lengths can be brought out from the 7' sum and the resulting cross-section is written
as the sum of a coherent and incoherent terms:

0%0, 0%0, 0%0,
(8QaE) N <aQaE)coh " (898E>zn60h (230)

&0, b\ k(1 B
(698E)Coh_ <N> ki, (%h) S;(Q, E), (2.31)

contains the position correlations between different nuclei at different times (inter-
ference effects), while:

P o, PNk (1N 4
(890E)mwh (ﬁ) ki (Qﬂh) 5;3(Q, E), (2.32)

contains the position correlations at different times for the same nucleus (auto-
correlations).

The time dependent displacement wu;(¢) of a nucleus from its equilibrium position
l; (induced by thermal vibrations) is defined as R;(t) = l; + u;(t). Substituting
this definition into the time integral of the coherent scattering function, with U =
—iQ - u;(0) and V = iQ - u;/(t) we obtain:

x 3 0T / (VeVye gt (2.33)

where:

After some manipulations, the thermal average can be rewritten as the product
(eVeV) = e{U%eUV) The first term, corresponding to a thermal average of the dis-
placement auto-correlations function, it is the so-called Debye-Waller effect eU?) =
e~2W(@ | The second term instead, is the thermal average of the displacement cor-
relation function. For small displacements, in harmonic approximation, the expo-
nential can be expanded in Taylor series, and each order n of the series correspond
to a scattering process involving a number n of phonons

1 1
V) 1+ (UV) + §<UV>2 + —{UV)". (2.34)
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2

Here the order "zero” of the series eV'V? a 1 correspond to a scattering pro-

cess that does not involves phonons (i.e. elastic scattering), while the first order
elUV) ~ 14 (UV) corresponds to a scattering process that causes the emission or
absorption of one single phonon, and so on for the following orders. Thus, assum-
ing the displacements ; as the normal modes of a quantum harmonic oscillator
with frequency ws(q) (eigenvalue) and polarization vector 7(q) (eigenvector), the
one-phonon coherent scattering function can be rewritten in terms of creation and
annihilation operators for bosons:

Seon(Q, E) o (ﬁ) Z —2w/(§ Z |Q Us q_)|

[(ns(@) + 1)8(w — wil(@)3(Q — (T + @) + 1s(D)3(w + wi()3(Q — (7 = 6{)2)]35)

with 7 vector of the reciprocal space, ¢ wavevector of the normal modes and s phonon
branch index. The two delta functions ensure the conservation of the energy and
momentum within the scattering process and the correlated creation/annihilation
of one-phonon. It now is evident from the coherent scattering function that in the
scattering experiment of a single crystal we have access to both phonon dispersions
and eigenvectors.

When more than one element d is present in the unit cell the scattering function must
be weighted for the scattering length and mass of each element. This term took the
name of structure factor F(@,q) = | 3, bdm;l/2 exp(iQ-74)|Q-(q)| exp(—2W (@))].
The same phonon expansion in 2.2.2 can be applied to the incoherent scattering

function S}Z}COh(Q, E).

Sincoh(@, E) o<< 1 ) —2W (@) Z ‘Qwas(cf)‘

2m,, > (q)
[(ns(q) + 1)0(w — ws(Q)) + ns (@) (w + ws(q))]- (2.36)

We observe that in the incoherent scattering function the momentum Cj selection
rule ¢ is released. Thus, the scattering only depends on the number of phonon
modes (3N in total) satisfying 6(w £ ws(q)). For this reason the function 2.2.2 can
be expressed as a function of the phonon density of states p(w), averaging over the
wavevectors ¢ and polarization states s:

Sincoh(@a E) X (i

4m,,

e 0L @+ 4@l @3

Here [(n;(q) + 1) + n;(q)] correspond to the Bose-Einstein occupancy factor. If the
system is composed by more than one element d, the partial density of states pg(w)

for each d is weighted by its incoherent cross section c;,con = 47?(? — 1_72) and mass
My, into the global neutron-weighted density of states:

o) = 3 2 ), (239

The latter is directly correlated to the output of the incoherent scattering experi-
ment on powders.
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INS8

The INS measurements shown in section 5.2 were collected at the Institute Laue-
Langevin (ILL) on the thermal neutron triple-axis spectrometer IN8.[108] IN8 was
chosen because it is a high incident flux spectrometer, optimized for the character-
ization of lattice vibrations and magnetic excitations in the range 0-100 meV, for
small samples (as the SMMs we are dealing with).

The instrument layout is shown in figure 2.3. The monochromator, that constitute
the first ”axis” of the spectrometer, selects only the neutrons within a narrow energy
band E; by Bragg scattering. Then the second "axis”, the Analyzer, is moved (ex-
ploiting air cushions) in order to select a specific scattering direction corresponding
to a final wavevector & #, thus selecting one momentum transfer value Cj Finally, the
detector (third ”axis”) collects the neutrons scattered from the analyzer selecting
their final energy E, varying the Bragg scattering angle between the detector and
the Analyzer. By exploting the different combinations of these three axis, the spec-
trometer can precisely select a well defined scattering event within the (Cj, Ey—E;)
space.

Detector ‘Anulyser Monochromator

Monitor 2
Diaphragm

N
’ % — 7  Monitor |
Beam stop Somple table Diaphragm

Figure 2.3: The layout of the IN8 spectrometer at ILL. The picture is reproduced
from the facility webpage.

For the purpose of our experiment we exploited only two of the three faces of the
double focusing monochromator: the Si(111) and the pyrolytic graphite PG(002),
featuring an elastic Half Width Half Maximum (HWHM) of 0.88 meV and 3 meV,
respectively. Both the monochromators can select two initial wavevectors k; = 2.662
A=1or k; = 4.1 A='. The take-off angle of the monochromator must be in the range
10° < 260) < 90°. An horizontal virtual source (horizontal slit) is placed before
the monochromator at a distance that matched the monochromator-sample one, to
focus the monochromatic beam. Further collimation of the beam is realized by a
series of diaphragms in the beam path, in order to exclude as much as possible the
background introduced by the sample environment (Paris-Edinburgh pressure cell in
our case). The analyzer used is a double focusing PG(002). At the sample position
the selected scattering angle is limited in the range 0° < 2605 < 130°. The detector is
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a single *He tube vertically mounted inside a heavy borated polyethylene shielding.

IN1-LAGRANGE

The INS experiment shown in section 5.1 were performed at ILL on the spectrom-
eter IN1-Lagrange (LArge GRaphite ANalyzer for Genuine Excitations).[109] IN1-
Lagrange is dedicated to the study of lattice and molecular excitations, providing
direct access to the sample phonon Density of States (pDOS). This spectrometer is
particularly suited to the study of pDOS in molecular magnets since it provides a
unique combination of both high flux and high resolution, the latter dependent on
the energy range. The instrument layout is shown in figure 2.4

Beam stop

Befilters|  Diaphram| | Monitor View from top

Shielding | Displex Diaphram| [ Monitor

Monochromator ‘ B Hot source

PG arisals View from the side
Sample
Screen

PG aristals Shielding fotsouree Detector

PEUEY

Figure 2.4: Top (left) and side (right) views of the IN1 spectrometer layout. The
picture is reproduced from the ILL webpage.

The spectrometer works in indirect geometry, thus by spanning the incident neu-
tron energy £; and keeping fixed the final energy F; selected by the analyzer. The
spectrometer analyzer is made by a ~1 m? surface composed by 612 PG crystals
and built along the perpendicular of the beam axis, at the sample position (side
view in fig. 2.4). This particular configuration of the analyzer enable the reflection
of the neutron scattered by the sample, over an extremely wide solid angle (2.5
Steradian), with a fixed final energy of 4.5 meV. These scattered neutrons are thus
focused by the analyzer reflection and recorded by a single *He counter, equipped
with a Boron screen to suppress the elastic scattering. The incident energy of the
neutrons is defined by a set of double-focusing monochromators: Cu(220), Cu(331),
Si(311), Si(111) that enable to scan a wide range of energy from 4 to 600 meV. To
each monochromator corresponds a specific energy range (slightly overlapping to
favor the merging of the F; scans) and a correlated energy resolution AE (see table
below).

IN1-LAGRANGE monochromators
Crystal E; range AFE
Cu(220) | 26-500 meV | 2-3 % E;
Cu(331) | 67-500 meV | 1.5-2 % E;
Si(111) 4-20 meV 0.8 meV
Si(311) | 16.5-60 meV | 0.8 meV

This instrumental configuration can be considered an alternative to the triple axis
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configuration presented above for the spectrometer IN8 (fig. 2.3), where the ana-
lyzer is kept fixed in the scattering energy and very large in size. The second ”axis”
of the spectrometer is thus fixed here (no @ dependence information) and the INS
spectra is collected by sweeping step by step the incident energy F;.

2.2.3 Inelastic Xrays Scattering

When the scattering probe is a photon, the interaction potential assumes a differ-
ent form. In the case of X-rays, in the weak relativistic limit, the photon-sample
electrons interaction is well described by the Thomson interaction Hamiltonian:

1 o
H= éro;Az(rj,t), (2.39)

where ry = o I8 the classical electronic radius and A is the vector potential for
the electromagnetic field of the jth electron. We now want to follow a path similar
to the one outlined for neutron scattering in section 2.2.2. By expressing the vector
potential AYFW t) in plane wave expansion, the double differential cross section in
2.2.1 can be written, with explicit transition rate between the initial (i) and final
(f) states A\, ' (from Fermi Gold Rule), as:

)

S
(2.40)

where the first term 70|€; - €¢|? is a scale factor from Thomson one electron scattering,
px is the thermal population of the initial state and the squared matrix element
can be rewritten as a thermal average. The term within the curl brackets has the
same the structure of the scattering function S (@, w) defined for neutrons in section
2.2.2. Thus, for the description of the scattering experiment we now focus on this
quantity. In adiabatic approximation we can focus only on the nuclear coordinates,
assuming that the electronic part of the system wavefunction is unperturbed. In this
approximation the summation over the j electrons is brought to atomic k coordinates
> el =57, F1(Q)e'@ B expliciting the atomic form factor fx(Q) and the
positions time-dependence. This last sum represents the charge density operator
p(@, t). After all these manipulations, the scattering function can be expressed as
the integral thermal average of the charge density operator:

2
5(E)\—E,\/+hw) ,

Z ez‘cj-Fj

J

0%c L Lok
(aQaE):Tolei'€f|2ﬁ 2P

AN

. 1 Y .
S(Q,w) = ﬁkafk’/ (e OO i@ T (1)) =it gy, (2.41)

k. k!

This form permits to rewrite the scattering function in analogy to what is done
for neutron scattering, thus introducing the coherent and incoherent contributions,
accounting for the interference and single particle correlation terms, respectively.

Indeed, for k = K then fofw = f2, while if k # & then fofw = f . Substituting
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into the scattering function:

(@7 W) coh

—

+ incoh Q
ZQ Rk/(t)> —zwtdt+

/ ) ei@Br(t)y g mivt gy, (2.42)

>1‘>—t
>t
\I

el

(Q,w
1
oah Z
k
Introducing a small displacement i(t) for each k atoms, we define the same op-
erators U = —iQ - ux(0) and V' = iQ - up(t) of equation 2.2.2 and we derive the
one-phonon scattering function from the first order Taylor expansion of the ther-
mal averaged exponential exp((UV')). The coherent one phonon X-rays scattering
function thus becomes:

S(@Gw) xS @lﬂiph@ﬁ

[(n4(@) + 1)8(w = wi(@)3(Q = (7 + D) + nu(@)3(w + ws(@)3(Q = (7 _(2®4)z]),)

with the structure factor Fy_,(Q) defined as:

Fp (0 Z O oG o) (2.44)

where we note the explicit dependence on the phonon modes energies w,(q) (eigen-
value) and polarization e®(q) (eigenvectors), which can be directly probed in the
scattering experiment.

We finally note that, differently from a neutron scattering experiment, here the en-
ergy of the excited phonon modes are much smaller than the incident photon energy
(hw < E;), thus the exchanged momentum @ and incident photon momentum #k;
ratio depends only on the scattering angle 6 (in fig. 2.2). Thus, there are no kine-
matic restriction on the energy transfer depending on the @) values. Moreover, the
IXS cross section is mainly composed by the coherent scattering function extracted
above, with the incoherent scattering that contributes at higher energies and, in
the moderate low energy phonon regime, can be neglected. Finally, elements con-
tribute differenlty to the IXS and INS cross sections. This is due to the intrinsic
difference between the X-rays form factor and the neutron scattering length, which
feature distinct dependence on the momentum transfer () and on the scattering sys-
tem electron number Z. A more detailed analysis of the differences and similarities
between INS and IXS is reported below, as a subsection of this chapter.

ID28

The Inelastic X-ray scattering measurements shown in section 4 were collected at
the European Syncrothron Radiation Facility (ESRF) on the beamline ID28. 1D28
is a triple axis spectrometer dedicated to the study of phonon dispersions in con-
densed matter in a wide range of transferred momentum @ and exchanged energy
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hw, even for samples of very small dimensions. Measurements can also be performed
in a variety of sample environments, such as high-vacuum, cryogenic temperatures,
high-pressure, etc. This beamline is a one-of-a-kind because, thanks to its unique ca-
pabilities in terms of lineshape and resolution, enables the characterization of optical
and acoustic phonons of molecular crystals. The beamline layout is shown in figure
2.5. The spectrometer features an almost exact backscattering Si monochromator

Detectors

Monochromatic Multilayer
Focus Mirror .
Backscattering beam S Spherical
Monochromator Be lens Analyzers
Collim.
Be lens
) e AN\ oo
Mirror post-Monoch, ¥ —_— \\ omm
Premonochromatic High Heat Livad He beam Undulator
beam pre-Monoch. SOURCH
A\
ANY
75m 70m 65m 60m 55m S0m 45m 40m 35m 30m 0m

Figure 2.5: Schematic representation of the ID28 spectrometer layout. The picture
is reproduced from the ESRF website

(89.98°) that exploit different Si(n,n,n) reflection orders. Each of these reflections
selects an initial energy E; and a lineshape width AFE (resolution), for a X-rays flux
that decrease by increasing the reflection order n (see table below).

ID28 monochromators

norder | E; (keV) range | AE (meV) | flux (photons/s)
Si(777) 13.84 5.3 10.5 x 100
Si(888) 15.817 44 9 x 1010
Si(999) 17.794 2.2 2.7 x 1010
Si(111111) 21.747 0.83 6.6 x 10°
Si(121212) 23.725 0.73 5.8 x 10°
Si(131313) 25.704 0.5 1.47 x 107

After the monochromation, the beam is focused on the sample, positioned on a ro-
tating goniometer with rotational, tilting and translational degrees of freedom, back
into the experimental cabin. Here lays the second ”axis” of the spectrometer, a 7
meters arm, equipped with nine analyzer, each of them constituted by 1200 single
crystals bent in a spherical shape, for focusing the beam on the detectors over an
angular acceptance of 40 mrad?. The nine analyzers are placed in the horizontal
scattering plane, with an angular displacement of 0.75°, and select nine different
momentum transfer @ in the range 1-80 nm™! with a momentum resolutions of 0.03
nm~'. The individual Si detectors constitute the third ”axis” of the spectrometer
and select the final scattering energy F;. They are integrated on a monolithic Si
chip, together with their preamplifier and the Peltier cooling modulus (for electronic
noise reduction). The length of the spectrometer arms is justified by the backscat-
tering geometry and the need to offset the incoming white beam with respect to the
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monochromated and focused one E;.

INS and IXS, differences and similarities

Since in this thesis both INS and IXS techniques are used, it is worth mentioning
some of the main differences between the two probes. In particular, we will focus on
the aspects that makes X-rays favorable with respect to neutrons for the investiga-
tion of phonon dispersions in molecular crystals. The first aspect relates to the cross
section that for X-rays is highly coherent, while in neutron scattering some elements
like 'H, abundantly present in molecular complexes, display an highly incoherent
cross section that causes the blurring of the experimental phonon dispersions due to
incoherent scattering. Conversely in IXS, the incoherent scattering involves energies
way higher than the typical phonon energies of molecular magnets we are interested
in. Thus, it is not necessary to, e.g., deuterate the crystals employed. Together
with the absence of incoherent scattering, multiple scattering events can also be
neglected, making IXS a basically background free technique. Thus, with respect
to INS the data reduction procedure results smoother. Conversely to INS, IXS do
not suffer of strong dynamical limitation within the (Q,E) space and the order of
magnitude difference between the incident and the exchanged energies leads to the
decoupling of energy and momentum transfer (which depends only on the scatter-
ing angle) and causes the resolution of the experiment to be independent from the
energy. Moreover, the almost absence of X-ray magnetic cross section makes this
probe favorable for the study of phonon dispersions and polarization vectors, since
the magnetic excitations within the energy range of interest are naturally removed.
For INS instead, where the magnetic cross section is comparatble at low Q to the
nuclear one, the subtraction must be done manually by measuring a diamagnetic
analogue of the studied crystal.

However, the two techniques features also some similarities, such as the coupling
strength, which is comparable between X-ray-electron and neutron-nucleus. Fi-
nally, the easier focusing of the X-ray beam and its intrinsic higher flux makes IXS
best suited for the study of crystals of small dimensions in reasonable times, with
respect to INS that, in absence of large crystals, requires long counting times.
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Extensive broadband NMR study
of Vanadium-based molecular
qudits

In this chapter we focus on the characterization of Vanadium-based molecular qubits.
By exploiting the broadband NMR technique, we access a comprehensive description
of the coupled electro-nuclear spin Hamiltonian and of the spin coherence times of
these systems. By further combining nuclear and electronic resonance techniques,
we further increase the extent and the accuracy of the description of this complexes,
achieving complementary and non redundant results. Moreover, we demonstrate
that targeted radio-frequency (rf) and microwave (mw) pulses can be exploited to im-
plement monochromatic coherent manipulations of the electronic and nuclear states
of these systems. Finally, the ability to manipulate nuclear state with rf pulses is
pushed further by implementing the elementary encoding operations of a Quantum
Error Correction algorithm, under the guide of realistic simulations. This capability
demonstrates that these complexes are promising units for quantum information
processes applications.

