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Abstract

Spin systems offer a versatile platform for exploring fundamental phenomena and
developing quantum technologies. Conventional manipulation of spin states with magnetic
fields faces intrinsic limitations, including crosstalk and poor nanoscale confinement.
Electric fields, by contrast, can be precisely localised, potentially opening new routes

for scalable spin control and device integration.

This thesis investigates the electric-field control in spin systems exhibiting spin-electric
coupling and its relevance to quantum information and sensing. Chapter [2| presents
a proof-of-concept electric-field quantum sensor based on an optically excited state in an
organic molecular nanomagnet integrated into a capacitive device. Unlike conventional
SEC that typically requires strong atomic spin-orbit coupling , the effect here arises
from electric-field-induced redistribution of charge within the excited state. Notably,
this mechanism yields a coupling strength comparable to that of SOC-driven systems,

thus expanding the range of materials suitable for SEC studies.

In Chapter [3, we demonstrate the electric control of nuclear spins in magnetic defects
within a semiconducting crystal. In this system, the electron-nuclear interaction, often
suppressed in nuclear-spin qubits to preserve coherence, is harnessed to enhance nuclear
SEC. The underlying mechanism relies on the electric field modulating the electron
magnetic anisotropy, whose electric sensitivity is transferred to the nuclei via the hyperfine
coupling. Using this approach, we were able to drive nuclear spin transitions using
resonant electric fields. Building on these results, Chapter [4] investigates electrically
driven electron transitions, proposing a resonator architecture for their investigation

and analysing possible mechanisms that mediate them.

Finally, Chapter [5| explores the SEC in polyoxometalate molecular complexes and
introduces strategies to generate and electrically control their clock transitions, that is,
spin transitions whose energy is, to first order, independent of the magnetic field. We
further propose a theoretical scheme for generating entanglement between two clock spins,

marking a step toward the development of scalable multi-qubit platforms.

Taken together, the studies presented in this thesis advance spin-based quantum techno-

logies by establishing a foundation for fully electrical control of spin systems.
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Introduction

1.1 Magnetic Resonance

Electron Spin Resonance (ESR)) and Nuclear Magnetic Resonance (NMR)) are the primary
experimental techniques explored in this thesis. The following section presents classical and
quantum-mechanical descriptions of magnetic resonance, and highlights key experimental

considerations. This discussion draws primarily from Ref. [1].

1.1.1 Classical Treatment

In a paramagnetic material, the unpaired electrons tend to align with an applied static
magnetic field B. This can be pictured as a magnetic torque T acting on the spinsﬂ,
formally expressed as the vector product between B and the induced magnetization,
7 = M x B. This torque can also be written as the time derivative of the (classical)
angular momentum L, namely 7 = dL/dt = v 'dM/dt, where v = ¢/(2m) is the
particle’s gyromagnetic ratio. The magnetization dynamics can then be described by

dM

dt

!This simplified picture works in scenarios where we describe the ensemble dynamics (macroscopic
magnetization), rather than single spins, where it breaks down.

=M x B), (1.1)




1. Introduction

Figure 1.1: (a) Precession of the magnetization around the static magnetic field By, as
described by the Bloch equation. In the laboratory frame, the oscillation frequency equals the
Larmor frequency wyp. (b) Applying an oscillating field By at frequency wpy tilts the precession
axis in the rotating B;—frame by 6 = arctan(/(wo — wmw)), where Q is the Rabi frequency.
(c) When relaxation processes are included, the magnetization relaxes towards its equilibrium
orientation along By.

which is the vector form of the Bloch equation.

Applying a stati(ﬂ magnetic field By to a paramagnetic sample causes the magnetization
to precess about the field at a frequency wy = “ﬂ%—&), known as the Larmor frequency. A
pictorial representation of this precession is shown in Fig. [1.1{a). Next, consider applying
a circularly polarised, time-varying magnetic field By = B; (cos(wmwt), sin(wmwt), O)T
in the {x,y} plane of the laboratory framqﬂ, where wy,, denotes the microwave radi-
ation frequency. Transforming to a frame co-rotating with B, simplifies the solutions

to Eq. as follows:

M _ _Aw M, My non, —an, Y
dt dt

=QM,

— # (1.2)

where Aw = wy — wmy is the difference between the system’s natural and driving
frequencies, or detuning, while (2 is the Rabi frequency, defined in direct analogy to the
Larmor frequency, with B; replacing By, and describing the strength of the excitation. In

the absence of a driving field, the magnetization simply precesses about the z-axis at the

2Throughout this thesis, the standard ESR convention is used: By denotes the static magnetic field,
while B; and B represent the microwave and radio-frequency (@ fields for electron and nuclear
manipulation, respectively.

3By convention, the z-axis of the laboratory frame is aligned with By.
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detuning frequency Aw. Once the drive is applied, however, the magnetization precesses
about an effective magnetic field whose components are given by the off-resonance term
Aw and the drive term Q. The tilt angle of this effective field is # = tan™'(Q/Aw) (see

Fig. [1.1[(b)), and the corresponding precession frequency is given by
Wt = V2 + Aw?. (1.3)

When on resonance (Aw = 0), M precesses about an axis in the {z’,y'} (rotating-
frame) plane (f = 90°). Driving the system at the Larmor frequency thus enables
rotation of the overall magnetization, a key feature for both resonance and detection

in magnetic resonance (see Subsec. |[1.1.3]).