3.1 Vanadium-based qudits

Molecular complexes embedding a single transition metal ion have been intensively
studied in the last decade for quantum information processing applications. In-
deed, the chemical ability to tailor the ligands environment and thus to engineer
the quantum properties of the system makes these complexes an ideal test bed to
discern the different contribution to relaxation and decoherence. Among plenty of
possibilities, Vanadium and Oxidovanadium(IV) based complexes are emerging as
promising candidates, because of an innate robust quantum coherence. [5, 6, 35, 67]
Moreover, these Vanadium-based systems feature a crucial advantage. The Vana-
dium nuclear spin I = % can in fact be exploit to expand the available computational
space within a single quantum object. Indeed, the hyperfine coupling between the
nuclear spin degrees of freedom and the electronic spin doublet generates a mul-
tilevel structure which is called Qudit, i.e. a quantum digit featuring more than
two levels. [42, 51] Encoding information on this multilevel structure expands the
dimensions of the computational Hilbert space from a two-dimensional qubit to a
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d-dimensional (d > 2) qudit.

In this frame, resonant techniques that exploit electromagnetic pulses (as NMR and
EPR, respectively in sect. 2.1.1 and 2.1.2) play a crucial role, since they allow both
the characterization and the coherent manipulation of these multilevel structures.
[55, 100] In particular, in the following, we demonstrate why broadband NMR is
an ideal technique for coherently manipulating the nuclear states of prototypical
molecular qudits and how this technique can be used to characterize them. [4, 12]

3.2 NMR investigation of the [VO(TPP)| molec-
ular qudit

The first prototypical Vanadium-based molecular qudit studied here is Vanadyl
tetraphenylporphyrinate [VO(TPP)]. The complex is composed by a single Vana-
dium ion bound to an oxygen to form a Vanadyl group which is inserted at the
center of a porphyrine ring. The molecule crystallizes as a square pyramid with a
tetragonal 14 space group. In the crystal cell, the porphyrine group lies in the crys-
tallographic ab-plane, with the O-V bond developing along the c-axis (see fig. 3.1).
[4, 14] Moreover, the square pyramid basis matches the crystallographic ab-plane,
while the pyramid height correspond to the crystallographic c-axis.

oV

“@C « 5o oy
.O .Lﬁ"l b&g‘, o L;;?ﬁ:ﬁ»
on IR

Figure 3.1: [VO(TPP)] molecular structure. The principal orthogonal symmetry
directions of the molecular crystal are shown independently: the porphyrin lying in
the ab plane and the oxidovanadium bond direction along the ¢ axis

The NMR spectra of 'V nuclei are measured by the home-built broadband spec-
trometer "HyReSpect” described in section 2.1.1 and in Ref.[11]. The data were
collected at T' = 1.4 K, in order to suppress as much as possible decoherence ef-
fects induced by temperature, on a single crystal of [VO(TPP)] diluted at 2% into
its isostructural diamagnetic analogue [TiO(TPP)]. Dilution represents the most
efficient way to suppress the dipolar inter-molecular interactions as a source of deco-
herence. However, dilution must also be tuned in order to permit the detection of the
NMR signal from the targeted nuclei. The dilution percentage used for [VO(TPP)]
measurements therefore represents a good trade-off between these two factors. [100]
The single diluted crystal is placed on a custom 3D printed plastic sample-holder
and hold in place by vacuum grease. This sample holder permits to easily orient the
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crystal in order to apply the external static field along specific symmetry directions.
The first step of the analysis was the characterization of the model spin Hamiltonian
parameters by an extensive broadband NMR study as a function of the applied field.
We measured ®'V spectra by collecting Hanh-echoes over a wide frequency range at
various applied static fields in the range By = 0.05—0.3 T. The pulse sequence used
is the unconventional 2?” -7 — 2?” sequence which provides an optimized resonance
signal,[100, 110] with pulses duration of T},,se = 0.202 us and delay 7 ~ 6 ps. The
discrete frequency steps can be thickened in data post-processing by merging the
overlapping frequency domains of spin-echoes fast Fourier transform for subsequent
frequency shifted steps. [111]

In Figure 3.2 we show two examples of °'V spectra, measured by applying the
static field along the two nonequivalent and orthogonal symmetry directions of the

[VO(TPP)] molecule, the porphyrin plane ab and the oxidovanadium bond direction
c.
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Figure 3.2: Spectra collected at different applied field By along the molecule sym-
metry directions: the ab plane (a), and the ¢ axis (b). In inset, a spurious peak is
identified from the absence of any time-domain spin-echo signals. Indeed black line
shows the echo signal in quadrature for a real nuclear excitation in correspondence
of 7 (dashed line), whereas a spurious appears as the persistent gray oscillations.
Reproduced from Ref. [4] with permission from the Royal Society of Chemistry.

The [VO(TPP)| molecule can be described by a simple coupled electro-nuclear spin
Hamiltonian composed as follows:

Hy=1-A-S+pI?+upS-gs-Bo+ pngnl- By (3.1)

The first term in eq. 3.2 accounts for the Hyperfine coupling between the elec-
tronic S and the nuclear / Vanadium spins, while the second one expresses a small
axial nuclear quadrupolar contribution (see sect. 1.3). Finally, the last two terms
represent the nuclear and electronic Zeeman interactions. As seen in section 1.3,
the parameters of the spin Hamiltonian determine the field evolution of the nuclear
resonances. Therefore, by comparing the measured field dependence of the spectra
peaks with the simulated spectra, we can fit the spin Hamiltonian parameter. By
considering the crystallographic axes as reference frame abc = xyz, we assume the
Hamiltonian tensors to be diagonal, axial and collinear. Moreover, this choice of
axes combined with the crystal shape simplify the definition of the direction of the
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applied fields Eo, él, because the xy plane matches the square pyramid basis while
the z axis coincides with the vertex.
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Figure 3.3: Red dots correspond to the measured transition frequencies in the broad-
band NMR spectra of ®'V. Black lines represent the calculated evolution of the
transition frequencies as a function of the field By applied (a) in the ab-plane, and
(b) along c-axis. With capital letters AB# and C# we label the Am; = +1
transitions for each direction. Shaded areas were not experimentally explored. Re-
produced from Ref. [4] with permission from the Royal Society of Chemistry.

The best agreement between the calculations and the experimental spectra is found
with an axial Hyperfine tensor and a small axial quadrupolar coupling (see table 3.1).
[4] The electronic spectroscopic splitting tensor g is kept fixed to values obtained
from a previous EPR study [14], since that technique feature an higher sensitivity
on the determination of the electronic g-values. Finally, the nuclear g-factor is fixed
to the constant isotropic value for the 'V nucleus uygy = —11.213 MHzT~!. [112]
The best fit parameter of [VO(TPP)] spin Hamiltonian are listed in table 3.1.

The agreement achieved between the experimental resonance frequencies and the
model Hamiltonian curves is excellent for both the orthogonal field directions (plane
ab and ¢ axis), as shown in figure 3.3. By diagonalizing the spin Hamiltonian 3.2
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[VO(TPP)] spin Hamiltonian
A (MHz) p (MHz) gs (MHz)
x —170 £ 1 0 1.9865
y | —170+1 0 1.9865
z | —480+1 | —0.35+0.07 1.963

Table 3.1: Best fit parameter of the [VO(TPP)] spin Hamiltonian 3.2. [4]

with the obtained parameters we can access the eigenvalues of the system and plot
its energy levels diagram as a function of the applied field (fig. 3.4).

The calculated energy levels are labeled as |mg, m;), thus with the component of
the electronic S and nuclear I spins parallel to the applied static field By. This
attribution is accurate above By = 0.25 T, where gg ,pupBy > |A.| with the field ap-
plied along the x axis of the molecule frame. In this regime, the system eigenstates
are factorized for more than 98%.

x10° , , x10°
2

%

—
Y]
-~

mg= 12

Energy (MHz)

Figure 3.4: Energy levels as a function of the applied field from the diagonalization
of the spin Hamiltonian with static field By applied (a) in plane ab and (b) along
c-axis. The red and blue shades highlight the mg = £1/2 multiplets, respectively.
On the left of each plot, two insets show a zoom into the nuclear level splitting of the
lower and upper multiplets, with the levels marked by the nuclear spin components
m; along the field. Vertical marks highlight the nuclear transitions identified in the
spectra of figure 3.2. Reproduced from Ref. [4] with permission from the Royal
Society of Chemistry.

For the purpose of exploiting the nuclear states of this system as the multi-levels of
a qudit, they must fulfill two fundamental requirements. Firstly, the nuclear spin
dynamics must be conditioned by the electronic spin state, which means that the
energies of the nuclear transitions belonging to an electronic spin state are differ-
ent from the energies of the same nuclear transitions of the other electronic spin
multiplet. As a consequence of this, any manipulation of the nuclear state is condi-
tioned by the electronic state. The second requirement concerns the addressability
of individual nuclear transitions. Indeed, any quantum operation on the nuclear
spin states can be expressed as a combination of transitions between single pairs
of nuclear consecutive levels m;. To ensure this, the difference between subsequent
nuclear gaps 0, = (Ep 41— Em,) — (B, — Em,—1) must be bigger then the rf irra-
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diation bandwidth used for the nuclear manipulation. Indeed, this feature enables
one to address single nuclear transitions, without perturbing nearby states.

The [VO(TPP)] complex fulfills both the requirements reported above. In partic-
ular, the pseudo quadrupolar coupling described in section 1.3.4 plays a key role,
since the differences in the transitions energies are mostly imputable to this effect.
Indeed, the differences 2¢ between the transition energies obtained by diagonalizing
the effective Hamiltonian of section 1.3.4 (composed by the defined pseudo-Zeeman
and pseudo-quadrupolar contributions), match those calculated by diagonalizing the
real spin Hamiltonian of the system d(m;) (see fig. 3.5). It is therefore demonstrated
that this pseudo-contribution is particularly effective in systems with strong Hyper-
fine couplings.
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6_

A | | | X
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Figure 3.5: Difference in subsequent nuclear transitions energies d(my) = (Ep,+1 —
En,) — (Em, — En,—1) in the mg = 1/2 multiplet (crosses), as a function of the
applied field Bx. These values are in sound agreement with what expected from the
diagonalization of the pseudo-quadrupolar Hamiltonian (black line). Reproduced
from Ref. [4] with permission from the Royal Society of Chemistry.

The dephasing rates of the nuclear spin 1/75""™" are also investigated by means
of the %’T -7 — %” Hahn pulse sequence with increasing 7, as a function of the ap-
plied static field By along molecule c-axis and ab-plane. The echo intensity decays
following a single exponential law as a function of 7, for all the measured transi-
tions (fig. 3.6). The extracted time constant T,"""™ is the spin phase memory time
of the system, corresponding to the lifetime of the induced states superposition.
The values obtained for [VO(TPP)] are reported in figure 3.7 as a function of By
and show an increment from 10 us to 60 ps with increasing field. The results are
remarkable, since [VO(TPP)] T, values are among the highest in this category of
complexes. Moreover, the phase memory times result much longer than the time
expected for implementing elementary operations on the qudit system. Thus, these
requisites make this complex very promising for Quantum Information Processing
(QIP) applications.
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Figure 3.6: Echo intensity decay as a function of the delay between the Hahn echo
exciting and refocusing pulses. The experimental data for a selected nuclear tran-
sition ((a) AB2, (b) C1) are plotted together with the relaxation rate Ty single
exponential fit for different applied fields. Reproduced from Ref. [4] with permis-

sion from the Royal Society of Chemistry.
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Figure 3.7: Nuclear phase memory time for different nuclear transitions, measured
with a refocusing Hahn-echo sequence, as a function of the applied field By (a) in
the ab-plane and (b) along c-axis. Reproduced from Ref. [4] with permission from
the Royal Society of Chemistry.

In a diluted sample the dipolar coupling between electronic spins and the inter-
action of the nuclei with surrounding electron spins are both strongly suppressed.
Therefore, the nuclear spin decoherence is governed by the interaction with nearby
magnetic nuclei mediated by the virtual excitation of the electronic spins. In our
[VO(TPP)] molecule, this mechanism dominates over the direct nucleus-nucleus
mechanism as reported for other similar compounds. [45] The electro-nuclear mix-
ing of the system wave functions promotes this relaxation mechanism. Thus, the
increment of the measured phase memory times with the applied field, is justified
by an increase in the factorization of the electronic and nuclear components of the
wave-function. Moreover, the increment in the electronic polarization by increasing
By suppresses the electronic spin fluctuations and further reduce their interaction
with the probed nuclei. [113, 114]

Nuclear spin state populations can be manipulated by means of rf pulses. Indeed,
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nutation experiments in which selective nuclear transitions are induced in the system
have already been reported for similar molecular systems. [45] We successfully re-
alized monochromatic Rabi nutation experiments on the [VO(TPP)] nuclear states,
by selectively inducing some of the transitions highlighted above (see fig. 3.8).

AB1
AB7

Integrated intensity (arb.u.)

t(us)

Figure 3.8: Nuclear Rabi oscillations over a wide time interval, for transitions AB1
and AB7, corresponding to the transition m; = —3/2 — —1/2 for both the lower
and higher-energy electronic multiplets mg = £1/2, respectively. Reproduced from
Ref. [4] with permission from the Royal Society of Chemistry.

The oscillations are induced with a first rf pulse resonant with a well define tran-
sition and of increasing length, followed by a standard Hahn-echo refocusing pulse.
These oscillations, of frequency wg, can be fitted by a sinusoidal function damped
exponentially f(t) oc e *sin(wgt). The pulse intensity B is crucial since, as shown
in figure 3.9, it is directly correlated to the Rabi frequency wg and to the oscillations
decay time.

The Rabi frequencies wg are indeed observed to increase linearly with the intensity
of the manipulating rf-pulse, as expected for nutations induced by coupling with a
resonant field. The damping dependence on B; amplitude suggests that the key role
in this relaxation phenomena is played by the disomogeneities of the rf exciting field
at the sample, that enhance the spin-spin decoherence. The disomogeneities of By
depend on several non-reproducible aspects such as the the probing coil geometry,
the power injected, the system-probe temperature and other experimental conditions
that prevent an accurate determination. Despite this effect, for low-power selective
pulses, the measured damping rate of the transient population results much lower
than the time required to implement single 7 rotation of the spin state A™! ~ 0.3 —1
us. This means that the nuclear states of this molecular qudit can be manipulated
several times before significant coherence losses.

As already stressed, it is fundamental for these transitions to satisfy the criterion of
monochromaticity, that define the absence of nearby nuclear states perturbations.

57 Simone Chicco



Chapter 3

Echo intensity (arb. unit)

time (us)

Figure 3.9: Rabi oscillations as a function of pulse B; attenuation, on the transi-
tion labeled AB1 between the states m; = —3/2 — —1/2 of the lowest electronic
multiplet mg = 1/2. The rf power is defined with an increasing attenuation from a
reference value (0 dB). Reproduced from Ref. [4] with permission from the Royal
Society of Chemistry.

Here, numerical simulation can help in the double-check of this feature for the sys-
tems at hand. Indeed, from the extensive NMR characterization we obtained the
parameters of the spin Hamiltonian H, and the relaxation times of each specific
nuclear transition. Therefore, we have all the ingredients to set up a realistic simu-
lation of the evolution of the system under an external electromagnetic perturbation.
For an open quantum system it is convenient to describe its incoherent dynamics
with a master equation approach, starting from the equation of motion for the spin
system density matrix pg(f). As demonstrated in section 1.4, the spin dynamics of
molecular nanomagnets slightly coupled to the environment can be treated with the
Linblad master equation, which derives from a generalization of the Liouville-von
Neumann equation for open quantum systems. In the case of this Vanadyl complex
subject to a resonant (|m;) — |m/)) time dependent linear rf rectangular pulse
Hi(t), the Linblad equation can be written as:

D~ i[Hy + Hy (1), o)+

dt
> Vg Smgmy L mr) (malplma) (mr| — (Imr)malp + plma) (mal) /2], (3.2)

/
mr,m;y

where the pulse is defined in interaction picture by an Heaviside function shaping
the pulse and the amplitude B; of the linearly polarized exciting field.
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We focus on the first three labeled nuclear transitions of the system, respectively
ABI1, AB2, AB3, with an applied static field of By = 0.3 T within the ab-plane of
the molecule and a perpendicular pulse B;. These conditions, as can be seen from
figure 3.3, are chosen because represent a good trade-off between the spectral sepa-
ration of resonances and the electro-nuclear mixing of the wavefunctions (both field
dependent). In this conditions the states can be labeled with the I, S, eigenvalues,
which are still good quantum numbers. Then, we simulate the effect of a By =~ 5 G
rectangular pulse resonant with the chosen transitions, with the system initialized in
the targeted starting state |mj;, mg). The simulated B; intensity is chosen in order
to roughly match the oscillation frequency observed experimentally in figure 3.9 for
the most attenuated power. [4, 100] The effects of the excitation can be clearly seen
in the colormap of figure 3.10, where the population evolution, of all the nuclear
states of the same |mg) multiplet, is shown as a function of time under the effect of
the By pulse. It is evident that the only significant evolution is between the states
resonant with the induced excitation and the population leakage to nearby nuclear
state is negligible in the time scale of the simulation, which correspond to several 7
rotations of the nuclear state.

However, this theoretical picture does not match exactly the experimental one, since
at the temperature of 7' = 1.4 K all the nuclear states |m;) of both the electronic
multiplets |mg = £1/2) are populated. We have therefore evaluated the effect of the
same resonant pulse on the system with thermally populated states (not initialized
on the target state as before) and the results reported in figure 3.11 are in strong
agreement with those shown in figure 3.10. Therefore, also in the experimental
conditions, the nuclear states of the system can be manipulated independently and
with negligible effect on the surrounding states. These simulations confirmed the
ability to induce coherent monochromatic oscillations of nuclear states population
by means of properly tuned rf pulses.

It is worth mentioning that a condition in which only the lowest energy electronic
multiplet mg = 1/2 is populated can be reached also experimentally (see sect. 1.2),
at temperature lower than 7" < 100 mK or by exploiting cooling algorithms, see [83].
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Figure 3.10: Simulated effect of a rf pulse resonant with a nuclear transition
that increase the m; value by Am; = +1, when the system is initialized in
mr=1/2,—1/2,-3/2 (a,d; b,e; c,f respectively). On the left (a-c) the difference be-
tween target level population as a function of time. On the right (d-f) the colormap
represents the population evolution with time for all the nuclear states. The pulse is
applied along the molecule & axis with intensity B; = 5 G. The targeted transitions
are: (a,d) my = 1/2 — 3/2, (be) my = —1/2 — 1/2, (¢,f) my = —=3/2 — —1/2,
with Amg = 0. The focus here is on the mg = 1/2 spin multiplet, which is the only
one populated because of the states initialization. Reproduced from Ref. [4] with
permission from the Royal Society of Chemistry.
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Figure 3.11: Simulated effect of a rf pulse resonant with a nuclear transition Am; =
+1, on the thermally populated system. On the left (a-c) the difference between
the target levels populations as a function of time. On the right (d-i) the colormap
represents the population evolution over time for all the nuclear states of both the
electronic spin multiplets mg = £1/2. The pulse is applied along the molecule &
axis with intensity B; = 5 G. The targeted transitions are: (a-d) m; = 1/2 — 3/2,
(b-e) my = —1/2 — 1/2, (¢-f) m; = =3/2 — —1/2, with Amg = 0. Reproduced
from Ref. [4] with permission from the Royal Society of Chemistry.

3.3 Comprehensive study of an Organometallic
spin Qudit with Radiofrequency and Microwave
techniques

The combination of different resonance techniques can give fundamental and non
redundant information on molecular systems. Indeed, by combining broadband nu-
clear magnetic resonance (NMR) and electron paramagnetic resonance (EPR) we
achieved an extensive picture of the spin Hamiltonian and relaxation dynamics of
an organometallic [V(Cp)2Cls] complex (Cp = cyclopentadienyl). With these two
resonance techniques we were also able to induce selective manipulations on both
the electronic and nuclear spin degrees of freedom. This approach is thus of funda-
mental interest for studying coupled electro-nuclear qudits and for the development
of tailored experimental setups embedding the ability to manipulate both electronic
and nuclear spins over a wide frequency regime.

Metallorganic molecular qubits constitute a class of systems still not widely explored.
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However, recently, a Ti-based organometallic molecule was reported to display in-
teresting coherence properties.[115] Because of the great results obtained with this
class of compounds in single molecule magnets science,[15] due to their prominent
axial structure and bonding strength of the central ion, it is therefore interesting to
study the behavior that these systems can display also as molecular qubits.

The complex investigated hereinafter, [V(Cp)oCls] (fig. 3.12), was synthesized by
our collaborators at the University of Florence and at the Laboratoire National des
Champs Magnétiques Intenses (LNCMI) in Grenoble (see the List of Collabora-
tors). It display a bent-metallocene structure in which a central Vanadium atom is
coordinated with two ligand-ring Cp (cyclopentadienyl). Two additional Chlorides
coordinating ligands are bound to the metallic center in the plane perpendicular to
the axial direction. The metallocene double-decker environment of the Vanadium
is bent from the perfect axiality to a 132° angle. In order to reduce the effects of
dipolar couplings in the electronic relaxation, for the spectroscopic characterization
with resonant techniques, the molecule has been crystallized in an isostructural dia-
magnetic [Ti(Cp)2Cly] analogue.

Figure 3.12: On the left, the [V(Cp)2Cly] bent-metallocene structure. The molecu-
lar reference frame is shown, with the y-axis bisecting the CI-V-Cl angle, the z-axis
perpendicular to the Cl-V-CI plane (axial direction) and the z-axis unequivocally de-
fined. On the right the crystallographic unit cell with the two inequivalent molecules
labeled as V1 and V2. Reprinted with permission from Ref. [12]. Copyright 2021
American Chemical Society.

The diluted crystals (for three different crystalline dispersion 10% (3a), 1% (3b),
0.1%(3c)) crystallizes in a triclinic P1 space group and possesses two crystallograph-
ically inequivalent molecules in the unit cell. The comparison between different
concentrations of diamagnetic dilution permits to interpret the electronic dipolar
contribution to the electronic relaxation dynamics.

The crystal (fig. 3.13) grows in a block shape, exposing the crystallographic planes
(111) (growth direction), (010) and (101). These crystal directions are used as a
guideline for the orientation of the crystal in the experiments and thus, for the sake
of simplicity, are labeled referring to their length. Therefore, when the static field
in the NMR spectra of figure 3.16 is applied along the ”longer” crystal edge (L),
corresponding to the crystal direction [010], the field is labelled By. The same stand
for the ”shorter” edge (S) and the one which length is in between the two above
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(M) (see fig. 3.13). However, because of the crystallographic inequivalence, each of
the previously defined directions comprises two different configurations of the field
with respect to the two molecules (fig. 3.14).

Figure 3.13: Picture of the crystal collected from microscopy (left) and a sketch of the
crystal shape (right). The two are compared to show the edge length hierarchy and
the relative indexing of crystal faces with the corresponding crystallographic planes.
Reprinted with permission from Ref. [12]. Copyright 2021 American Chemical
Society.

(010)

(10-1)

Figure 3.14: The crystallographic planes (111), (010) and (10-1), that correspond
to the crystal faces, are highlighted in the unit cell. This sketch assist in the visual-
ization of the applied field directions with respect to the molecular reference frame.
Reprinted with permission from Ref. [12]. Copyright 2021 American Chemical So-
ciety.

To determine the spin Hamiltonian parameter of this systems a hybrid NMR-EPR
approach was used for the first time. Indeed, the two techniques (see sect. 2.1.2 and
2.1.1) features different resolution and sensibility to each of the spin Hamiltonian
terms. The starting point is the electro-nuclear spin Hamiltonian, written as:

H():,U,nggB0+iAS+MNgNiB0+iPi (33)

Here, the first two terms correspond to the electronic Zeeman term and to the Hy-
perfine coupling between the electronic and the nuclear spins. The other two terms
constitute the fine-structure Hamiltonian of section 1.3 and correspond to the nu-
clear quadrupolar and the nuclear Zeeman couplings.
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Continuous wave (CW) X-band and Q-band EPR spectra (9.405 GHz and 33.7 GHz
respectively) were measured by our collaborators at the University of Florence and
at the Laboratoire National des Champs Magnétiques Intenses (LNCMI) in Greno-
ble, (see the List of Collaborators) on the diluted powders (shown in fig. 3.15-(a,b)
for sample 3c). The spectra clearly show the eight spectral lines induced by the
Hyperfine coupling with the *'V nuclear spin, corresponding to the eight electronic
transitions mg = £1/2 at fixed nuclear components Am; = 0.

(a) 3¢, EDFS X-band (9.70 GHz) (b) 3¢, CW Q-band (33.7 GH2)
3¢, CW X-band (9.405 GHz)
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Figure 3.15: (a) Continuous Wave (v = 9.405 GHz, black) and Echo Detected Field
Sweep (v = 9.70 GHz, blue) X-band EPR powder spectra of sample 3¢ measured at
T = 20 K. The spectra are both simulated (red) using the Hamiltonian parameter
of table 3.2. EDFS is translated in B for better comparison. (b) CW-EPR Q band
spectrum (v = 33.7 GHz, black). (c,d) 2D colormap (blue negative, red positive) of
3c single crystal X-band EPR spectra as a function of 64 and 65 rotations. Black
lines correspond to the simulated spectra for the two inequivalent molecules. It is
evident the overlap of the two spectra along the reference frame axis (64 5 = 0°,90°)
within the EPR resolution. Reprinted with permission from Ref. [12]. Copyright
2021 American Chemical Society.

The X and Q band EPR spectra are fitted only with the first two components of
the spin Hamiltonian 3.3, i.e. the electronic Zeeman and the Hyperfine couplings,
refining the spectroscopic g and Hyperfine A tensors. This because it was not pos-
sible to deduce the small nuclear interaction terms from the experimental resolution
of this technique. To reproduce the data the two tensors are considered rhombic
and collinear. The final values are shown in table 3.2 after the subsequent NMR re-
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finements. Interestingly, it was not necessary for simulating the experiments results
to assume different parameters for the two molecules in the unit cell. This proves
that the two molecules differs only in the orientations within the crystal, which are
averaged out by measuring powder samples.

The single crystal EPR investigation enables the determination of the relative molecules
orientations. Starting with the external field applied along the (111) crystal face,
the sample has been rotated step by step inside the cavity and the field dispersion
of the resonances has been recorded in the angluar range 6 = 0° to = 180° (fig.
3.15). The rotational axes were the edge between (111) and (010) planes (04) and
the edge between (111) and (101) planes (fg). The rotational axes defined above
correspond with the molecular frame defined in figure 3.12, with 64 corresponding
to the rotation from z to z and g corresponding to the rotation from y to z. For
both the rotational axis, at 0° and 90° the spectra of the two molecules overlap in
a single eight-line Hyperfine structure. This confirms that, within the experimental
resolution of CW-EPR, their magnetic tensors appear to share the same orientation
with respect to the applied field (see fig. 3.12). As we will see in the following, this
aspect will be refined by the NMR analysis which features a finer sensitivity on the
hyperfine components and enables to observe a slight misalignment of the magnetic
tensors, not appreciable in CW-EPR.
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Figure 3.16: Broadband NMR spectra measured at 7' = 4 K at fixed applied static
field By = 0.2 T, for the field directions Bg, B,;, B, schematized in inset with
respect to the crystal faces. In black, the Gaussian spectral lines fitting. Reprinted
with permission from Ref. [12]. Copyright 2021 American Chemical Society.

For investigating the nuclear fine-structure components of the spin Hamiltonian 3.3,
IV (I =7/2, v/2m = 11.21 MHz) broadband NMR spectra were measured at T=4
K in the field range By=0 to 0.4 T, exploiting the "HyReSpect” spectrometer [11]
at the University of Parma. The [V(Cp)2Cly] single crystal 3b was installed on
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a specifically printed sample holder, in order to apply the static magnetic field as
much as possible along the crystal faces labeled as L, M and S. The field orientation
was subsequently further refined as a fitting parameter of the spectra. Figure 3.16
shows an example of spectra collected in each of the field configurations (Bg, By,
and By ). Despite the resonance overcrowding (14 nuclear transitions multiplied for
the two molecules), thanks to the fine experimental resolution, all the transitions
are distinguishable and can be fitted by attributing a Gaussian line-shape to each
resonant frequency. The evolution of the NMR peak frequencies as a function of the
applied field has been fitted with the model spin Hamiltonian in order to refine the
parameter obtained by CW-EPR and to evaluate also the nuclear quadrupolar and
Hyperfine contributions. Only the electronic spectroscopic g tensor was kept fixed
from the EPR analysis, which is more sensitive to its determination. The fitting of
the spectral components at different applied field is shown in figure 3.17.

The achieved agreement between the data and the modeled electro-nuclear spin
Hamiltonian is excellent even when considering both the molecules in the unit cell
(red and black lines). All the spin Hamiltonian parameters obtained from this dou-
ble technique refining approach are shown in table 3.2 below.

[V(Cp2)Cly] spin Hamiltonian
A (MHz) p (MHz) gs (MHz)
x —55 £ 2 0.09£0.01 |2.0010+5x 1074
Y —216+2 | 0.09+0.01) | 1.9834+5 x 10~*
z —315+2 | —0.18 £0.01 | 1.9721 £ 5 x 10~*

Table 3.2: Best fit parameter of the [V(Cp)sCly] spin Hamiltonian 3.3. [12]

Both the spectroscopic g and Hyperfine A tensors show a rhombic symmetry, while
a modeled nuclear quadrupolar contribution, axial along the Cp-V-Cp double-decker
axis, was essential for the reproduction of NMR spectra. Apart from the nuclear fine
structure components of 3.3, broadband NMR also enables an accurate refinement
of the Hyperfine tensor values and absolute sign. The latter is in fact not accessible
in CW-EPR.

By diagonalizing the spin Hamiltonian 3.3, we calculate the system energy levels for
the three external field configurations, shown in figure 3.18. While the electronic
multiplets splitting is not widely affected by the orientation of the field, the nuclear
multi-level structure is strongly modified. Indeed, the remarkable differences in the
hyperfine components causes the overall nuclear splitting to vary significantly be-
tween the three configurations. Moreover, rather than the small nuclear quadrupo-
lar coupling, it is the hyperfine terms transverse to the applied field responsible for
the second-order pseudo-quadrupolar effect that play a key role here in the intra-
multiplet gaps anisotropy. The calculated energy levels fulfill the requirements for
a promising qudit candidate. Indeed, the nuclear dynamics is conditioned by the
electronic spin state, since the two mg multiplets are well distinguished in energy.
Moreover, the anisotropy in the nuclear transitions excitation energies is sufficient
to enable their selective excitation with state of the art resonators.

The energy levels of the two inequivalent molecules are identical, with the exception
of small differences due to the direction of the applied field in the reference frame
of the two molecules. These small differences are however sufficient to distinguish
the excitation spectral frequencies of each molecule, in most of the applied field

66 Simone Chicco



Chapter 3

205
2001
1951
1901
1851
180 1
1751
1701
165 1
160

—~
Q
~

Frequency (MHz)

0 005 010 0.15 020 025 030 035 0.40
B(T)

(b) =

Frequency (MHz)

N
o
L

30 ST e RS :
0 005 010 0.15 020 025 030 035 0.40

B(T)

Frequency (MHz)

0 005 010 0.15 020 025 030 035 0.40
B(T)

Figure 3.17: The measured NMR frequencies for a single crystal of 3b (yellow and
cyan dots) are compared with the spin Hamiltonian fitting model (black and red
dots for each molecule, respectively). The applied field directions Bg, By, By are
schematized in inset. Cyan experimental points label the transitions whose "7,
was measured. Shaded areas were not explored experimentally. Reprinted with
permission from Ref. [12]. Copyright 2021 American Chemical Society.
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Figure 3.18: Calculated energy levels for the experimental field configurations Byg,
B,;, B, with respect to the crystal faces. Black and red lines relates to the two
inequivalent molecules. For the nuclear transitions labeled by vertical colored lines
it was also measured the nuclear phase memory time "7T5 (fig. 3.19). Reprinted with

permission from Ref. [12]. Copyright 2021 American Chemical Society.
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conditions explored experimentally (see fig. 3.17).

The multitechnique approach exploited here has proven to be also essential in the
study of the relaxation and coherence times of the electro-nuclear coupled system.
An echo detected field sweep (EDFS) experiment performed by our collaborator at
the University of Turin (see the List of Collaborators) with the pulsed EPR tech-
nique in the X band (fig. 3.15-(a)) confirms the presence of electronic coherence
also at temperatures above 20 K. The electronic spin-lattice relaxation time °T}
was measured as a function of temperature on powders, with an inversion-recovery
sequence. The applied field was fixed at 0.334 T in order to match the higher in-
tensity transition in the spectra, corresponding to Amg = £1 and Am; = 0 from
m; = —1/2. The recovery rates at fixed temperature were fitted with a stretched
single exponential saturation model I = Iy + Cyexp(—(7/°Ty)?). The extracted
relaxation times “I} are shown in figure 3.19. We observe a maximum and then flat
relaxation rates below 10 K, with values increasing with dilution. At higher tem-
peratures the relaxation time decreases abruptly and becomes independent from the
dilution percentage. This anomalous temperature dependence of ¢ has been mod-
eled by the sum of a direct and a Raman-like contributions to relaxation, dominating
at lower and higher temperature, respectively:

‘T =aT + bT". (3.4)

The evident difference with respect to other Vanadium based molecular system that
display spin coherence approaching room temperature,[5, 6] can be linked to an
unexpectedly efficient Raman-like path for relaxation, whose exponent approach
n = 5 in the phenomenological model used here. The dilution-dependent differences
are instead related to the enhanced dipolar interaction. A finer model for relaxation
in the high temperature regime can be setup by making explicit the coupling of the
spin with local vibrational modes:[116]

exp(hw/kT)
(exp(hw/kT) — 1)%

T/ =cl+d (3.5)
This more detailed model indeed refined the fit in figure 3.19 and suggests that a
potential important role in the abrupt decrease of the relaxation time at 30-40 K is
played by an optical phonon with energy hw ~ 14 meV, together with low energy
phonons (hw = 2 — 6 meV) commonly involved in these processes. Spaces for a finer
and in-depth analysis of the relaxation processes were left to a future dedicated
work.