To complete the classical picture, we must also account for relazation processes, through
which the magnetization returns toward its equilibrium value along By,. While the
microscopic origin is quantum-mechanical (Subsec. |1.1.4)), we can model relaxation

phenomenologically by adding exponential damping terms to Eq. yielding:

(1.4)

Here, T} and T3 are the longitudinal and transverse relaxation times, respectively,
describing the recovery of M, towards equilibrium along By and the decay of the

magnetization in the {z,y} plane.

1.1.2 Introducing Quantum Mechanics: the Electron and Nuc-
lear Spin Hamiltonian

While useful for building intuition, this classical model is insufficient to describe the
experiments presented in this thesis. In magnetic resonance and quantum information
science [2], it is often more convenient to represent spin states and their evolution on
the Bloch sphere, illustrated in Fig. for S = % For pure states, the state vector

|1} is represented by a unit vector pointing from the origin to a point on the surface

of the Bloch sphereﬂ and can be parameterised using spherical coordinates (6, ¢) and

4Pure states are distinguished from mized states, which represent statistical ensembles of pure states.
Mixed states are described by Bloch vectors with norm ||7]| < 1, i.e., they lie inside the Bloch sphere.

For more details, see Subsec. [1.1.5.1
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1)

Figure 1.2: Schematic representation of the Bloch sphere for a simple two-level (S = 1/2)
system. The poles of the sphere correspond to the computational basis states {|0),|1)}, and
any point on the sphere represents a superposition state |¢)). Applying a microwave magnetic
pulse generates a rotation about S, or S'y, depending on the field polarization, with the pulse
power and duration setting the rotation angle. Under certain conditions, discussed in Sec. [I.2]
applying a DC electric-field pulse produces a rotation about the S, axis (green).

a global phase v, as 1)) = 7 (COSH |0) + €% sin @ |1>> Since the global phase factor

e” has no measurable effect, it can be omitted, yielding
1) = cosf |0) +e“sinf |1). (1.5)

The corresponding spin operators, or Pauli operators, have eigenvalues corresponding
to spin projections along the Cartesian axes {x,y, 2z}, where z is conventionally aligned

with the applied static magnetic field By. Mathematically, they are described by

. h(01) A h{0 =i\ . h{1 0
Sx2<1 0)’ Sy2<z' 0)’ SZz(o —1>' (1.6)

These Hermitian and unitary matrices satisfy the angular momentum commutation rela-

tions

[S:, 8] = iheiji Sk, (1.7)

where €, is the Levi-Civita symbol.
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Figure 1.3: Energy scales (in Hz) of the electron (blue), nuclear (red), and hyperfine (purple)
terms from Eq.[I.I0] The close-up on the right shows typical ESR frequency bands, as well as
K, which is relevant for Chapter 4l This figure has been adapted from Ref. .

Exponentiating the Pauli matrices generates unitary evolution operators of the form
U(h,a) = e-iaSa/h (1.8)

where U (7, @) rotates the quantum state |¢)) by an angle o about the axis 7. In magnetic
resonance, such rotations are typically implemented using oscillating magnetic fields that
are resonant with the spin transition frequency. The rotation axis n is determined by the
orientation and polarization of the applied field By, while the rotation angle o depends on
both the pulse amplitude and duration. These fields commonly induce rotations about S,
or S*y, as illustrated by red circular arrows in Fig. . Under certain conditions, rotations
about S'Z, which corresponds to a relative phase accumulation ¢ (green arrow), can also

be induced by static electric fields, as detailed in the discussion provided in Sec. [I.2]

In much of this thesis, we consider systems with total spin quantum number S > 1,
having 25 + 1 sublevels with projections my, = —5, =S+ 1,...,+S5. The spin operators
generalise from Eq. to

(| Sy Im)

Z (5ms,m’s+1 + 5m;,ms+1) \/S(S + 1) - msm’s,

(ms‘§2|m’s> = héms,mé M,
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where S, couple states |m,) < |m, + 1) and S, is diagonal. Also useful in magnetic
resonance (Subsec. D are the ladder operators, S = S, iigy, which satisfy gi]ms> =
VS(S+1) = my(my £1) [m, £ 1).

We can now introduce the central mathematical object for most theoretical and ex-
perimental work in this thesis: the Hamiltonian, 7:[, which encodes the total energy
of the system. The general spin Hamiltonian for n electrons and m nuclei was first

derived by Abragam and Pryce [3] to be:

ﬁ:NBZBg'ge,k'Sk"i_ Z S;grDSk+NNZngN,kik+ZSTAkik
k k k

k
Sk>1/2
+ 3 0 Q L+ X0 a1+ 308 - adl S, (1.10)
Ik>k1/2 7,177&]34: Z;fkk

The physical origin of each term will be outlined in the next subsections. Here, I denotes
nuclear spin operators and follows the same structure as S, while § = (S’x, Sy, S’Z)T is the
vector of spin matrices. The [[_; [T/, (25% + 1)(2[; + 1) eigenstates and eigenvalues of
H correspond to the electron-nuclear spin states |1)) and their associated energies. This
equation is sometimes referred to as the effective spin Hamiltonian, which captures the
spin interactions that influence the energy levels of a paramagnetic system in the presence
of external magnetic fields and spin-spin interactions. The typical energy scales of each
of the terms in Eq. are schematically illustrated in Fig. alongside representative

excitation microwave bands relevant to ESR and this work.
1.1.2.1 Electron and Nuclear Zeeman Splitting

The coupling between spins and an external static magnetic field By is described by
the Zeeman interaction. The presence of By lifts the degeneracy between spin states
related by time-reversal symmetry. Following Eq. [1.10] the Zeeman Hamiltonian for

n electrons and m nuclei is generally given by
Hp ZMBZBOT'ge,k'gk+MNZBg'gN,k'ik7 (1.11)
k k

where pp = eh/(2m.) and px are the Bohr magnetons for electrons and nuclei, respectively.