Electronic quantum coherence T, as a function of temperature was also investi-
gated by our collaborators at the University of Turin (see the List of Collaborators)
by pulsed X-band EPR on the same spectral line (0.334 T), with a Hahn-echo de-
cay experiment. The echo decays were fitted with a stretched exponential decay
I = Iy + Cyexp[—(27/°T;,)"] and the extrapolated coherence times are shown in
figure 3.19-(a). The rates are temperature independent below 40 K and in the order
of magnitude of the us (2.3 ps for the higher dilution). Thus, the low temperature
coherence times are comparable with other parents compounds. [6, 35] The con-
centration dependence also below 1% suggests that in this temperature range the
relaxation is still due to the electronic spin-spin interaction, that dominates over
the less effective electron-nuclear interaction, despite the abundance of spin active
nuclei (*H). At higher temperature the spin coherence time ©T}, shares with the
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spin lattice ¢T} a similar abrupt drop. Even if €T}, is not limited by ¢T3 in this
temperature range, it is clear that the two phenomena are correlated. A possible
explanation is that the faster spin-lattice relaxation €I} causes faster pronounced
electronic fluctuations that directly impact the spin coherence °T},. Thus, in the
definition of the electronic coherence time 1/¢T,, = 1/T5 + 1/2°T} the spin-lattice
°Ty cannot be neglected, even if the spin-spin relaxation ¢T3 is still the dominant
contribution.
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Figure 3.19: (a) Temperature evolution of the electronic spin-lattice €7} and spin
coherence “T,, relaxation times, for each dilution percentage of [V(Cp)a Cly]. Solid
and dashed lines represent respectively the models 3.4 and 3.5 fitting results. (b,c,d)
Nuclear phase memory time "7 measured on dilution 3b for the transitions labeled
in figure 3.18 at T' = 4 K as a function of the applied field, for Bg, By, By
configuration, respectively (sketch in inset). Reprinted with permission from Ref.
[12]. Copyright 2021 American Chemical Society.

Nuclear phase memory times were also investigated for a single crystal of sample
3b (1 % dilution). The measurements have been performed at the University of
Parma on the "HyReSpect” [11] broadband NMR spectrometer (see 2.1.1). Hahn-
echo decays were measured as a function of the applied field, for all the transitions
labeled in the energy levels scheme of figure 3.18. The echo decays as a function of
the delay 7 between the exciting and refocusing 27/3 rf-pulses, was modeled with
a single exponential M(7) = Myexp(—27/"T3) (fig. 3.20). The extracted phase
memory times "1y ~ 20 — 30 us are competitive with respect to parent compounds
as the [VO(TPP)] reported in section 3.2 and in Ref.[4].
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Figure 3.20: Transverse magnetization decay from NMR echo relaxation experi-
ments, as a function of the delay 7 between exciting and refocusing pulses, at T = 4
K and fixed static field By, along Bg (a), Br (b), By (c) for transitions S1, L2,
M2. Lines shows the single exponential decay fitting. Reprinted with permission
from Ref. [12]. Copyright 2021 American Chemical Society.

The nuclear coherence increases with the applied field, because of the simultaneous
reduction of the electro-nuclear mixing of the wave functions and increment of the
electronic polarization. Indeed, the dominant phenomenon that times the nuclear
decoherence is the indirect dipolar interaction with nearby nuclear and electronic
spins. The latter is severely reduced by dilution in diamagnetic analogues (tita-
nium(IV) in this case).

Considering the above results for the electronic and nuclear spin coherence times,
this systems can be unequivocally considered a promising coupled qubit-qudit sys-
tem. The further step to confirm this claim and prove that the coherence times allows
arbitrary and selective manipulations of the electronic and nuclear multilevel struc-
ture, is to realize experimentally electronic and nuclear spin nutation experiments.
Low temperature electronic Rabi oscillations were realized on crystal powders at
X-band frequency by our collaborators at the University of Turin (see the List of
Collaborators). The system is targeted by a first resonant pulse of variable length
0(t) that excites the chosen transition, followed by the canonical m — 7 — /2 Hahn-
echo refocusing sequence to stimulate the spin-echo. The Rabi frequency wr (fig.
3.21) scales linearly with the manipulation pulse amplitude. To further support the
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selectivity of the excitation, the calculated frequency domain spectra (fig. 3.21-(b))
are basically monochromatic, showing only the genuine Rabi “wg contribution and a
small contamination in correspondence of the proton (*H) nuclear Larmor frequency
%, which are inevitably coupled with V.
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Figure 3.21: (a) Electronic Rabi nutation experiments (EPR X-band) on 3c at
T =20 K at different excitation powers. (b) Frequency domain picture to highlight
the monochromaticity of the oscillations. (c) Linear dependence of Rabi frequency
(Qr = wg/27m) on the exciting microwave pulse amplitude B;. Reprinted with
permission from Ref. [12]. Copyright 2021 American Chemical Society.

Nuclear coherent manipulations were also realized at the University of Parma for
various field directions with respect to the 3b single crystal (see fig. 3.22). A first
rf exciting pulse of variable length 6(¢) resonant with a specific nuclear transition
and with a narrow bandwidth is used to selectively induce the transition of interest.
Then, the stimulated spin excitation is refocused by a subsequent 7 pulse for the
detection of the echo intensity. The induced Rabi oscillations are damped by a fac-
tor A that combines the effects originating from the system nuclear coherence times
and the inomogeneities of the manipulating rf-field. The latter generally dominates
over the long phase memory times of these systems. The oscillations are thus mod-
eled with an exponentially damped oscillator function I o exp(—At) sin("wgt). For
all the field directions and pulse powers probed, the damping rate is considerably
longer than the time required to induce a single inversion (7 pulse) of the nuclear
spin system. Combining this results with the fact that the damping is mainly due to
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the experimental inomogeneities of the manipulating field, we can firmly conclude
that several manipulations of the nuclear spin state are possible before significant
coherence losses.
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Figure 3.22: (a,b) Nuclear Rabi nutation experiments on transitions S1 and L1,
respectively, at T' = 4 K and fixed field B¢ = By, = 0.1 T, on a single crystal of
3b. Differences in the oscillations damping rates Ag, A\;, are attributed to the inho-
mogeneities of the applied field with respect to crystal rather than to ™75, which is
comparable for the two transitions. (c,d) Nuclear states population changes induced
by the Rabi sequence for transitions S1 and L1 simulated by numerically solving
the Lindblad master equation for a single 7 rotation of the nuclear spin system. All
the states are labeled by the nuclear spin component m; (accurate at more than 99
% because of state factorization at this field). The only levels that undergoes sig-
nificant population changes are the targeted ones. Reprinted with permission from
Ref. [12]. Copyright 2021 American Chemical Society.

The capability of selectively address the Am; = 41 nuclear transitions, thus to
induce monochromatic Rabi oscillations, was also confirmed by simulating the time
evolution of the system targeted by a resonant rf perturbation. By implementing the
measured spin Hamiltonian parameters of table 3.2 and the decoherence times into
the Lindblad master equation 3.2 (sect. 1.4) for the time evolution of the system
density matrix p, this simulation can realistically depict the system evolution. In
figure 3.22-(c,d) we show the simulated evolution of the nuclear states populations
when the molecule is addressed by a rf-pulse B; resonant with a single nuclear tran-
sition. The pulse amplitude is chosen in order to minimize the excitation bandwidth,
within the realistic capabilities of our broadband NMR experimental setup. [11] It is
evident that only the targeted levels undergoes a change in their populations, while
the other nuclear states are practically unperturbed. Therefore, for both the field
configurations studied, the gate fidelity for a 7w rotation is calculated to be around
99.99%.
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In the perspective of efficiently implementing complex quantum algorithms on this
nuclear multi-level structure, it was also demonstrated that subsequent nuclear
states can be manipulated by a trivial sequence of pulses, without affecting the
other nuclear states involved (see fig. 3.23). Thus, this organometallic [V(Cp)oCly]
coupled electronic qubit-nuclear qudit shows promising properties for the applica-
tions in QIP, featuring the possibility to manipulate coherently and independently
both the electronic and nuclear degrees of freedom, by coupling with external elec-
tromagnetic pulses.
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Figure 3.23: (a) Calculated spectral frequency of three subsequent transitions A, B
and C, belonging to the same electronic multiplet. The static field is applied along
Bs. (b,c,d) Simulated coherent Rabi oscillations, corresponding to the transitions
A:my = 7/2 = 5/2 (b), B: m;y = 5/2 — 3/2 (¢) and C: m; = 3/2 — 1/2
(d). The leakage to the other nuclear states is negligible. The optimal excitation
conditions for monochromatic oscillations are found to be: By = 0.22 T and B; = 2
G. The resulting inversion (m-pulse) is still much shorter than the phase memory
time "7, corresponding to this transitions. Reprinted with permission from Ref.
[12]. Copyright 2021 American Chemical Society.
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3.4 Encoding a QEC algorithm on the [VO(TPP)]
molecular qudit

In section 3.2, we introduced a prototypical molecular qudit and we demonstrate that
it is promising for application in Quantum information processing. The step further
is the investigation of the feasibility of a real qudit-based quantum algorithms. The
enlarged Hilbert space of molecular qudits are particularly suited for the implemen-
tation of quantum error corrections codes at the single molecule level.[47, 88, 117]
As a test bed for the Vanadium-based molecular qudit [VO(TPP)] we thus chose
to simulate the implementation of the encoding operations of the quantum error
correction protocol proposed in Ref. [88]. The encoding consists in a replacement
of the canonical definition of the basis quantum states, where the logical units |0)
and |1,) are represented by individual spin components m; (e.g. |0.) = |1/2) and
|1.) = | — 1/2)). Instead, the new error protected logical units [0,) and [1.) are
defined by a non-trivial superposition of nuclear m; states:

0y =82 £ VEIL2)
2

1) - V3 1/? +13/2) (3.6)

This ”code word” composition of the logical units enables the correction of the error
induced by pure dephasing effects of the spin system, by also exploiting the coupling
of the nuclear states with the electronic ancilla. [88] We thus focus on the m; =
—3/2,—1/2,1/2,3/2 nuclear levels of the lowest electronic multiplet mg = —1/2.
The transitions between these levels have been already labeled as AB1, AB2, AB3,
and characterized by Hahn-echo measurements in energy and phase memory time
in section 3.2. We simulate the evolution of [VO(TPP)] when targeted with the
sequence of pulses needed to encode the states in eq.3.6. We numerically solve
the Lindblad equation 3.2 for the system density matrix, starting from the sound
Hamiltonian 3.2 derived experimentally. For the sake of simplicity, given that the
nuclear spin dephasing rates measured in 3.7 are very close to each other at fixed
value of the applied field, we assume an average constant dephasing rate in the
Lindblad equation terms that models the dephasing mechanisms.

Thus, starting from a generic superposition of the m; = —1/2,1/2 states, we shape
consequently the pulse sequence in order to push the system into the error protected
basis 3.6. This correspond to the transformation:

| —3/2) +V3]1/2) +5\/§| —1/2) +13/2)
2 2 '

all/2) + Bl —1/2) = « (3.7)
This transformation can be deconstructed in a sequence of single transitions be-
tween subsequent states. The scheme is shown in figure 3.24-(a) and features a first
m-pulse between the central states m; = +1/2, followed by two simultaneous /3
pulses between the couples +1/2 and +3/2; finally a second 7m-pulse between the
two central levels m; = £1/2 closes the sequence.

The simulation of this encoding is reported in figure 3.24-(b) with static field By
applied along x. The intensity of the static field is a crucial parameter of the sim-
ulation. Indeed, it must be set as the best trade-off between an optimal spectral
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Figure 3.24: (a) Encoding sequence sketch for the four labeled nuclear spin states
mr = —3/2,-1/2,1/2,3/2 (colored horizontal lines), ordered by energy. Each rf-
pulse in the sequence is labeled by the angular rotation induced on the nuclear
system. (b) Step by step time evolution of the diagonal elements of the system
density matrix p (colored lines) when targeted by the pulse sequence in (a) with
a pulse amplitude of By = 1 mT. The system is initialized in the generic 0.83| —
1/2) + 0.55i|1/2) state superposition and brought into the encoded state 3.6 in an
overall manipulation time of 4 us. The final state is in sound agreement with the
squared expectation values (crosses), with the secondary oscillations induced by the
rf manipulations that do not affect significantly the encoding. Reproduced from
Ref. [4] with permission from the Royal Society of Chemistry.

separation of the transitions (achieved at high field) and a considerable entangle-
ment of the electronic and nuclear spins (reduced in high field), that enables fast
manipulations. The transitions, instead, are implemented by narrow (in frequency
domain) Gaussian-shaped rf pulses of intensity B; = 1 mT, that excite selectively
each transition (compatible with the excitation bandwidth of the broadband spec-
trometer used for the characterization [100, 11]). The time evolution of the nuclear
state populations is represented in 3.24 by the diagonal elements of the system
density matrix (m;|p|m;) as a function of time. The encoded superposition of the
[VO(TPP)] nuclear states after the simulated pulse sequence coincides almost ex-
actly with the exact one (crosses in fig. 3.24). This evidence further prove the
suitability of this complex for encoding quantum error correction algorithms.

The natural next step is the experimental realization of the transitions required to
implement the algorithm above. We thus perform Rabi coherent manipulations for
each of the nuclear Am; = %1 transitions involved in 3.24, i.e. | —3/2) — | —1/2)
(AB1), | —1/2) — |1/2) AB2, |1/2) — |3/2) AB3.
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Figure 3.25: Rabi nutation experiment at the fixed static field By = 0.3 mT along
the system x-axis induced by 7.7 dB attenuated linearly polarized rf-pulses B; along
z. The targeted nuclear states are the one involved in the encoding sequence 3.6.
Reproduced from Ref. [4] with permission from the Royal Society of Chemistry.

All these selective manipulations were implemented by means of the "HyReSpect”
home-built broadband NMR spectrometer, [11] described in section 2.1.1, for cali-
brated exciting bandwidths. The results, shown in figure 3.25, are promising since
for each transition the average duration of a 7 inversion pulse results remarkably
shorter than the coherence loss induced by spin-spin relaxation 75 and disomo-
geneities in the rf-pulse.

3.5 Conclusions

Broadband NMR is an election technique for the characterization and manipulation
of molecular qudits. It permits to access the spin Hamiltonian parameters, the
coupling with the electronic ancilla and the coherence times of two prototypical
molecular qudits [VO(TPP)] (3.2) and [VCp2Cly] (3.3). These two Vanadium based
molecular complexes were demonstrated to be promising quantum systems, featuring
a electronic qubit (S = 1/2) coupled with a nuclear qudit (I = 7/2). The multilevel
structure of the systems was demonstrated in both cases to be addressable with rf
pulses in order to induce selective transitions. Moreover, the coherence times of the
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states superposition measured with Hahn-echo decay experiments is remarkable and
comparable with what reported for similar molecular complexes.[45] By combining
all these properties we demonstrated that this class of molecules is suitable for
the efficient implementation of quantum algorithms. In particular, the encoding of
a quantum error correction algorithm on the [VO(TPP)] complex was successfully
simulated and the nuclear transitions involved in the encoding were also individually
realized and detected experimentally by targeted rf-manipulations. The step further
towards the actual implementation of the QEC encoding on the [VO(TPP)| complex
will require the design of a dedicated multifrequency resonant probe that allows
fast rf switching (to implement the transitions depicted in figs. 3.24 and 3.25),
maintaining a high sensitivity.
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Unveiling phonons in a

prototypical molecular qubit by
IXS

In order to push further the performances of molecular qubits toward their use in
quantum devices, it is fundamental to reach a thorough understanding of their re-
laxation dynamics and decoherence.

In this work we exploited for the first time high-resolution Inelastic X-rays Scattering
(IXS) together with cutting-edge ab initio calculations to study phonon dispersions
in the prototypical molecular qudit [VO(TPP)] [4, 14] (see sect. 3.2 for its charac-
terization with broadband NMR). With this synergetic experimental and theoretical
approach, we validated the ab initio phonon calculations by comparing the measured
spectra with the simulated scattering cross section. IXS data permit to investigate
phonon dispersions over a wide section of the reciprocal space and to unravel the ex-
istence of extremely low energy optical phonons. Finally, we determined the critical
role of those extremely low energy modes in the spin relaxation, by calculating their
spin-phonon coupling constants. Identifying the vibrations which mostly contributes
to relaxation indeed provides a viable option for synthetically improving the perfor-
mances of molecular magnets. This new and powerful synergistic approach gave us
an unprecedented insights on the spin dynamics of the [VO(TPP)] molecule, paving
the way for the application of this technique to the characterization of phonons in
MNMs.

4.1 State of art

Reaching a profound understanding of Molecular qubits relaxation dynamics and
decoherence mechanisms is an aspect of paramount importance in order to unleash
the potentialities of these systems for quantum information applications and com-
putation. The coherence times of these systems must be long and temperature
resilient in order to implement quantum algorithms.[70] A key role in determining
those coherence times and their temperature dependence is played by the interaction
of molecular spin with inter- and intra-molecular vibrations.[29, 86]

Recently, Inelastic Neutron Scattering experiments (INS) and ab initio spin dynam-
ics simulation have been used for the investigation of phonons in molecular qubits
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and single-molecule magnets. For instance, phonons have been recently investigated
in the VO-based compound [VO(acac),] with the 4-dimensional inelastic neutron
scattering technique. [30, 118]. This study unraveled the presence low energy opti-
cal phonons, involved in anti-crossing with the acoustic branches, causing a mutual
spin-phonon coupling strength transfer. [29, 30] This picture was in clear contrast
with the canonical treatment of phonons with the Debye model, in which acoustic
phonons are predict to be well separated in energy from the optical modes, being
also the main players in the spin relaxation of MNMs.