Since ppg is roughly three orders of magnitude larger than uy, NMR typically takes place
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at MHz frequencies, while ESR lies in the GHz range (see Fig. [1.3). This difference

in energy scales will be important in Chapter [3|

The g-factor in Eq. is a dimensionless relativistic correction to the Zeeman interaction.
It is generally a symmetric tensor (g;; = g;;) with six independent parameters. In most
cases, however, its principal axes are taken to coincide with the molecular or crystal axes,
although this is not universally true [4]. For example, in cubic-symmetry environments
the g-tensor is isotropic, with g,, = g,y = g... Lowering the symmetry to axial geometry
introduces anisotropy such that g,, = g,y # ¢.., while in orthorhombic environments
all three components differ, g,, # g,y 7# g... The reference values for the free-electron
g—factorﬂ is go ~ 2.0023, whereas nuclear g-factors span a much wider range, from

0.097 for 'Tr to 5.58 for 'H [1].

In addition to environmental symmetry, another important contribution to the g-factor
comes from the spin-orbit coupling ﬂ the relativistic interaction between an
electron’s spin and its motion in the electrostatic potential of the nucleus. This interaction
can be expressed as the dot product between the orbital angular momentum ’yi and
S, ie., Hsoc = AL- S, where the SOC constant A\ oc Z4, with Z being the atomic
number [5]. The SOC-corrected g-factor is

g8=gel+2AA, (1.12)

where A is a symmetric tensor describing the second-order orbital correction to the energy
levels, defined in Eq. [A5] a full derivation of Eq. [I.12]is given in App. [A. 1.1} This
SOC contribution can be substantial in certain systems, particularly in lanthanide- and

actinide-based compounds, where it can even drive g to negative values [6].

5The Dirac equation predicts g = 2, but higher-order quantum electrodynamics corrections give
g=2(14a/2n+...), where a = €?/(4meghc) is the fine-structure constant. At X-band, this corresponds
to a resonant-magnetic-field deviation of ~ 4 G, which is measurable with standard techniques but often
negligible.

6This refers to the atomic spin-orbit coupling, which arises from localised (spin) states. It is distinct
from the SOC observed in systems such as a two-dimensional degenerate electron gas, where the SOC
involves k-dependent dispersion of delocalised, band-like electrons. Unless otherwise specified, all
mentions of SOC throughout this thesis refer to the atomic type.
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1.1.2.2 Zero-field Splitting

For systems with S > 1, electron-electron interactions lift the (25 + 1)-fold degeneracy
of the ground state. A useful heuristic picture is that each electron experiences the
magnetic field produced by the others; thus, even in the absence of an external static
field, a pseudo-Zeeman interaction acts on each electron. This effect is known as the
zero-field splitting . It is important to note that ZF'S refers to the intra-site coupling
between electrons within the same ion or molecule. This is fundamentally distinct (and
subject to different physical constraints) from the inter-site interactions between electrons
belonging to different systems (see Subsec. . Mathematically, the ZFS for n
spectroscopically distinguishable systemsﬂ is described by

Hops = f: S'.D-S,, (1.13)

k=1

where each term S;{ .D - S;, represents the interaction between the 2 electrons within

the k-th ion or molecule.

The tensor D, which is symmetric and tracelesﬂ can be expressed in its principal-axis

frame, and, neglecting the sum over different systems, Eq. then reduces to
Hzrs = DoS2+ D,S2 + D.82 = D (82 - 15(S+1)) + E (82 - 52), (1.14)

where D = 2D, is the azial anisotropy and E = (D, — D,))/2 is the transverse component.

Unless otherwise stated, both D and E will be treated as scalars, given in units of MHz.

The ZFS tensor has two main contributions:
D = D%¢ + D5°¢ (1.15)

where D%5¢ arises from first-order dipolar spin-spin coupling (SSC|), and DSC originates
from second-order SOC. The SSC term dominates when SOC is weak, as in organic

molecules and many light transition-metal complexes, while the SOC contribution becomes

"Here, “distinguishable” refers to molecules having different ZFS tensors and /or different spin quantum
number.

8By magnetic-resonance convention, Tr(T) = Ty, + Tyy + T, = 0, which is achieved by subtracting
%Tr(T) from each diagonal component. This procedure shifts all energy levels by the same constant,
producing no measurable effect.
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significant in heavy-metal compounds [7]. This distinction will be central in Chapter
The SSC can be expressed analogously to a classical magnetic dipole-dipole interaction.
For two electrons ¢ and j (i # j), the contribution is

(Dssc)” _ HogeHE lSzTSJ 3 (S;‘Fr”) (S?.rij)l, (1.16)

v] - 47rh|rij|3 B |rij|2

where r;; is the displacement vector from spin j to <. On the other hand, the SOC

contribution can be obtained using the same second-order perturbation theory employed

for the SOC correction to the g-factor (App. |A.1.1):
D39¢ = \?A, (1.17)
where A and A are defined as in the previous subsection.

1.1.2.3 Hyperfine Coupling

The hyperfine interaction describes the coupling between electron and nuclear spins, and
constitutes one of the most important sources of information in ESR spectroscopy [8]; see

Sec. for more details. For a system with m nuclei, the general Hamiltonian reads
Hip = ST Ay -1, (1.18)
k

where A, is the hyperfine tensor coupling the general 25 + 1 electron spin operator
S to the k™ nucleus. Analogously to the ZFS case, A can be decomposed into a

quantum-mechanical and a semi-classical dipole-dipole interaction

T
A:Aiso]l+g77 (119)

where Ay, is the Fermi contact interaction [9], and the second term accounts for the
anisotropic dipole-dipole coupling. T; is defined analogously to Eq. [I.16, and g is the
SOC-corrected g-factor from Eq. [I.12] The SOC contribution to the hyperfine tensor
follows from the orbital-nuclear interaction, Hir~L- i, which has the same structure as

the electron SOC Hamiltonian. By analogy, one finds that AS9C ~ 2\ A [1].

The Fermi contact term accounts for the isotropic part of the hyperfine interaction and

arises from the quantum-mechanical limit of the dipole-dipole interaction, in which the
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electron and nucleus are spatially coincident. Physically, it reflects the overlap of the
electron and nuclear wavefunctions and is nonzero only for states with finite probability

density at the nucleus (notably s-orbitals). The isotropic constant is then given by

2
Auo = 2 et gbi [ (O, (1.20)

where |1, (0)|? is the electron spin density at the nucleus. For isotopes of the same elementﬂ,
the ratio of Ajs, values should scale with the ratio of their nuclear g-factors. This holds for
most systems, although small deviations (< 1% [10]) can occur due to differences in nuclear

charge distribution (finite size or shape), which slightly modify |¢.(0)]* at the nucleus.

Such deviations are known as the hyperfine anomaly, or Bohr-Weisskopf effect [11].

1.1.2.4 Quadrupolar Coupling

For nuclei with spin I > 1, the charge distribution is non-spherical and gives rise to a
quadrupolar contribution to the ESR Hamiltonian. This interaction is characterised by the
nuclear electric quadrupole moment (). For m nuclei, the corresponding Hamiltonian is
A m A A
Hyo =) T - Q- L, (1.21)
k=1
where Q is the quadrupolar coupling tensor. In its principal-axis system (and neglecting
the summation over k), this reduces to

eQV

Y — 0.2 2 P2=__<" [312_I(I+1 ?-7? 1.22

where n = (Q, — Q,)/Q. is the asymmetry parameter (0 < n < 1), V = (VE)ax
is the principal component of the electric field gradient , and by convention
Q2] < |Qy| <|Q:]. The EFG has contributions from both the surrounding electronic
distribution and other nuclei. Although often negligible in many spin Hamiltonians, the

quadrupolar term will play a central role in the experiment described in Chapter [3]

9Typically differing in gn while sharing the same electronic configuration.

10
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1.1.2.5 Inter-site Spin-spin Couplings

The interaction between electron spin centres located on different molecules or crystal sites
(or nuclear spins on separate sites) may have different physical origins from the electron
ZFS. As in earlier terms of the Hamiltonian, there are two contributions: a magnetic
dipole-dipole interaction (analogous to Eq. and a quantum-mechanical term known

as the exchange interaction. The latter is described by the Heisenberg Hamiltonian,
Hexen = ST - T - S, (1.23)

where indices 1 and 2 denote two distinct sites, and J is the exchange tensor (often called

the J-coupling in ESR literature). Unlike in Eq. [1.13| one may have S; # Ss.

The exchange tensor J can be decomposed into an isotropic and an anisotropic component.
The isotropic part, often described in terms of chemical bonding between two J-coupled
S = % electrons, dictates whether the ground state is a singlet (antiferromagnetic) or a
triplet (ferromagnetic). The anisotropic part, by contrast, originates from spin-orbit coup-

ling and dipolar contributions, and accounts for deviations from purely isotropic exchange.

Such inter-site exchange interactions are of particular interest in quantum informa-
tion science (see Chapter , as they provide a mechanism to couple spins located

at different sites [12].

1.1.2.6 Crystal Field Effect: High-rank Stevens Operators

In Eq. [1.10, we neglected the interaction between the electronic spins and the surrounding
molecular or crystalline environment, commonly referred to as the crystal field (CF),
which might be significant in certain transition-metals and lanthanide-based compounds
[13]. A simple approach to estimate such CF effects is to compute the total Coulomb
potential energy Wer = Yice- X jceny h?%qiﬂ, where the sums run over the unpaired

electrons and the charges in the surrounding environment, respectively. The specific

form of Wgp depends on the symmetry of the environment.

The connection between Wep (and, hence, the environment’s symmetry) and the spin

Hamiltonian was formalised by Stevens |14]. The key idea is that, within a degenerate

11
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manifol of 82 eigenstates, spatial operators can be replaced by equivalent spin operators
of matching tensor rank. For example, a second-order term like zy transforms as
S’zgy + gygx This correspondence leads to the Stevens operator formalism, in which
the CF Hamiltonian is expressed as
+k
Hor= Y 3 BLOK(S). O(S)~ k.51, (1.24)
k=2,4,6 g——Fk

where B! are the CF parameters, and Of are the ¢ components of a rank-k spherical
tensor operatorﬂ. The full expressions of these operators, as defined in Refs. |14, |15],
are provided in Appendix [A.1.3] As Wep is a scalar and therefore even under time
reversal, and since the operators OZ transform as (—1)’“@,3, only even k values contribute
to time-even scalars consistent with the crystal field potential. Higher orders (k > 8) are
generally negligibleﬁ. Note that the CF parameters can be directly related to previously

discussed anisotropies; for example, D = 3BY and F = B32.