An experimental technique allowing us to access both phonons energies and polariza-
tion vectors is fundamental in order to construct a sound model of phonon-induced
relaxation mechanisms. Indeed, only with such a solid starting point it is possible
to determine the role of specific phonon branches in different relaxation processes.
[28]. In fact, before the recent INS experiments on phonons, we only had informa-
tion on phonon energy spectra at the I' point obtained with Raman, IR or THZ
spectroscopies, which can only be interpreted in the context of a Debye-like picture,
which is violated in our molecular complexes. However, INS technique poses strong
limitations (better detailed in the following section) in terms, e.g., of samples di-
mensions and chemical compositions. The purpose of this work is then to exploit
for the first time inelastic X-rays scattering for a molecular qubit, to experimentally
investigate the energies and the polarization vectors of phonons in a prototypical
molecular qubit [VO(TPP)]. At the same time the implementation of ab initio state-
of-art spin dynamic simulations enables to understand the critical role of different
phonon branches in the relaxation dynamics.

The [VO(TPP)] complex is chosen not only as archetypes of the new generation of
molecular qubits with promising performances (long coherence times even at high
temperatures), [4] but also because, among the family of vanadium-based systems,
it is considered to be one of the most robust to high energy irradiation. The exper-
imental observation of ultra-low energy optical modes makes this system an ideal
test-bed to study the role of these non-Debye modes in the spin dynamics.

4.2 Inelastic X-ray scattering experiment

The experimental study of phonon dispersion and polarization vectors on a molecular
crystal is realized for the first time by exploiting high-resolution Inelastic X-ray Scat-
tering (IXS). The advantages of this technique with respect to the complementary
Inelastic Neutron Scattering (INS) are several. First of all, modern high-resolution
IXS spectrometers as ID28 [119] at the European Sinchrotron Radiation Facility
(ESRF) allows to measure acoustics and optical phonons also for very small samples
(order of 1 mm?), while the small dimensions of molecular crystals still represent an
hurdle even for modern high-flux neutron spectrometer, typically preventing the use
of INS for studying phonon dispersion. Moreover, another downside of neutrons is
represented by the large incoherent cross section of light elements, like ! H, which are
abundant in MNMs, causing the blurring of the phonons coherent scattering signal
and thus of phonon dispersions. This drawback can be overcome by substituting
the elements with large incoherent cross section with chemical analogues, such as
deuterium in place of Hydrogen. However, deuteration has significant effects on the
INS signal only if high percentage can be obtained, which, in the case of MNMs,
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it is very difficult. On the contrary, the large energy transfer involved in the X-ray
incoherent scattering processes (~ €V') is order of magnitude larger than the energy
scale of interest when measuring phonons in MNMs (~ meV’), thus it does not con-
tribute to the measured cross section. This, combined with the nearly absence of
multiple scattering processes, makes [XS basically a background-free technique in
the meV range. Furthermore, the employment of hard X-rays with high incident
energies (~ kel/), several order of magnitude larger than the energy scale of MMNs
molecular and lattice vibrations, causes the spectral resolution to be independent
from the energy and momentum transfer of the scattering event. This is an im-
portant feature for the characterization of optical phonons. Indeed, in precedent
studies performed with INS, acoustic modes dispersions were successfully observed,
while the energy-dependent resolution was not sufficient to resolve optical modes
with energies above 10-12 meV. [30] The energy and momentum transfer also result
to be completely decoupled.

All the listed IXS advantages and ID28 [119] unique capabilities allowed us to suc-
ceed at measuring for the first time acoustic and optical phononic excitation in a
molecular crystal of a prototypical qubit. A [VO(TPP)] single crystal (crystallografic
cell in fig 4.1) of dimensions 1 x 1 x 0.5 mm?® was synthesized by our collaborators
at the University of Florence (see the List of Collaborators). The crystal was ori-
ented by means of diffuse scattering on the ID28 beamline side station. We focused
on the (h0l) scattering plane, and in particular on Bragg reflections 006 and 600,
which offered the best compromise in terms of intensity of the inelastic signal and
suppression of the elastic one. With this choice of Brillouin zone (BZ) we could
explore the I' — K,, I' — K, and I' — N path of the [VO(TPP)] reciprocal space,
corresponding to directions (007), (h00) and (hOh) respectively, in longitudinal and
transverse configuration.

(c)

) 1 %o

Figure 4.1: (a-b) view of the [VO(TPP)] crystal structure along the a and c axis
respectively. (c¢) Brillouin zone picture, in which the symmetry direction probed in
our experiment are highlighted (red arrows).

81 Simone Chicco



Chapter 4

IXS measurement were collected at 300 K, with the sample glued on a standard
sample holder. The ID28 spectrometer was used in backscattering configuration,
exploiting two different reflections of the Si monochromators: the Si(9 9 9), which
selects an incoming energy E = 17.794 KeV and features a resolution of E = 3.0
meV, and the Si(12 12 12), whose selected energy is F = 23.725 KeV with a resolu-
tion 0F = 1.5 meV. We refer to this two configurations as Low and High-resolution
configurations. By exploiting the triple-axis geometry of the spectrometer in low-
resolution configuration we performed an exploration scan of the phonon modes.
The principal symmetry directions in the reciprocal space '—= N, I'—= K, and '— K,
(see the first Brillouin Zone of the crystal in fig. 4.1) were sampled spanning the
energy from -25 meV to 25 meV at constant scattering vector Q) values. In figure 4.2
examples of low resolution spectra are shown, for longitudinal and transverse scans
at different points in the reciprocal space, for all the explored symmetry directions!.
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Figure 4.2: Longitudinal (a, b, c¢) and transverse (d, e, f) IXS scans along the
directions I' = N, I' — K, and I' — K, collected in low-resolution configuration.

From these scans is already evident the presence of low energy phonons, together
with higher energy optical ones at around 8 and 15 meV (fig. 4.2-(a-c)). To bet-
ter investigate low-energy phonon modes, we measured the direction in which these
excitations are expected with the high-resolution configuration of the spectrometer
(see fig. 4.3).

High resolution measurements indeed confirmed the ultra-low energy of [VO(TPP)]
optical phonons (< 2 meV) in most of the probed BZ directions. The surprisingly-
low energy of these modes is the lower ever measured in a molecular crystal.

The ID28 beamline has a set of nine analyzers, each of them corresponding to a
detector in the detector desk. This feature enables the simultaneous collection of
phonon spectra for nine different ) values. This is an important resource, since it

Tt worth noticing that the definition of longitudinal and transverse scans along a diagonal
reciprocal space direction as I' — IV is essentially meaningless. The reason for which it is done is
simply a notation convention to uniform the language.
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Figure 4.3: Longitudinal (a) and transverse (c) IXS scans along the directions I'— K,
I' = N, and I' — K, collected in high-resolution configuration, to resolve the low
energy phonons contribution close to the elastic line.

allowed us to detect a secondary set of excitations, very close to the probed sym-
metry directions and with slightly different |g]. Combining the two set of data we
increase severely the sampling of the BZ.

4.2.1 Results

The measured spectra have been fitted using the beamline software @fit28, by in-
cluding an elastic line centered at zero exchanged energy and a reasonable number of
inelastic peaks, depending on the excitation clearly visible in each scan. The spectral
function used was a damped harmonic oscillator (DHO) fyn, = Io(cOE)?/(E*+cdE),
reproducing the lineshape of the instrument, with a FWHM corresponding to the
measurement resolution (0F = 3 meV or §E = 1.5). The energies of the resulting
phonon excitations as a function of the BZ sampling represent the phonon dis-
persions along the probed symmetry directions. Therefore, they can be directly
compared with those obtained with periodic density functional theory (DFT) cal-
culations. However, not every phonon branch has the same IXS cross-section. The
experimental data must therefore be compared with the simulated IXS cross section
8%25’9. The scattering intensity of each phonon branch can be simulated starting
from calculated phonon eigenvalues and eigenvectors, as described in section 2.2.3.
These DFT calculations on [VO(TPP)] phonons were realized by our collaborators
from the Trinity College Dublin and from the University of Florence (see the List
of Collaborators).

The most visible excitations in the measured spectra are thus expected to be the
one with the stronger scattering cross section. The comparison between data and
DFT calculations is done by superimposing the phonon energies extracted from the
data fitting to the 2D color map of the simulated cross section in the energy/phonon
wavevector plane. The result is shown in figure 4.4 for longitudinal and transverse
modes along the three sampled symmetry directions I'= N, I'— K, and I'— K,. The
agreement is excellent and the majority of the optical or acoustics phonons with a
significant cross section are detected experimentally. From figure 4.4 the presence of
the extremely low energy optical phonons observed in high-resolution configuration
is also confirmed by DFT results. These modes are persistent in the whole BZ and
characterized by a remarkable scattering intensity.

A complete description of phonon modes is fundamental for calculating the spin-
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Figure 4.4: The 2D colormap shows the inelastic cross-section calculated starting
from phonon energies and polarisazion vectors extracted from ab initio calculations,
along the three sampled symmetry directions in the recirpocal space in both lon-
gitudinal and transverse configuration: (a,e) I' = N, (bf) I' = K, (¢,d) I' — K.
The line-width associated to each phonon modes is chosen small enough to enable
the distinction of the contribution arising from any branch. Cyan dots and squares
(0FE =3/ 1.5 meV respectively) represent the excitation energies extracted from the
spectra in figures 4.2 and 4.3. White dots/squares represent the energies extracted
from the inspection of secondary analyzers. Shaded areas highlight the regions non
accessible experimentally due to the dominant elastic contribution.

phonon coupling coefficients. Therefore, the validation of DF'T calculations must be
supported by the analysis of both phonon energies w;(q) and polarization vectors
O'?(C]). Both these quantities, as seen in section 2.2.3, contribute to the inelastic scat-
tering cross section. Thus, a comparison between the experimental spectra and the
IXS cross section simulated with the DFT calculated w;(q) and 0¢(q) gives a direct
feedback on the accuracy of calculations. In order to put to the test the polarization
vector of each phonon mode obtained with DFT, the most effective approach is to
implement a convolution of the cross section of each mode with the experimental
resolution and directly compare it with the experimental spectra as a function of
the energy. The comparison is shown in figure 4.5 for some representative Q values
and is excellent for the whole energy range for both low and high-resolution config-
urations. This test further confirms the reliability of the calculated phonon model.

A typical small rescaling of ~ 10% is applied [30] to account for van der Waals in-
teraction and temperature effects. Moreover, small discrepancies in the low energy
regime excitation intensity are mainly due to the Bose factor n,(q) = (exp(fw,(q))—
1)~ which exponentially depends on the exact phonon energy and thus enhance

small differences.
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Figure 4.5: Experimental IXS spectra (black dots) are compared with the simulated
cross-sections (red line). The latter are convoluted with the experimental resolution
((a-e,g): 0E = 3 meV; (fh,i): §E = 1.5 meV). A representative spectra is shown
for each probed symmetry direction. Blue lines represent the inelastic cross-section,
calculated with a line-width that enables to discriminate the contribution of each
phonon mode. The elastic line is omitted for clarity.
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4.3 The critical role of ultra-low energy vibra-
tions

This extensive experimental IXS characterization of the [VO(TPP)] phonon dis-
persions enabled the validation of the ab initio phonon calculations. From this
validated results it has been possible to move a step further and simulate also the
system spin relaxation. The ab initio calculation of spin-phonon coupling parame-
ters requires to simulate the effect of phonons on the parameters of the system spin
Hamiltonian. As in section 3.2, the spin Hamiltonian for [VO(TPP)] is written as
Hy, = I-A-S+ pff, + ,MBS -gs-Bg+ ,uNgNi - By and the parameters are derived
both experimentally in [4] and confirmed by DFT calculations.

The modulations induced on the Hyperfine A and spectroscopic splitting g ten-
sors are calculated from the first and second partial-derivative of those tensors with
respect to the phonon wavevector for each phonon branch, V, = (0A/dq,) and
Vs = (0°A/9q,0qs), respectively. Even for a modern computational hardware,
this huge calculation is very demanding in terms of time and computational re-
sources. This hurdle is overcome, by our collaborators from Dublin Trinity College
and from Florence University (see the List of Collaborators), exploiting a trained
neural network to interpolate ab initio results and compute the differentiation effi-
ciently. [120] The calculated spin-phonon coupling coefficients, represented by the
modulus |V,|, are shown in figure 4.6 together with the calculated phonon density
of state.

=
=
>
>
—~
]
= 1.5
Q0
—
< -3 L M/\/\_ .
4l 0.5 |- 1]
0 | | | | | |
-9 r 01234567
_6 | | | | | | |
0 5 10 15 20 25 30 35
hwa (meV)

Figure 4.6: Phonon density of state (black line) and modulus |V | of the spin-phonon
coupling coefficient (red line, negative axis) computed ab initio, as a function of
energy. In inset the comparison between the low energy pDOS of [VO(TPP)] (black)
and the parent molecular qubit [VO(acac)s] (green). [13]

Two important conclusions can be extracted here: the first is that the extremely low
energy optical modes possess a remarkable coupling with the spin and thus are ex-
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pected to play a key role in spin relaxation processes. Secondly, from the calculated
low energy phonon density of states (pDOS), we observe a complete deviation from
the Debye model. Indeed, the [VO(TPP)] pDOS grows linearly with the phonons
energy below 5 meV, while a ~ w? behavior would be expected for the canonical
representation of the Debye model, in which optical and acoustics phonons are well
separated in energy. This second point is further supported in the inset of figure
4.6 in which the low energy pDOS profile of [VO(TPP)] is compared to the one of
the parent compound [VO(acac)s], recently studied by 4D-INS [30] which does not
feature optical phonons at energy lower than ~ 6 meV at I'-point. [13]

It has been demonstrated that, for molecular systems, the spin lifetime at temper-
ature higher than ~ 10 K is strongly influenced by the coupling with phonons. [13]
In molecular qubits like [VO(TPP)] relaxation dynamics is mostly triggered by non-
resonant two-phonon Raman processes. [116] The spin relaxation induced by these
phonon absorption and re-emission phenomena can be simulated by including, in the
secular Redfield equation, the spin-phonon coupling coefficients |V,,| and |V,g|. At
moderate applied field (0.3 T) the leading term for the relaxation are the modulation
of the hyperfine A and spectroscopic splitting g tensors. The latter contribution is
here neglected in the calculation without loss of generality, since the contribution
of the two to the spin-phonon coupling is analogous and follows a similar trend for
the considered fields. The extrapolated spin lattice relaxation time 77 as a function
of temperature is compared in figure 4.7 with the data measured in [14] by X-band
EPR with an inversion and recovery experiment (see sect. 2.1.2). The agreement
is remarkable above ~ 10 K and both the simulation and the experiment display a
T-2 dependence, typical of phonon-induced Raman relaxation processes.
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Figure 4.7: Calculated spin relaxation time T for [VO(TPP)| (red squares) com-
pared to the T1 measured in [14] with pulsed X-band EPR (black dots). These data
are then compared to the simulated T; after the removal of phonons with energy
lower then 6 meV (blue triangles).
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We note that the low temperature experimental 7 deviates from the trend visible at
higher temperature. This can be related to the effect of spin-spin dipolar interaction,
which is only partially removed by dilution at %2 in the isostructural [TiO(TPP)]
diamagnetic analogue. The Raman-like trend in the spin lattice relaxation rates
down to low temperatures supports the leading role of the ultra-low energy optical
modes which are demonstrated to be strongly coupled with the molecular spin (fig.
4.6). Indeed, by removing low-lying phonons (iw < 6 meV) strongly coupled with
the spin, the simulated T} increases by two order of magnitude in the whole probed
temperature range (fig. 4.7). This test further stress the paramount importance of
low-energy optical phonons in suppressing spin lifetime.

The vibrations associated with low energy optical phonons (~ 2meV’) correspond, at
the molecular site, to distortion of the molecular structure. In this particular case it
has been observed that the vibrations involved cause distortion of the phenyl groups
of the molecule, and the bending of the porphirin planar ring (see fig. 4.8). Being
able to associate the critically coupled phonon modes with a specific molecular dis-
tortion represents an effective approach for improving the spin lifetime performances
by chemically tailoring the molecule structure and thus the vibrational spectra.

Figure 4.8: Sketch of the distortion of the molecular structure, from the equilibrium
structure (yellow) to an extensively distorted one (red). These distortions consist
in a bending of the porphirin planar ring and a twist of the phenyl groups, and are
associated with the lowest energy optical mode at I'-point.

It is worth mentioning that even though the experiments are typically performed on
single molecular crystals, the application of these molecules in quantum devices re-
quires the exploitation of single molecules. Thus, the investigation of single molecule
vibrations is also an important piece of information, when compared with the sin-
gle crystal results. The persistence of the low energy intra-molecular distortions in
[VO(TPP)] was confirmed by gas phase calculations on a single molecule. It was also
verified that by removing the phenyl groups from the molecule, the lowest energy
optical phonons are shifted up to 6.5 meV. Therefore, the strategy of chemically
engineering the molecule by removing the phenyl rings as in Vanadyl porphirin can
potentially improve the relaxation times by removing low energy vibrations critically
coupled with the spin.
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4.4 Conclusions

In this work we developed a synergistic approach that combines high-resolution in-
elastic X-rays scattering with cutting-edge ab initio simulations of spin dynamics
for the study of phonons in molecular qubits. This method gave an unprecedented
insight on the vibrations of the prototypical molecular qubit [VO(TPP)], enabling to
access the coupling of these vibrations with the spin and their role in spin-relaxation
processes. This approach also permits to elaborate strategies for incrementing the
spin relaxation time in prototypical qubits, in order to improve their performances
for application in quantum information processing. The novelty of exploiting IXS
for this characterization is of fundamental interest in the field of molecular mag-
nets science and this work can pave the way for a systematic application of this
technique. Indeed, IXS overcomes some of the most critical downsides of inelastic
neutron scattering, expanding the class of materials that can be studied.