1.1.3 The Resonance Phenomenon

All the terms described above are static (time-independent) contributions to the Hamilto-
nian, determined by the symmetry of the system and the underlying electronic and
nuclear interactions. In contrast, magnetic resonance relies on the coupling between
the system and an oscillating electromagnetic field that is close to resonance with a
specific spin transition. The general idea of resonance is that the energy of the applied
radiation matches the energy gap between two levels in the sample. From a simple
angular-momentum perspective, the radiation carries a quantum of angular momentum

that is absorbed by the spin system, promoting it to an excited state.

The time-dependent component of the Hamiltonian, written in standard ESR form, is

Hi(t) = usB{ (1) - g- S, (1.25)

10Collection of quantum states that are energetically or structurally grouped together based on a
shared property, e.g., ms, or my.

A rank-k spherical tensor operator transforms under rotations like a spherical harmonic Y, carrying
2k + 1 components labelled by ¢ € [—k, k].

12The k = 0 term corresponds to a constant and is omitted.
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1. Introduction

where the oscillating field is taken as By (t) = By cos(wmwt). Here wy,y, is the microwave an-
gular frequency and B; is the field amplitude, proportional to the applied power. For a spin

placed in a static field By, choosingjﬂ By = ByZ and assuming an isotropic g.-factor yields
ﬁ(t) = 7:10 + 7:[1(15) = UBYe (BOSZ + B1T(t) ’ S) (126>

If the oscillating field B; is aligned parallel to By, the Hamiltonian remains diagonal,
and (within the static Zeeman basis) no transitions are driven, since the field does not
couple different spin statesEl In quantum mechanics, however, transitions may still be
induced if the eigenstates are not pure Zeeman states but are mixed by other interactions.
This regime is known as parallel-mode ESR, in contrast to the conventional case where
B; L By (so-called perpendicular-mode ESR). In this thesis, unless explicitly stated
otherwise (see Chapter [4]), we will consider the perpendicular-mode case, where By

lies in the transverse plane.

This can also be understood in terms of ladder operators. If the oscillating field B (¢)
lies in the transverse (Z,¢) plane, then 7:[1(15) contains terms proportional to Sy, which
connect neighbouring Zeeman states |mg) <> |ms = 1). In other words, the standard
ESR selection rule is Amg = +1, and analogously for nuclear transitions (Am; =
+1). Part of this thesis also deals with transitions driven electrically, rather than
magnetically (see Sec. . In that case, the selection rules may change: under specific
conditions, higher-order transitions with Amg > 2 become allowed. For example, double-

quantum transitions (Am = +£2) in both electron and nuclear spins appear in this

work, as shown in Eqgs. 3.2] and [4.2]

So far we have described resonance qualitatively, without considering transition strengths.
In general, the transition rate is determined by the Fermi Golden Rule, which gives the

probability per unit time of a transition from an initial state |1;) to a final |¢)f):

Coss = 2T (Wl a(0) 1) 2 (), (1.27)

13This convention is adopted so that the quantization axis matches the eigenstates of 5'2; otherwise, a
basis transformation is required.

14 (lassically, this is analogous to Fig. b): a field parallel to By cannot tilt the magnetization away
from the z-axis.
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1. Introduction

where p(E;) is the density of final states. The matrix element | (¢;| Hy [¢0f) |* shows
how strongly the oscillating perturbation couples the two states; thus the transition
probability depends on the symmetry of the states and the form of the driving field™]
Another factor is the population difference between the two levels, which is determined by
temperature. At thermal equilibrium, the occupation probabilities follow the Boltzmann

factor e=F/k8T /7 which assigns higher probability to lower-energy state.

The discussion so far implicitly assumed that the applied radiation is exactly resonant
with the Larmor frequency of the system. In practice, radiation that is slightly detuned
from resonance can still drive transitions. In the rotating frame of the microwave

field B;, the Hamiltonian becomeq"|

A A

Hy = (wo — W) S + 25, (1.28)

which is now time-independent. The detuning (wp—wnyw ) quantifies the mismatch between
the radiation and the Larmor frequency, while €2 is the Rabi frequency (see Sec. |1.1.1)).
Equation derived in App. [A.1.2] shows that even if the oscillating field is transverse

(e.g., along %), a residual longitudinal term S, remains whenever the drive is detuned.

Finally, Eq. applies to purely electronic spin transitions. For transitions involving
both electronic and nuclear spins (as in Subsec. [1.1.5.4)) the oscillating-field Hamiltonian

takes a slightly different form (assuming isotropic g-factors):

Ho(t) = Ba(t) - (—pwvgn T+ ppge 8) = HV (1) + HV (1), (1.29)
where Bs(t) is the applied radio-frequency field. The minus sign in the first term
reflects the definition of the gyromagnetic ratio, which depends on the particle’s electric
charge; as electrons and nuclei have opposite charges, their couplings to the field

appear with opposite signs.