The molecular complex [VO(TOPP)| was chosen in order to benchmark this new
approach on a well known and characterized promising system, which is also among
the most radiation-robust Vanadyl-based complexes. All these aspects allowed us
to realize a complete experimental characterization of its vibrational spectra, high-
lighting the presence of ultra-low energy optical phonons, never observed before in
a molecular complex. Thus, by validating the ab initio model by means of the
experimental data, we determined also the critical role of these low energy non-
Debye optical phonons in triggering the relaxation of the spin, together with their
intra-molecular origin. This accurate picture provides an important feedback for the
synthesis of new molecular qubits.
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Effect of chemical and structural
modifications on the phonon
induced magnetization dynamics
of Dysprosium-based
Single-Molecule Magnets

Single-Molecule Magnets (SMMs) are promising candidates for a further nano-
miniaturization of data storage devices. This because SMMs possess a bi-stable
ground state and display slow relaxation of the magnetization. [1, 19] Mononuclear
Dy-based SMMs are actually the best performing complexes for this application. In
particular, for Dysprosocenium compounds, a record breaking blocking temperature
above liquid nitrogen have been reported. [2, 15] The high anisotropy barriers is
not the only player governing the blocking temperature of these systems. Indeed,
the interaction of spins with phonons and molecular vibrations critically hampers
the slow magnetization dynamics. [30, 86] Therefore, it is of fundamental interest
to understand the interplay of different phonon-induced relaxation mechanisms and
the way in which chemical composition and physical stimuli affects phonon disper-
sions.

In this chapter we report both these approaches. In section 5.1 we compare the
phonon density of states (pDOS) measured with Inelastic neutron scattering with
ab initio calculation for new dysprosocenium SMMs with different ligands and solid-
state counter-ions. In section 5.2 instead, we characterize phonons in a prototype
Dy-based SMM as a function of the applied pressure. The results achieved in these
two work gave us new insights about the effect of different molecular vibrations
on the relaxation mechanisms and contribute in highlighting the key ingredients of
high-temperature magnetic bistability, for the development of the next generation
of Single Molecule Magnets.
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5.1 The effect of chemical composition on the pDOS
of new Dy-based SMMS

In 2017 the Manchester group (see the List of Collaborators) synthesized the first
SMM of the Dysprosocenium family [15], which constitutes a crucial breakthrough
in terms of high temperature relaxation performances (75 = 56 K). One year later,
Guo et al. [2] discovered that a substitution of the Cp groups in the double-decker
structure of the disprosocenium [Dy(Cp™),][B(CsF5)4] (a, where Cp'=1,2 4-tri-
tert-butyleyclopentadienyl) [15] induces a blocking temperature increment of dozens
of K, breaking the thermal limit of liquid nitrogen (7 = 80 K). Indeed, the intro-
duction of Cp*™ and Cp* in the metallocene dysprosium cation [Cp**DyCp*] (b,
Cpf™ = penta-iso-propylcyclopentadienyl, Cp* = pentamethylcyclopentadienyl)
widens the ligand-Dy-ligand angle, and shortens the ligand-Dy distances, resulting
in an increased axiality and strengthening of ligands. These structural modification
induce a significant improvement of the SMM performances in this new family of
compounds, dysprosocenium complexes. However, even though the reported energy
barrier in b for the magnetization reversal U,;; = 1541 cm™! is larger than the
one measured for a [15] (Ugpp = 1277 cm™ 1), it is clear that the energy barrier is
not the only factor contributing to the difference in the blocking temperature. In-
deed, in recent years, several Dy-based SMMs have been synthesized, displaying very
different relaxation dynamics and blocking temperatures not competitive with the
original Dysprosocenium, despite their energy barriers of the order of thousands of
Kelvin degrees.[16, 18, 31] The magnetization relaxation of these systems is mainly
governed by three relaxation mechanisms: the quantum tunneling of the magnetiza-
tion (QTM), the non-resonant two phonon Raman processes and the direct Orbach
process.[19, 24, 25| Each of this relaxation mechanisms dominates over a well defined
temperature regime. In particular, the QTM processes govern the low temperature
relaxation, while the Raman and Orbach processes, which are phonon-induced, play
the key role at intermediate and high temperatures, respectively. In particular,
the blocking temperature of these SMMs crucially depends on the Raman regime
and its interplay with the higher energy Orbach processes.[17, 31]. Therefore, for
instance, the blocking temperature increment going from complex a to complex b
can be attributed to the substituent ring introduced in b, that displays only out-of-
plane vibrations, less coupled with the Dy spin and thus less effective in inducing
the relaxation dynamics. [2] Tt is then clear that the molecular and crystal struc-
tures of the compounds and the correlated phonon spectra are crucial aspects for
the optimization of the relaxation dynamics. Thus, a systematic study in which
small structural modifications are associated to the corresponding variation in the
phonon spectra is of fundamental interest to deduce the key ingredients of magnetic
bistability at high temperatures in SMMs.

In this chapter we present three SMMs complexes, synthesized by our collaborators
at the University of Manchester (see the List of Collaborators), based on the bench-
mark Dysprosocenium [Dy(Cp®)s][B(CeF5)4] (a, where Cp™*=C5Hy'Bus-1,2,4) [15],
but with slightly different ligands and solid-state counter-ions. In order to fully un-
derstand the mechanisms which determine the high blocking temperature in this
SMMs class, the strategy we implement was a systematic comparison of the phonon
density of states (pDOS) measured with inelastic neutron scattering for these slight
modifications. The measured pDOS is also a fundamental for the validation of pe-
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riodic DFT calculations of phonons, which are the starting point of the relaxation
dynamics simulations of these systems. This approach can, in fact, solve the re-
laxation puzzle for the promising class of Dy-based SMMs, by understanding the
correlations between the cystal and molecular structure, the phonon modes and the
relaxation processes they trigger.

As a first step in the gradual structural modification of Dy-cenium, we focus on the
B-based counterion of the complex a, where in first instance we replace the 'H ions
with the fluorine ones, resulting in the structure [Dy(Cp)s][B(CsHs)4] (3, see fig.
5.1).

[DY(CP ),IB(CeFs)l

@

Figure 5.1: (a) Dysprosocenium a molecule and its counterion [15]. The arrow
sketches the substitution made on the counterion for the synthesis of sample 3.
(b) Sample 3 structure [Dy(Cp®),][B(CeHs)s] with 'H substituted with F in the
counterion.

A second more radical modification involves a complete substitution of the counte-
rion, which was replaced by an Aluminum based one: [Dy(Cp'),][AI{OC(CF3)3}4]
(2, see fig. 5.2).

[DY(Cp*)l[AHOC(CF3)sk]

Figure 5.2: (a) Dysprosocenium a molecule and its counterion [15]. The arrow
sketches the counterion substitution made for the synthesis of sample 2. (b) Struc-
ture of sample 2 [Dy(Cp™*)s][Al{OC(CF3)s3}4] with the Al-based counterion that
substitute the Boron-based one of sample a
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Finally, this counterion replacement was combined with the replacement of a car-
bon atom in the Cp' ring with a P ion, leading to the structure [Dy(Dtp)s]
[AI{OC(CF3)3}4] (1, where DTp = {P(C'BuCMe),}, see fig. 5.3).

LR
Dtp
(b)

e 4 -
Dy&« 7~
\ \ | ¢
( \‘ [DY(Cp"),][B(CeFs)a]
Dy }g S : \}(
e O

[Dy(Dtp),JIAHOC(CF;)3k4]

Figure 5.3: (a) Dysprosocenium a molecule and its counterion [15]. The arrow
sketches the counterion and Cp-group substitution made for the synthesis of sample
1. (b) Sample 1 structure [Dy(Dtp)s][AI{OC(CF3)3}4] with counterion and Dyspro-
sium ligands substitution.

In particular, the latter modification can be crucial to understand the relative impor-
tance of the counterion modifications with respect to the effect induced by variation
of the metallocene group. The coupling of the Dy spin with the vibrations originat-
ing from these two groups indeed can provide different contributions and different
magnitude to the overall magnetic relaxation.

The preliminary results, reported here in figure 5.4, for the temperature dependence
of the magnetization relaxation rates 7= for 1,[16] 2 and 3 were collected by our
collaborators at the University of Manchester (see the List of Collaborators). The
comparison of the relaxation rates for these three compounds display significant
differences in both the low and intermediate temperature relaxation regimes. Con-
versely, the high temperature relaxation regime for 1, 2 and 3 is almost superimpos-
able. This outcome confirms that despite the structural modifications being small,
the relaxation dynamics is strongly affected by the presence of different counteri-
ons and/or ligands around the Dy ion. In particular, the intermediate temperature
regime is very different for the three compounds, with the relaxation rates varying
of 1-2 orders of magnitudes. This suggests that these modifications can play a sig-
nificant role in triggering non-resonant Raman-like relaxation processes.
Magnetometry data for 1 reveal an energy barrier for the reversal of the magneti-
zation of U.;y = 1760 K, identical to the one measured for sample a in [15], and
the presence of magnetic hysteresis up to 48 K. In figure 5.5, the temperature de-
pendence of the magnetization relaxation rate 77! for 1 is compared with what
previously measured for Dysprosocenium a in [15]. The relaxation rate was mea-
sured by out-of-phase ac susceptibility measurements with zero applied field.
Despite having exactly the same anisotropy barriers, the temperature dependence
of the characteristic rates for the relaxation dynamics are different. Analogously
to a, the relaxation rate 7! for sample 1 follows at high temperature (7' > 50
K) an exponential Arrhenius law 771 = 75 ' exp(—U,s;/T) typical of Orbach-like
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Figure 5.4: Magnetization relaxation rates for 1 (from [16]), 2 and 3 in the range
T=2-110 K, from ac susceptibility (high-T') and dc decay experiments (low-T'). These
measurements were performed by Prof. Mills group at the University of Manchester
(see List of Collaborators).
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Figure 5.5: Magnetization relaxation rates for 1 (orange dots) and a (light purple
dots) respectively (from [16] and [15]), extracted at high temperature from ac sus-
ceptibility measurements and at low temperature from dc decay experiments. Solid
red lines represents a fit of the Orbach and Raman contributions. The fitting results
of the two curves are respectively: Uk, = 1760 K, 75 = 1077 s, C* = 107%°
sTIK— nt = 1.1; o = 1760 K, 75 = 1.98 x 1071s, C2 =1.66 x 1076 s71K™,
n® = 2.15
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relaxation processes, with and an extracted effective barrier Ugry = 1760 K. At
lower temperature instead, relaxation in 1 results to be dominated by power law
Raman-like mechanisms, with 77! = C'T™ and a exponent n = 1.1, half of the one
reported for a. Indeed, overall, 1 displays a relaxation 10 to 100 times faster with
respect of a, with a 100 seconds blocking temperature of 23 K, compared to 56
K for a. Since at these temperatures the spin dynamics is confined to the lowest
Kramers doublet, the relaxation is driven by the coupling with low energy disper-
sive phonons that trigger non-resonant Raman mechanisms. Therefore, the faster
relaxation can be attributed to the differences in the low energy phonon spectra.
Insights on the low-energy phonons spectra are then crucial to understand the pro-
cesses governing the relaxation and to unravel the key ingredients to reach a high
blocking temperature.[31] For samples a, 2 and 3 for example, simulations of the
pDOS reveal two very peculiar trends in the low and high energy spectral regions.
The high energy DOS, dominated by localized vibrational modes resonant with the
crystal field gaps and promoter of Orbach relaxation over the effective energy bar-
rier Ugyy, display similar spectral features, especially above 100 meV. Conversely,
the DOS of low-energy dispersive modes, triggering non-resonant Raman processes
varies significantly (see fig. 5.6).
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Figure 5.6: Comparison of the calculated pDOS for samples a, 2, 3. Panel (a)
exhibits the whole calculated energy range, while panel (b) shows the restricted
low-energy regime, highlighting the significant differences in the low energy spectra,
compared to the less pronounced ones in the intermediate-energy spectra.
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By comparing these ab initio pDOS calculations with those measured by INS re-
ported in the following section, we can validate the DF'T results to be used as the
starting point for the calculation of the spin-phonon coupling coefficients and the
simulation of the temperature dependence of the relaxation rate in figure 5.4.

It must be remarked that in this approach we are neglecting the effect of the quan-
tum tunneling of the magnetization (QTM), which is temperature-independent and
thus is not triggered by the interaction with phonons. The effect of QTM can be
in fact quantified only by measuring the temperature and field dependence of the
magnetization relaxation rates. However, this mechanism was demonstrated to be
non dominant at low temperature in this compounds class, due to the strong axial
ligands environment that suppress the efficiency of this relaxation process.[17]

5.1.1 Inelastic neutron scattering experiment

The inelastic neutron scattering (INS) experiment was performed at the institute
Laue-Langevin (ILL) on the indirect geometry spectrometer IN1-Lagrange (LArge
GRaphite ANalyser for Genuine Excitations), described in section 2.2.2.[109] This
beamline, installed on the hot neutron source of the reactor, features a combination
of wide energy-range and high resolution with an high neutron flux. For this reason,
it is well suited for the study of molecular vibrations in complex systems, through the
evaluation of the pDOS. In particular, a part from constant factors (see sect. 2.2.2),
the measured scattering function corresponds to the neutron weighted pDOS of the
studied systems (once the elastic and quasi elastic contribution are subtracted).
The experiment was performed at the temperature of 5 K on ~ 2 g of powder for
each of the sample under investigation (1,2,3). The energy transfer was chosen in
order to cover the 0 to 200 meV range. To cover this low and intermediate energy
range with a constant energy step, three monochromators were used, each of them
featuring different resolutions:

e Si(111), available in a 4.5 to 20 meV range and featuring a 0.8 meV resolution;

e Si(3 1 1), available in a 16.5 to 35 meV range and featuring the same 0.8 meV
resolution;

e Cu(220), in the wider range 26 to 200 meV and a proportional resolution of
2-3 % of the incident energy.

Each dataset was then normalized by the number of incident neutron, before merg-
ing them together in a single curve. Further refinements of the collected data require
the subtraction of the empty sample holder signal and the spectral spike smoothing
by comparison with a water spectra previously collected. Elastic and quasi-elastic
scattering contributions are then subtracted by fitting the sum of a Gaussian curve
centered at E=0 and a Lorentzian function centered at non-zero exchanged energy,
keeping the width as a fitting parameter. The results of these data reduction pro-
cedure (performed with the software LAMP [121]) are shown in figure 5.7 for the
three Dy complexes, compared with the data published by Chiesa et al. for the
benchmark Dysprosocenium a.[17]

The measured pDOSs confirm what was expected from ab initio calculation. The
high energy spectral components for the three samples feature analogous peaks, with
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Figure 5.7: pDOS measured on IN1 for sample 1 (green line), 2 (light blue line) and
3 (magenta line), compared with the same measurement collected for the benchmark
Dysprosocenium on the MERLIN spectrometer at ISIS (dotted black line).[17] The
two panels (a) and (b) show the whole collected energy range and a close up of the
low energy pDOS, respectively.
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a comparable relative intensity. This trend is confirmed also by comparison with
sample a. Conversely, at low energy the pDOSs display strong differences in both
the energy of the modes and their intensity. The largest differences are found in the
very low energy branches, from 0 to 30 meV, where the scattering intensity increase
severly with respect to sample a, reaching the maximum in sample 3. This sample
in particular display an overall higher scattered intensity, which is justified by the
higher number of 'H in the counterion, yielding a relevant incoherent contribution.

5.1.2 Results

The preliminary conclusions outlined from the comparison between the experimental
pDOS are in sound agreement with those drawn from the ab initio calculated ones.
Both experimental data and DFT results in fact confirm that the main differences
in the pDOS of the three compunds are in the low-energy range and thus can be
directly linked to the different behaviour of the relaxation rates in figure 5.4 in the
Raman temperature regime. To confirm these thesis, it is fundamental to develop
a sound model for the phonon-induced relaxation of the magnetization. This can
be done exploiting the DFT phonon results to determine the coupling of molecular
and lattice vibration with the molecular spin. The comparison between the mea-
sured pDOSs with the calculated ones allows us also to validate the exploited DF'T
method. The periodic DFT calculations of the pDOSs reported in figure 5.6 have
been performed by our collaborators at the University of Manchester (see the List of
Collaborators) with the code VASP [122], exploiting the PBE exchange-correlation
functional [123, 124] and D2 van deer Waals corrections.[125] Phonon density of
states are computed using the finite displacement method as implemented in the
PHONOPY package.[126, 127]

The comparison outcome is shown in figure 5.8 for sample a, 2, 3 respectively.
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Figure 5.8: Comparison of the experimental phonon density of state (5 K) with the
neutron weighted pDOS calculated ab initio for (a) sample a, (b) sample 2 and (c)
sample 3. The ab initio calculations were performed by our collaborators at the
University of Manchester (see the List of Collaborators).

The agreement between the experimental data and the calculated pDOSs is excel-
lent. The most relevant spectral features are indeed reproduced by the calculations.
As a result of this successful comparison, the phonon model is assumed to be ac-
curate and can be used for the development of a realistic model for the relaxation
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of these compounds. This work in particular is still ongoing, since the ab initio
calculation of the spin phonon coupling coefficients and the simulation of the spin
relaxation is very demanding in terms of computational time.

5.2 Measuring phonon modes of a Dy-based SMM
in applied pressure

Chemical and structural modifications are not the only strategy that can be exploited
in order to trigger variations in the phonon spectra of molecular nanomagnets. In-
deed, by applying an external hydrostatic pressure, it is possible to induce gradual
distortion of the crystal and molecular structure of these systems, and consequently
to modify the phonon spectra. By investigating how phonons and thus the phonon-
induced relaxation dynamics vary in SMMs as a function of the applied pressure,
we can in principle disentangle the role played by specific lattice and molecular vi-
brations in the dominating relaxation mechanisms. In particular, this information
can give fundamental insight in order to develop future synthetic strategies for im-
proving the performances of SMMs.

To apply this innovative approach, we decided to characterize a mononuclear Dys-
prosium based SMMs [Dy(H20)5(HMPA),)I5-2HMPA (with HMPA = hexamethylphos-
phoramide, [(CH3)2N|3PO), synthesized by our collaborators at the University of
Glasgow (see the List of Collaborators). The synthesis of this system, together
with magnetometry data have already been published in 2018 by A. Canaj et al.
[18]. The compound presents an almost ideal pentagonal bipyramidal geometry,
with a prominent axial crystal field promoted by the two HMPA ligands (see fig.
5.9), which form a ~ 182° axial angle. The system shows magnetic hysteresis up
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Figure 5.9: (a) Molecular structure of [Dy(H20);(HMPA)y] and its counterion
I3-2HMPA at ambient pressure. The Dy ion (seagreen) and the O (red) environment
are highlighted for clarity. (b) Magnetization data from Ref.[18] as a function of the
applied field showing hysteresis loops at different temperature in ambient pressure
(Y-diluted sample). (c) Magnetization relaxation rates from Ref.[18] as a function
of temperature (black dots), extracted from ac susceptibility measurements. The
Orbach regime is highlighted by the Arrhenius fit (red line) for an energy barrier
Uepp =600 K and 75 = 1.2 x 107! s, as reported in [18]

to T=9 K (10 K if the molecule is diluted into its Y diamagnetic analogue). The
quantum tunneling mechanism is not suppressed completely by the axial symmetry;
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therefore, at around zero applied field the hysteresis loop becomes narrower, as a
signature of the activation of this relaxation process (see fig. 5.9). From ac suscep-
tibility measurements a relaxation rate was also extracted and fitted with a single
exponential Arrhenius curve above 30 K (fig. 5.9). This suggests that the dominant
relaxation process above 30 K is an Orbach-like mechanisms with an energy barrier
Uess = 600 K, induced by the coupling of the spin with phonons with energy compa-
rable with the crystal field gaps. At temperature below 30 K instead, we do expect
the deviation from the Orbach trend to represent the insurgence of non-resonant two
phonons Raman processes as the leading mechanisms of the relaxation dynamics (fig
5.9).[18]

When an hydrostatic pressure is applied to the system, crystallographic investiga-
tions of the molecule with X-ray diffraction have revealed a gradual tilting of the
ligands axial angle, that in an applied pressure of 1.1 GPa becomes 190° degree (see
fig. 5.10). This loss of axiality causes several differences in the magnetization curves
measured under pressure. At an applied pressure of 1.1 GPa the magnetic hysteresis
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Figure 5.10: (a) Molecular structure of [Dy(HyO)s(HMPA),] and its counterions
I3-:2HMPA under an applied pressure of 1.1 GPa. Dysprosium ion (seagreen) and
the Oxygen (red) environment are highlighted. (b) Magnetization data as a function
of the applied field showing hysteresis loops at different temperature in an applied
hydrostatic pressure of 1.1 GPa. These measurements were performed by our col-
laborators at the University of Glasgow (see the List of Collaborators)

loop is in fact completely closed in zero applied field, also at 2 K, due to the relax-
ation induced by the magnetization tunneling under the barrier. When the field is
applied the hysteresis cycle opens, but with a reduced relative area if compared to
the data in ambient pressure and equivalent temperature (see fig. 5.10).

In order to understand the modulations induced in the phonon spectrum by the
applied pressure and the effects on the relaxation dynamics, we combine the magne-
tization measurements with under pressure INS experiments, that allows the mea-
surements of phonon excitations as a function of the applied pressure. These results
can then be compared with DFT calculations of the phonon modes. These DFT
results, validated by comparison with the experimental data, will be exploited to
simulate the system spin dynamic under different pressure regimes.
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5.2.1 Inelastic neutron scattering experiment

The inelastic neutron scattering experiment under applied pressure was performed at
the Institute Laue-Langevin (ILL) on the thermal neutron triple-axis spectrometer
IN8 (more details on IN8 see sect. 2.2.2).[108] This high incident flux spectrometer
is optimized for the characterization of lattice vibrations and magnetic excitations
in the range from zero to ~100 meV, in sample of small volume and weak signals.
Moreover, IN8 can be equipped with a high pressure Paris-Edimburg cell that can
emulate the range of pressure applied previously for the magnetometry experiments
(0 to 1.1 GPa). Due to the chemical incompatibility of the [Dy(H,0)5(HMPA),] sin-
gle crystal with the liquid vectors used to apply the hydrostatic pressure, we used
lead filings as a vector to distribute uniformly the external pressure. The crystal has
been placed inside the CuBe gasket of the Paris-Edimburg cell, the empty spaces
have been closed with the lead filings and then pressed to a gapless pocket.

After the alignement of the single crystal sample, we investigated the phonon exci-
tations at ['-point in the reciprocal space for two different Cj vector values: le =
(03 —12) and Qs = (0 8 — 16). The energy scans are collected by fixing the final
wave vector kf and varying the incident £;, to keep constant the scattering Cj value.
We exploited two different monochromators, Si (111) and PG (002), featuring two
different resolutions (0.88 meV and 3 meV, respectively). The low resolution config-
uration have been used for an exhaustive scan of the energy range 0 — 70 meV with
a final wavevector ky = 4.11 A~!. Then the low energy range 0 — 34 meV has been
refined in the high resolution configuration with &y = 2.66 A~'. In this case, the
actual accessible energy was limited below 34 meV due to the presence of a spurious
signal from an analyzer armonics for k; = 2ky.

The I'-point energy scans shown in figure 5.11 were collected at the temperature of
77 K for two different applied pressures 0 GPa and 1 GPa. Each dataset has been
normalized by the number of scattered neutrons at the pre-sample monitor. Then,
the empty pressure cell signal, collected with the same CuBe gasket but without the
crystal inside the lead filing, was subtracted, together with a quasi-elastic lorentian-
shape signal at very low energies. These data are also compared with the inelastic
double differential cross-section of the Dy-complex (see sec.2.2.2) simulated with the
eigenvalues and eigenvectors of periodic DFT-calculated phonon modes. From the
comparison it is evident that the major difference induced by the applied pressure
lies in the low energy region, between 0 and 25 meV. In this range, phonon modes
shift to higher energy by increasing the applied pressure (with a sizeable shift of the
order of some meV) and change the scattered spectral intensity. Some changes in
the phonon excitations are also observable at higher energies; however, non sizeable
as the effects on the low energy phonons.

Data were also collected as a function of temperature (fig. 5.12). The different
scans are normalized for the temperature dependent Bose Factor (sect. 2.2.2). This
approach can be useful to determine the reliability of the spectral details, that are
expected to gradually broaden by increasing the temperature. From the comparison
of different scans we observe that most of the spectral features at low temperature
survive at higher temperatures, but broaden significantly and lose intensity.
Various single crystals have been then milled into few grams of powder and placed
in a thin Aluminum cylinder, that is screwed on the cryostat probe. By measur-
ing powder samples we average out the Cj dependence of the scattering intensity
over a wide range of orientations. Thus, the scattering function can be described
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Figure 5.11: INS cross section measured at 77 K for two different applied pressure
on a [Dy(H,0)s(HMPA),] single crystal (dots), at the D-point for @G, = (0 3 — 12).
Here, the pressure cell+gasket blank signal is already subtracted from the scattered
intensity. The solid line represent the INS cross section calculated starting from
DFT-calculated eigenvalues and eigenvectors and convoluted with experimental res-
olution of 3 meV (low resolution configuration). The low-energy differences in the
INS cross section induced by the applied pressure are evident and emerge consider-
ably from the error bars.
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Figure 5.12: Temperature dependence of the high-resolution INS cross section mea-
sured at )1 = (0 3 — 12) in a [Dy(H20)5(HMPA),| single crystal, for a constant
applied pressure of 1 GPa.
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in the so-called incoherent approximation (see sect. 2.2.2), where it results directly
proportional to the neutron weighted phonon density of states (nw-pDOS). From
the powder spectra measured at 77 K, we can therefore obtain the nw-pDOS of
the sample. In figure 5.13 we compare the measured nw-pDOS for two different
|C§ | values. For both these values, the phonon density of states present the same
spectral details, confirming that the observed excitations are purely phononics. The
measured nw-pDOS can then be compared with the one calculated with periodic
DFT.
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Figure 5.13: Phonon density of states from normalized inelastic neutron scattering
experiment on [Dy(H20)5(HMPA)s] powders. The spectra was collected at 77 K for
two ]Cj | values. The high and low resolution scans are merged in order to maximize
the extent of the high resolution region.

5.2.2 Results

The pDOS as a function of the applied pressure can be calculated ab initio with
periodic DFT. These calculations were performed by our collaborators at the Uni-
versity of Parma, P. Bonfa and I. J. Onuorah (see the List of Collaborators),
using the QuantumESPRESSO package [128, 129, 130] which uses a plane wave
basis set and pseudopotentials. The energy cutoff for the wavefunctions was set
to 1225 eV while the reciprocal space integration was performed with a 2 x 2 x 1
Monkhost-Pack [131] grid when considering the primitive unit cell. The ONCV
norm conserving pseudopotentials [132] were used for all elements and the exchange
and correlation contribution was described with the Perdew, Burke, and Ernzerhof
(PBE) functional.[123]

The atomic positions were optimized until atomic forces were smaller than 2.57x 1074
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eVA~! and total energy differences among optimization steps were smaller than 2
meV while the experimental lattice parameters were kept fixed during the relax-
ation. Phonon frequencies were obtained with the Phonopy package.[133] In this
case a 2 X 2 x 1 supercell is used to collect the inter-atomic force constants by per-
forming 0.011 A position displacements. The reciprocal space is sampled using only
the I' point in this latter case. The starting crystallographic cell has been adapted
to each pressure condition and verified by comparison with X-ray diffraction data
under the same conditions. The results for the simulated pDOS (fig. 5.14) confirms
the conclusions derived from the experimental data, thus that the largest difference
as a function of the applied pressure is observed for low energy phonon modes.
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Figure 5.14: (a) Simulated pDOS at two different applied pressures (atmospheric
and 1 GPa). The pDOS is convoluted with a sharp resolution ¢ in order to better
evaluate the contribution of different phonon branches that would overlap with the
experimental one. (b) Zoom to the lower energy regime, where the larger pressure-
induced differences are observed.

In order to validate our DFT results, we have compared the nw-pDOS measured
at atmospheric pressure with the one calculated ab initio (fig. 5.15). The spectral
features are reproduced by the calculation in both the low and high energy regime.
The only evident difference resides in the high-energy experimental background that
results enhanced if compared to the simulated pDOS. This effect is not completely
understood up to date, but can be attributed to a non negligible coherent contribu-
tion to the scattered intensity, not included in the incoherent approximation, and
to multi-phonon contributions at high energy, excluded by focusing only on the first
order phonon expansion for the scattering function (see sect. 2.2.2). Indeed, the
sharp aspect of all the other spectral features permit to exclude a priori that this
effect is related to the crystal phonon structure.

Once validated, the DFT-calcualted phonon modes will be used to simulate the
relaxation dynamics and thus understand the effects of pressure-induced phonons
modifications in promoting different relaxation mechanisms.
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Figure 5.15: Comparison of the experimental nw-pDOS (dots) with the one obtained
with periodic DET (gray lines). The calculated pDOS is convoluted with the exper-
imental resolution in the corresponding energy ranges.

5.3 Conclusions

In conclusion, these INS experiments allowed us to observe the effects of chemical
or structural modifications of SMMs on the pDOS. In particular, the experimental
data demonstrate that the low energy spectra feature the largest differences, in the
energy range of the phonons responsible for Raman processes. These, in particular,
are expected to play the crucial role in the relaxation dynamics of SMMs and in the
determination of their blocking temperature. Moreover, the fruitful comparison of
the INS nw-pDOS with the one calculated ab initio with periodic DFT enabled the
validation of the calculations, which are the starting point for the simulations of the
relaxation dynamics of SMMs.

For the Dy-based molecular magnets synthesized by the Manchester group a ” fully”
ab initio approach for the calculation of the spin-phonon couplings and the resulting
relaxation rates is ongoing. These results, will give us the opportunity to further
test the effectiveness of the ”cost-effective” method developed for the relaxation
study of the Dysprosocenium complex [17] and applied recently to other SMMs.[31]
Moreover, this ”cost-effective” approach will be applied to the relaxation analysis
of the Dy-based SMM synthesized by the Glasgow group and studied as a function
of the applied pressure by INS (ongoing work). Both these ongoing simulations
will give clear and fundamental indications on the relaxation dynamics of these
SMMs, for the development of better performing systems, exhibiting higher blocking
temperatures.
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Combined EPR-NMR study of the
Supramolecular {Cr;Ni}-Cu
dynamics

The search for molecular qubits with increasingly long coherence times is still very
active. A new approach to the problem could be to exploit hybrid supramolecular
structures, in which a fast and efficient electronic spin-based molecular processor is
connected with a robust nuclear spin-based molecular memory. Supramolecular ar-
chitectures have been already synthesized in the last few years, linking together sev-
eral electronic qubit units, within the same molecular structure. [75, 134, 135, 136]
In particular, for {Cr;Ni} rings it was recently demonstrated the possibility to link
together several units, enabling the processor scaling to several-qubit-architectures.
[10]

In this section we will focus on the characterization of a hybrid system in which
a {Cr;Ni} ring is linked to a copper [Cu(hfac)y] nuclear qudit in a {Cr;Ni}-Cu!!
assembly. The {Cr;Ni} ring features a total spin S = 1/2 ground state resulting
from the AF interaction of the cluster ions (7 Cr¥* and 1 Ni**), while the single
copper ion in the Cu-based qudit provides an electronic spin S = 1/2 coupled to
the copper nuclear spin I = 3/2. This supramolecular unit is very promising, since
it links an efficient qubit to a nuclear qudit providing a robust isolated memory
which can also embed quantum error correction. [49] Storing the information in
an error protected and isolated nuclear qudit during the idle periods of complex
algorithms increases the reliability of quantum operations and releases the stringent
requirements of qubits with long coherence times. Indeed, nuclear spins are much
more isolated from the environment than electronic ones. Thus, nuclear spins are
less affected by noise-induced decoherence processes. Moreover, as shown in Ref.
[88] nuclei featuring a I > 1 spin can efficiently implement quantum error correc-
tion algorithms, further enhancing the information storing time by correcting the
errors induced by pure dephasing processes. Conversely, the electronic total-spin
of the {Cr;Ni} ring has been demonstrated to be a promising electronic spin-based
processor with long phase memory times.[87] This molecular qubit can be easily
manipulated, in very short times, by resonant microwave (mw) pulses. Short ma-
nipulation times allows the implementation of several single qubit operations before
coherence losses.[75] Moreover, by coordination chemistry, more than one single
units of the {Cr;Ni}-Cu’! assembly can be linked together into promising scalable

106



Chapter 6

platforms.[137]
The {Cr;Ni}-Cu!! complexes under study were synthesized by our collaborators at
the University of Manchester (see the List of Collaborators), where I spent three

months of my PhD research activity for the pulsed EPR characterization of these
supramolecular assemblies.

6.1 Electronic spin-lattice and spin-coherence times

A thorough characterization of the electronic spin relaxation times is done by ex-
ploiting a Q-band (v = 33.426969 GHz) pulsed EPR spectrometer (see sect. 2.1.2)
equipped with a 3 K cryostat. This very-low temperature regime in fact allows the
detection of the {Cr;Ni} ring signal that is strongly suppressed at higher tempera-
tures. [32] Echo detected field sweep (EDFS) on a 0.2 mM diluted frozen solution of
the investigated sample revealed two main spectral contributions, arising from the
{Cr;Ni} ring and the Copper-based qudit [Cu(hfac)s] (see fig. 6.1).
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Figure 6.1: Q-band pulsed EPR EDFS at 3K on a 0.2 mM frozen solution of
{Cr;Ni}[Cu(hfac)s]. The Hahn-echo refocusing sequence 7/2 — 7 — 7 used for the
echo detection features a m-pulse of 120 ns. Light blue and green ticks mark the
{Cr;Ni} and [Cu(hfac),] in plane g, , signals, respectively.

Here the two main peaks at Be,, ~ 11.745 kG and B,y ~ 13.755 kG correspond to
the g,, planar orientation, while the left shoulder of the Cu signal corresponds to
the g, direction showing the fourfold non-degenerate components of the Hyperfine
coupling with its nuclear spin I = 3/2. These hyperfine components are however
non distinguishable in the frozen solution spectra because of a lack of both resolution
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and signal intensity. Moreover, as expected from previous results reported in Ref.
[49], the relative coupling J of the two electronic spin S = 1/2 from the Cu and the
ring causes a splitting of each ”in plane” spectral line. This splitting is visible for
the more intense Cu and ring g¢,, components, while for the low field g, it causes
a generalized broadening of the resonant signal that cannot be resolved in these
experimental conditions. Electronic spin-lattice relaxation times “7; have been also
measured for all the spectral features at fixed field with a standard inversion-recovery
sequence. The recovery paths are shown in figure 6.2, fitted with a double/triple ex-
ponentials saturation function I(t) = ), I;(1 — exp(—t/°T1,)), for the ring and Cu,
respectively, in order to match the experimental data in such a wide time interval.
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Figure 6.2: Electronic spin-lattice saturation recovery paths for a 0.2 mM frozen
solution of {Cr7;Ni}|Cu(hfac)s] measured at 3K with Q-band EPR (dots). The three
static fields shown correspond to: (a) the g,, component of the ring By = 13.755
kG, (b) the g,, component of the Cu By = 11.745 kG, and (c) one of the hyperfine
lines along the g, component of the Cu, at By = 10.862 kG. The double or triple
exponentials recovery rates are reported in the inset for each panel (red line).