15Group-theoretically, the tensor product I' @ I'* ® I'f must contain the totally symmetric
representation for the matrix element to be non-zero.

16Here e~ Fi/k8T gives the relative thermal weight of state i, with the lower-energy level being
exponentially more populated than the excited level. Z =3, e~ Ei/kT is the partition function that
ensures proper normalization.

1"This expression assumes the rotating-wave approximation. Under strong driving, this breaks down,
and an additional frequency shift (called Bloch-Siegert) arises. In X-band ESR, however, this is typically
only a few tens of kilohertz and thus is often neglected [1].
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1. Introduction

1.1.4 Relaxation Mechanism

In Eq. [1.4] we introduced the longitudinal (7}) and transverse (73) relaxation times in the
classical Bloch model. We now explain their physical origin from a quantum-mechanical
perspective. Just as in the Bloch picture, relaxation leads to an exponential decay of

the magnetization, i.e., exp(—t/T}), and exp(—t/T3).

T relaxation refers to the process by which a spin ensemble returns to thermal equilibrium
along the direction of the static magnetic field By. This process arises through interactions
between the spin system and its surrounding environment, i.e., the lattice, and is
therefore often called spin-lattice relaxation. In solid-state systems, this exchange is
primarily mediated by phonons, the quantised vibrations of the crystal lattice, whereas
in liquids it is driven by stochastic molecular motion. On its own, a pure electron spin
couples only weakly to lattice vibrations. However, SOC can act as the mechanism
connecting the spin to environmental fluctuations, providing the dominant pathway

for T} relaxation in many systems [16].

Since a change in the longitudinal magnetization M, requires changing the spin quantum
number m (or m; in nuclear spins), such transitions can only occur if energy is exchanged
between the environment and the spin-system wvia absorption or emission of a phonon.
The simplest phonon-driven relaxation mechanism is the direct process, in which a phonon
with frequency equal to the Larmor frequency wy is absorbed or emitted by the spin
system. In that case, the relaxation rate scales approximately as 77 o< T', because the

phonon population increases linearly with temperature in the high-temperature regimeEg].

More efficient two-phonon processes are commonly dominant in ESR [17]. These involve
the absorption of a (THz) phonon with frequency wphonon => wo, which excites the

system to a short-lived intermediate state, followed by the emission of a second phonon

18 f[GHz] ~ 20.84 - T[K], which means that carrying out an experiment at 20 K (as typical in this
thesis) corresponds to roughly 400 GHz, significantly larger than the frequency range of standard ESR.
Thus, one usually has kT > hwy, justifying the high-temperature approximation.
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1. Introduction

with energylﬂ Wphonon = wo. If the intermediate state is virtual, the relaxation proceeds
via the Raman process, for which the relaxation rate scales as T, ' oc T" with n = 7
or 9, depending on whether the system is Kramers or non-Kramers. Otherwise, if
a real intermediate level exists at an energy matching available phonons (e.g., due
to strong ZFS splitting), the mechanism is termed Orbach process, characterised by
T ' o< exp(—A/kpT), with A being the energy separation. Which mechanism dominates

therefore depends strongly on temperature.

In contrast, transverse relaxation (73) does not require an exchange of energy with
the environment; instead, it describes the loss of coherence between individual spin
packetﬂ in the ensemble. Even though no energy is transferred, lattice fluctuations
can still indirectly shorten T3, as any stochastic modulation of the local magnetic field
disrupts the phase relationship among spins and leads to dephasing. Another more
efficient dephasing mechanism is driven by spin-spin coupling, hence the name spin-spin
relazation. Two nearby spins can undergo a flip-flop process in which they exchange
their spin orientation without changing the total energy. If the flip-flop rate is 1/7%,

then the total transverse relaxation rate becomes

1 1 1

= 1.30
TQ TN/ 2T1 ( )
where the factor of 1/2 reflects that a flip-flop process between two spins contributes
twice as much to the dephasing of the transverse magnetization as a single spin flip

governed by T [1]. This leads to the commonly observed inequality 7, < 277, found
in both ESR and NMR experiments.

Experimentally, T5 is often not measured directly, because additional dephasing mech-
anisms, as By-field inhomogeneities, contribute to an effective decay time 75. If each
spin packet experiences a slightly different static field, i.e. By £ d By, then its Larmor

frequency differs by dw, and the ensemble phase spreads out across the Bloch sphere

9The improved efficiency can be explained using the Debye model. The phonon density of states
increases quadratically with frequency up to a cut-off (Debye frequency). Since wy is much smaller than
typical phonon frequencies, the density of phonons resonant with the direct process is essentially zero,
while the density at THz frequencies is much larger.

20Ensemble of spins experiencing the same time-average local field.
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1. Introduction

at different rates. As a result, 1/Ty = 1/T5 + v - dBy, so that Ty < T5. The value of
Ty determines the linewidth?l] in cw ESR (I'™™® = 1/T%), as well as the decay of the
free-induction signal in pulsed ESR (see Subsec. [1.1.5)).

As described above, the transverse decay in many paramagnetic systems follows a single-
exponential function, exp(—t/T3). In certain molecular systems, however, the decay
is more accurately modelled by introducing a stretch parameter 2 < o < 3, so that
the relaxation follows exp(—(t/T,,)*). Here, T, is referred to as the phase-memory
time, and it coincides with Ty only in the case a = 1 [18, [19]. For example, in the
molecular nanomagnet?| discussed in Chapter [5, we find a ~ 2.55 (see Fig. [5.2(b)).
This non-exponential behaviour is caused by local magnetic field fluctuations driven
by nuclear spin flip-flop nearby the electron spin system, and becomes significant in

nuclear-spin-rich environments [20].

1.1.5 Pulse Sequences

Magnetic resonance experiments can be performed in two basic modes: continuous-wave
and pulsed operation. In cw mode, the sample is irradiated continuously, and the
observable is the change in magnetization due to spin population differences at resonance
(Sec. . While cw spectroscopy is widely used in chemistry and structural biology,
it will play only a minor role in this thesis. Our focus instead lies on pulsed magnetic
resonance, which is essential for quantum-information applications. In this mode, short
electromagnetic pulses are used to rotate the spin state by a controllable angle; the pulse
duration and amplitude determine the rotation angle (flip angle, see Fig. , while its
polarization the rotation axis. Pulse sequences then allow coherent control and readout

of the time-evolving quantum state, including phase information.

To describe pulsed experiments rigorously and to interpret time-domain signals, we now

introduce one of the central mathematical tools in magnetic resonance and quantum

2'Inhomogeneous broadening (finite T5) arises from static or slowly varying spatial variations of the
magnetic field or spin environment, whereas homogeneous broadening (finite T5) originates from dynamic
stochastic processes that cause irreversible dephasing, such as spin-spin, or spin-lattice interactions.
22A type of molecule that exhibits magnetic properties at the molecular level.
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1. Introduction

mechanics: the density matrix p. The practical implementation of both cw and pulsed

techniques is discussed in Sec. [I.5]
1.1.5.1 Density Matrix & the Product Formalism

The density p generalises the wavefunction [¢), and is defined as a Hermitian, positive

semidefinite operator with unit tracd”| Formally,

p= Zpi|¢i><¢i|a (1.31)

where the probabilities p; > 0 satisfy the normalization condition ), p; = 1. A quantum
state is said to be pure if p? = p, and mized if its purity, defined as Tr[p?], is strictly less
than one. Physically, pure states correspond to a single wavefunction, while mixed states
represent statistical mixtures of multiple states, that is, linear combinations weighted
by classical probabilities rather than quantum amplitudes. In ensemble techniques
such as liquid-state NMR, one often works with so-called pseudo-pure states [21]. In
these systems, the macroscopic ensemble remains globally mixed, but one energy level

possesses a slight excess population@.

The density matrix evolves under unitary dynamics as p(t) = U(t) p(to) UT(t). A pulse
of duration ¢, with Rabi frequency € (proportional to the field strength By), rotating
about axis n by angle § = Qt, is described by

U0, h) = e 6, (1.32)

In the product-operator convention of Ref. [1] adopted here, the unitary transformation

e~i9B A¢i®B — (' is shortened as A 5 C.

The simplest pulsed experiment is the free induction decay (FID). The system initially
sits at thermal equilibriu p X S, AT /2 pulse in the transverse plane then rotates

23In ESR and NMR, it is often convenient to treat the density matrix as traceless by subtracting the
identity (thermal equilibrium is then p —S’Z); this does not affect the dynamics.

24The density matrix is defined as p = (1 — €)% + €[1)) (|, where I/N is the represents the maximally
mixed state, while [1) (] is the desired pure quantum state, with € < 1 quantifying the small deviation
from the mixed state.

25This approximation arises from p ~ (I — ¢ S.), where € o guBo/kpT < 1.

18
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the magnetization onto the equator of the Bloch sphere, after which it precesses at the

Larmor frequency and decays due to dephasing. In the rotating frame of B;, we then have

peq ~ —5, 2% G (1.33)

assuming a perfectly on-resonance pulse. A non-zero ESR signal can now be detected,
since the observable in magnetic resonance is the transverse magnetization, i.e., the
expectation values <5’x) and <5'y) Only these transverse components induce a measurable
oscillating voltage in the detection circuitry (see Eq. , making the FID a direct
measure of coherent spin precession. If there is a detuning between the mw and the Larmor

frequency (Aw # 0), then the state becomes time-dependent immediately after the pulse,
oscillating as p(t) ~ S, cos(Awt) — S, sin(Awt), as directly obtained from Eq. [1.28]

However, such FID signals are strongly affected by inhomogeneous dephasing: the signal

~t/T5 due to static field variations and spectral broadening across the

envelope decays as e
ensemble. This limitation motivated the development of more complex pulse sequences,

such as the Hahn echo, described next.
1.1.5.2 Hahn Echo Sequence

One of the most widely used pulse sequences is the Hahn (or spin) echo, first introduced
by Hahn [22], and it remains one of the standard methods to probe spin coherences.
The motivation is to overcome the limitations of the FID, whose signal decays with the
inhomogeneous time 77 due to field inhomogeneities. This is accomplished by applying
a second pulse, after a free-evolution interval 7, that rotates the magnetization by .
The sequence is illustrated schematically in the top panel of Fig. [[.4] alongside the

corresponding time evolution of the magnetization in the transverse plane.