The extracted spin-lattice ¢T} corresponding to the fastest component of the recov-
ery are higher then 10us and thus promising for the envisaged applications, since
these values confirm that the coupling of the two units within the supramolecular
complex is not detrimental for the relaxation properties of the two systems. Indeed,
for an isolated {Cr;Ni}, the measured “7} at 2.5 K is ~ 50pus, as reported in [39].
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Figure 6.3: Electronic spin echo decays measured for a 0.2 mM frozen solution of
{Cr;Ni}[Cu(hfac)s], measured at 3K with Q-band EPR (dots). The three static
fields shown correspond to: (a) the g,, component of the ring By = 13.755 kG, (b)
the g,, component of the Cu By = 11.745 kG, and (c) one of the hyperfine lines
along the g, component of the Cu, at By = 10.862 kG. The decays are fitted with a
slightly stretched single exponential decay (parameters are shown in inset).
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Electronic spin coherence times 7}, were measured for the same spectral features
identified in figure 6.1 for both the ring and Cu electronic spins S = 1/2, by a Hahn-
echo refocusing microwave-pulse (mw) sequence, as a function of increasing delay 7
between the exciting and refocusing pulses. The echo intensity decays (fig. 6.3) are
fitted by a slightly stretched single exponential law M (7) = My(exp(—2t/¢T},)?).
At the working temperature of 3 K, the coherence times of the two electronic spins
converge at remarkable values higher than 1 us that, given the fast phonon-induced
relaxation typical of AF ring complexes, [87, 138] is not detrimental in the perspec-
tive of implementing fast manipulations of the spins at lower temperatures.

The extracted spin coherence times are very similar for the {Cr;Ni} and the Cu
electronic spins. This is due to the effective coupling between them inducing an
averaging of the coherence times to the lowest value of the two. Indeed, by mea-
suring the electronic spin coherence times of the [Cu(hfac)s] qudit hosted in the
supramolecular structure in which it is coupled with the diamagnetic analogue of
the AF ring, {Ti;Ga}, we clearly observe that its spin coherence time is almost dou-
bled (see fig. 6.5), since J coupling is removed. In figures 6.4 and 6.5 we show the
X-band EDFS measured at 5.4 K on the partially diamagnetic {Ti;Ga}-[Cu(hfac)s]
together with the echo decay/saturation measurements. Here the spectra shows
only the [Cu(hfac),] signal, with a prominent planar component g, , and a well re-
solved hyperfine splitting for the g, one. The spin lattice 77 and spin coherence T,
times have been measured for all the spectral components. The saturation recovery
curves are again fitted with a triple exponential function, while the echo decay is
well represented by a slightly stretched single exponential model. Also the obtained
spin-lattice relaxation times T} results more than doubled as a consequence of the
absence of the J coupling in this partially-diamagnetic assembly.
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Figure 6.4: X-band pulsed EPR Echo Detected Field Sweep at 5.4K on a 0.2 mM
frozen solution of {Ti;Ga}|[Cu(hfac)s]. The m-pulse used for the detection, at fixed
mw-power, was 32 ns long, calibrated on the highest spectral feature. Light blue
and orange ticks mark the field at which the spin lattice and spin coherence times

in figure 6.5 are measured and correspond to the in plane g,, and one axial g,
[Cu(hfac)s] spectral components.

109 Simone Chicco



Chapter 6

(a) o O
& 3 — 1.5
2 2
1.0
£ %] g
& s
> 4] T =19(2) ms > 051 T = 1.31(13) ms 1
o 9]
> b — > b _
§ TP = 0.60(6) ms § 004 TY = 0.44(4) ms
S 0 Tf =0.085(8)ms | % Tf = 0.057(5) ms
E o Echo Intensity E 051 o Echo Intensity T
-11 Three exp fit | 7 Three exp fit
T T T T T 1.0 T T T T T
0 2 4 6 8 0 2 4 6 8
time (ms) time (ms)
4 10*
(C)20X10 : S— (d) 257 —
P > Echo Intensity| | R o Echo Intensity
2 ——Fi 2 ——Fi
E it £ 204 it i
21| T =3.03)ps | 2 T, = 2.7(3) us
s ’* & 154 |
210+ =
2 2 10+
7] 0]
g, £
2 2 5
[$) [S]
i w
04 0 ]
2 0 2 4 6 8 10 12 14 16 18 2 0 2 4 6 8 10 12 14 16 18
time (us) time (us)

Figure 6.5: (a,b) X-band electronic saturation recovery data (dots) measured at 5.4
K on a 0.2 mM frozen solution of {Ti;Ga}[Cu(hfac),] with an inversion sequence for
the two field (a) By = 3334 G and (b) By = 3061 G marked in figure 6.4. In inset
the resulting triple exponential fit (red line) for spin-lattice rates. (c¢,d) X-band echo
decay experiments for the same conditions above and at the same static fields. The
spin coherence time extrapolated from the single exponential stretched fit (red line)
are shown in inset.

6.2 Spin dynamics probed by 'H-NMR

It was demonstrated in the last two decades that NMR techniques offers the pos-
sibility to investigate the details of the phonon-induced spin-lattice relaxation for
electronic spins clusters.[138, 139, 140] Indeed, the thermal fluctuations of the elec-
tronic spin causes correlated variations in the local hyperfine field probed by the
nuclei. Thus, by probing the nuclear spin-lattice relaxation rates 1/"T} of the abun-
dant 'H in the molecule, we can model the molecular magnetization decay and
obtain some insights in the electronic spin-phonon coupling. This pulsed NMR in-
vestigation, complementary to the pulsed EPR analysis above, has been performed
on the supramolecular {Cr;Ni}[Cu(hfac)s] assembly by exploiting the broadband
NMR spectrometer "HyReSpect” [11] (see sect. 2.1.1) at the University of Parma.
Proton (*H) nuclear spin-lattice relaxation times were measured in the temperature
range T' = 5 — 50 K for different static magnetic fields By = 0.33, 0.75 and 1.5 T.
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The technique used for measuring nuclear ™7} is not a simple inversion-recovery.
Conversely, for measuring the recovery of the transverse nuclear magnetization we
addressed the system with a saturating pulses train, followed by a standard Hahn-
echo refocusing sequence 7/2 — 7 — 7/2. With this procedure we are confident that
the nuclear absorption line is fully irradiated (maximum statistical temperature con-
figuration).

The saturation recovery path follows a bi-exponential law I(t) = I; (1—exp(—t/"11 1))+
Ir(1 — exp(—t/"T2)), with a time scales difference of several order of magnitude;
thus, the fastest relaxation we are interested in is easily distinguishable (fig. 6.6).
The extracted spin-lattice relaxation rates 1/"T} for the fastest relaxing component
are shown in figure 6.7 as a function of temperature for each applied field.
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Figure 6.6: (a) Fastest 'H-NMR, normalized saturation recovery at 10 K for differ-
ent applied static field By. (b) Normalized single exponential 'H-NMR, echo decay
measured at 10 K for two applied fields.

The 1/"T} temperature dependence shows a peak at 11 K in 0.33 T applied field that,
by increasing field, lowers in intensity, broadens and shifts at higher temperatures.
A more detailed analysis of this relaxation dynamics is ongoing and the fitting of the
data with a detailed theoretical framework, will give us information on the phonon
coupling strength and, on the number of dominating relaxation rates/frequencies
and on their temperature dependence.

In this analysis, an important effect that must be taken into account is the wipe
out effect.[141] It consists in a gradual NMR signal loss at low temperature, due to
an increment in the relaxation rates "I, ! of certain nuclei. The faster relaxation
causes the signal to exit from the detectable window of our experimental setup (the
so-called ”dead-time”, which is of the order of ~ 10 us). Thus, for simulating the
spin-lattice relaxation rate we will retain only the 'H nuclei with a transverse re-
laxation rate "T; ' smaller then the identified wipe out threshold. To evaluate this
effect we measured the nuclear spin-spin relaxation rates 1/"T; over a wide temper-
ature range, with a standard Hahn-echo refocusing sequence. The relaxation rates
(fig. 6.6) are fitted with a slightly stretched mono-exponential function (with al-
most temperature-independend stretching parameter) and the values extracted are
shown in figure 6.8. The extracted relaxation rates show a peak at 10 K in 0.33 T
applied field that broadens, lowers in intensity, and shifts at higher temperatures by
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Figure 6.7: Proton nuclear spin-lattice relaxation rates 1/"T} extracted from fitting
the saturation recovery curves in figure 6.6 as a function of the system temperature,
at three different applied static field B,.
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Figure 6.8: (a) Proton nuclear spin-spin relaxation rates 1/"7T5 at two static applied
fields, extracted from fitting the echo amplitude decay with a stretched single ex-
ponential function at fixed stretching parameter §. (b) Transverse magnetization
MJ (0)T from the echo amplitude extrapolated at zero delay in the echo decays.
Multiplied by the temperature, it gives a hint on the number of nuclei with a still

measurable decoherence.
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increasing the applied field. A visualization of the wipe out effect can be obtained
by plotting the starting transverse magnetization values Mfy(()) extrapolated from
the 7 = 0 point in the echo decay curves, multiplied by the measuring temperature
(fig. 6.8). This quantity M/ (0)T" correspond to the number of resonating nuclei. In
figure 6.8, at the applied field of 0.33 T, the number of resonating nuclei is saturated
above 20 K, and decreases abruptly below 15 K, towards a low temperature (few
Kelvin degrees) constant minimum value.

6.3 Electronic spin Manipulations

To better investigate the hyperfine splitting in the Cu g, component, we milled
several polycrystals (5 % diluted in the diamagnetic analogue {Ti;Ga}[Zn(hfac)s])
into fine powders and measured the echo detected field sweep in the Q-band EPR
spectrometer (fig. 6.9). The signal to noise ratio is extremely high, thanks to a
fine tuning of the resonant cavity, and consequently all the spectral features are
well resolved. Indeed, in this configuration also the fourfold Hyperfine splitting of
the g, component is visible and enables the observation of the further splitting (five
evident peaks are marked in fig. 6.9) induced by the J coupling.

Taking advantages of this fine tuning of the experimental setup, we performed a
Rabi nutation experiment in order to demonstrate the ability to manipulate both
the ring and Cu electronic spins coherently and independently from each other. The
system was targeted by a manipulating pulse of variable length 6(¢) followed by a
Hahn-refocusing sequence 7/2—7—m. The Rabi oscillations for the g, , components
of the {Cr;Ni} ring and [Cu(hfac)s] are shown in figure 6.10 for different power at-
tenuation.
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Figure 6.9: Q-band EPR-EDFS at 3K on a 5% diluted fine powder of {Cr;Ni}{Cu
(hfac)s]. Red and black ticks mark the in plane g,, and axial g, ring and copper
signal respectively.
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Figure 6.10: Rabi nutation experiments at 3 K on fine powder of {Cr;Ni}-
[Cu(hfac)s]. The field was fixed to match respectively the two higher spectral com-
ponents (a) By, = 13.597 kG and (b) Be, = 11.704 kG (as sketched in inset)
corresponding to the g, , plane. The pulse power-attenuation is varied to highlight
the Rabi frequency “wgr and damping Ar dependencies. For each pulse-power, the
pulse length in the Rabi-sequence was modified in order to maintain the effectiveness
of the /2 — 7 refocusing.

The obtained Rabi oscillations results coherent and monochromatic. Rabi frequency
“wp scales linearly with the pulse power attenuation, together with the oscillation
damping, which is hampered in higher power configurations by the pulse inhomo-
geneities.

6.4 Conclusions

The electronic and nuclear spins relaxation dynamics of a {Crz;Ni}[Cu(hfac)s] com-
plex has been thoroughly investigated by exploiting a combined pulsed EPR-NMR
approach. The data analysis and the theoretical simulations on the relaxation dy-
namics are still ongoing. The theoretical model describing the system dynamics will
be confirmed by fitting the relaxation rates for both the {Cr;Ni} and the Cu elec-
tronic spins and Cu nuclear one. Interpreting these relaxation measurements will
give fundamental insights for the determinations of the leading relaxation processes,
such as their dependence on the temperature regime and the strength of spin-phonon
coupling.[138, 139]

Putting together all this information, we will be able to deduct the key ingredi-
ents governing the system relaxation of this promising supramolecular assembly.
Moreover, in view of the remarkable results achieved in the electronic spin manip-
ulations through the Rabi nutations experiments on powder samples, studies on
single crystals are ongoing. By exploiting a combined EPR-NMR approach, we ex-
pect to realize coherent manipulations of the qubit-qudit system, demonstrating the
possibility to implement ordinary single qubit quantum algorithms and to realize
efficiently the information swapping between the electronic spin processor and its
nuclear memory. [49]
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General Conclusions

In conclusion, in this thesis we have presented the results of different experimen-
tal characterizations of molecular nanomagnets. The spin Hamiltonian and the
spin dynamics of these systems have been investigated by means of several different
cutting-edge experimental techniques. We have demonstrated that broadband NMR
is an election experimental tool for our studies, since it enabled a precise evaluation
of the parameters of the electro-nuclear spin Hamiltonian of two V-based molecu-
lar qubits, together with their nuclear phase memory times (sect. 3). Proven that
these systems possess the energy levels structure and the coherence prerequisites of
an ideal qudit, by means of NMR rf-pulses we realized coherent manipulations of
these electro-nuclear systems, inducing selectively the desired transitions between
their nuclear states. In the case of the [VO(TPP)] complex, we also succeeded in
simulating the encoding of a Quantum error correction algorithm and we addressed
experimentally the same transitions involved in the encoding sequence, with really
promising results, such as fast manipulations, negligible coherence losses and encod-
ing reliability. By exploiting this technique and this, or similar complexes, we expect
to succeed in realizing the firsts proof-of-principles experiments on the implementa-
tion of quantum error correction algorithms in molecular qudits. In particular, an
interesting perspective-work would be the characterization of complexes from the
class of Lanthanide-based monomers, dimers or trimers with the NMR experimental
setup described above. [47, 44, 45] Indeed, also these systems represent ideal test-
beds for the implementation of quantum algorithm on the expanded computational
space that results from the coupling of different magnetic ions and of the electronic
and nuclear spins within each ion.

The phonon-induced relaxation processes play a crucial role in the spin dynamics of
molecular qudits such as the [VO(TPP)] molecule. The phonon dispersions of this
complex were thoroughly investigated by exploiting, for the first time in a molecular
crystal, inelastic X-ray scattering (sect. 4). The technique features several advan-
tages with respect to the parent inelastic neutron scattering and the outstanding
quality of the results achieved will pave the way for a systematic usage of this
technique in parent compounds characterizations. In particular, in the [VO(TPP)]
compound we observed extremely low-energy optical phonons and we validated the
periodic DFT phonon calculations by comparing the measured IXS cross section
with the simulated one. The validated phonon model was then used to simulate the
spin relaxation of [VO(TPP)], identifying the crucial role of the low energy modes,
which result to be critically coupled with the electronic spins. The results achieved
in this study will be crucial for the development of new classes of molecular magnets
with optimized coherence by tailoring of phonon modes.

In this thesis we also focused on the study of single molecule magnets with high en-
ergy barriers. In particular, our scientific effort was devoted to the determination of
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the key factors governing the phonon-induced relaxation processes. Focusing on Dy-
based SMMs, we studied by inelastic neutron scattering the effects on the phonon
density of states of chemical/structural substitutions in the molecule or of an exter-
nal applied pressure (sect. 5). By exploiting INS, we accessed the phonon density
of states and, in both systems, we demonstrated that the main differences are in the
energy range of phonons involved in Raman relaxation processes. These relaxation
processes are indeed the crucial ones for the determination of SMMs performances.
The comparison of the experimental phonon density of states with the ones simu-
lated with periodic DFT was exploited to validate the phonon models, to be used
for simulating the spin dynamics of these complexes. This approach represent a
valuable test-bed for the phonon model validation, that needs to be implemented
systematically in future works.

Finally, we presented a combined EPR-NMR characterization of the spin dynamics
of a supramolecular complex in which a {Cr;Ni} ring qubit is linked to a Cu-based
nuclear qudit with long coherence times (sect. 6). By exploiting pulsed Q-band EPR
we measured the electronic spin-lattice and spin-coherence relaxation times, and we
realized coherent individual manipulations of both the ring and the Cu electronic
spins. Moreover, with 'H-NMR we accessed the proton nuclear spin-lattice and
spin-spin rates. These results will be used to elaborate a model for the relaxation
dynamics of the system.

To summarize, in this thesis we exploited several advanced experimental techniques
which are essential in the study of MNMs and enabled to pinpoint the key in-
gredients for the optimization of their performances for applications in quantum
technologies. The next step for this purpose is the realization of an experimental
setup for multi-frequency addressing of these systems, capable of inducing several
coherent transitions within the multilevel structure of these molecular qudits in short
times. Such a platform would enable the implementation of both single and multi-
qubit proof-of-principle quantum algorithms. At the same time, it is also pivotal to
discuss and design the first single molecule experiments, which represents the final
challenge for the implementation of molecular magnets in real quantum information
processing devices.
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