Assuming an S = 1/2 ensemble, after a non-selective /2 puls@, the system is left to
evolve freely under the static Hamiltonian Ho ~ S,. The free-evolution propagator is
U= ei”’lo, corresponding to a phase rotation about the z-axis. Due to inhomogeneous
broadening, each spin packet accumulates a slightly different phase during this time:

after a delay 7, the i-th packet is rotated to +S, sin(dw™ 7) + S, cos(dw™ ), where

26The following discussion assumes hard pulses, i.e., non-selective with respect to resonance offsets.
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N

/s

. T
T SE
z y )

= C}X Q)X : }X C}X
Figure 1.4: Top: The Hahn echo pulse sequence, consisting of a 7/2 pulse that generates
coherence between two states, followed by a refocusing 7 pulse, with an inter-pulse delay 7.
Bottom: The evolution of spin packets (blue arrows) in the Bloch sphere representation for

S =1/2, illustrating the effects of the pulses (red arrows) and inhomogeneous broadening (blue
curved arrows).

dwim is the deviation from the mean Larmor frequency due to static field inhomogeneity.

This is analogous to the FID dephasing process.

A subsequent m-pulse (e.g., along the y-axis) inverts the Bloch vector, resulting in
S, sin(dwi™ ) — 8, cos(dwi™7), i.e., each packet reverses its rotation. The density operator
of packet i during the second free-evolution then becomes p(t) = +5, sin (&u;“h(r - t)) —
S, cos (&uinh(T — t)) Notably, all packets rephase when ¢t = 7, that is, when the phase
becomes independent of dwi™. The resulting collective refocusing produces a signal at

this time, referred hereafter to as spin echo (SE).

Contrary to the FID, the Hahn echo sequence refocuses phase accumulation caused by
inhomogeneous broadening. As a result, the signal decay is now limited by the longer
coherence time 75, rather than by 75; see Subsec. In practice, one can measure
T by varying the inter-pulse delay 7 in the echo sequence and recording how the echo
amplitude decays. This makes the Hahn echo a central tool for magnetic resonance,

which will be used extensively throughout this thesis.

Building on the basic echo, the echo-detected field sweep (EDFYS)) is performed by applying

the Hahn echo sequence at a fixed microwave frequency and 7 while sweeping the static
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Figure 1.5: (a) Inversion-recovery pulse sequence consisting of an initial 7-pulse, a free-
evolution period ¢ (on the order of 77), and a final Hahn-echo readout. By varying ¢ and
monitoring the echo intensity, the spin-lattice relaxation time 7} can be extracted. (b) Three-
pulse nutation sequence of similar structure, where the first pulse is fixed in time but varied
in duration or power, producing a rotation angle 0 = Qt,, with {1 and ¢, denoting the Rabi
frequency and pulse length, respectively. The resulting echo amplitude oscillates as cos(6), from
which €2 can be determined.

field Bﬂ. The resulting echo amplitude as a function of field produces the resonance
spectrum, from which the effective spin Hamiltonian (Eq. [L.10|) can be extracted.

1.1.5.3 Nutations and Inversion Recovery

More elaborate sequences also exist. For example, the three-pulse inversion recovery
sequence (m —t — 7/2 — 7 — 7w — 7 — echo), shown in Fig.[1.5|a), is used to measure the
longitudinal relaxation time 77. The system begins at thermal equilibrium and the first
m-pulse inverts the magnetization to —Z on the Bloch sphere. If the intermediate delay
t < T, the system has not yet relaxed back toward equilibrium, and the subsequent
Hahn echo yields a “negative” (phase inverted relative to equilibrium) spin-echo. As
t increases, the magnetization partially relaxes back toward equilibrium, causing the
echo signal to pass through zero and eventually recover its positive (equilibrium) phase.
When t 2 Ti, the effect of the inversion is completely lost, and the system has fully

returned to equilibrium, hence the name “inversion recovery”. The echo amplitude thus

27 Alternatively, one could fix the field and sweep the frequency, but here we used fixed-frequency
resonators in all experiments.
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follows the standard recovery la M(t) ~ (1 —2e Tl). By fitting this function to

the measured echo amplitude versus ¢, 77 can be measured.

A related experiment is the three-pulse nutation sequencﬂ, shown in Fig. |1.5(b). Here,
the first pulse is varied to produce a flip angle 6 = Qt,,, where Q2 o< B is the Rabi frequency
and ¢, is the pulse duration, while the rest of the sequence is held constant. The free-
evolution interval is chosen such that 75 < t < T, so that all transverse components
have dephased, but the longitudinal population has not yet relaxed. After this delay,
only the longitudinal component remains, and the 7/2-pulse serves as a standardised
readout, converting that population into a detectable SE. Since the magnitude of this
longitudinal component depends on the initial flip angle @, the echo amplitude oscillates

as cos(f), allowing the Rabi frequency €2 to be extracted.

1.1.5.4 Electron Nuclear Double Resonance

We now briefly introduce another major technique used in ESR: Electron Nuclear Double
Resonance . ENDOR is typically employed to characterise the influence of
nuclear spins on the electron-spin Hamiltonian. The basic principle involves applying
both mw and rf pulses to the sample, while sweeping the rf frequency and monitoring the
echo-detected ESR signal. When the rf pulse is resonant with a nuclear spin transition,
the electron-spin signal exhibits a characteristic intensity reduction (or dip). The ENDOR

efficiency, which quantifies this effect, is defined as

1 ‘S(off) — S(on) (134)

F S

where § denotes the electron-spin-echo intensity with the rf field turned on or off [1].

To illustrate this, consider a hyperfine-coupled (Ajs,) electron-nuclear spin system with
S =1/2and I =1/2. In the doubly rotating frame, defined by the unitary transformation

U(t) = e ilwmwSstwnl)t the effective Hamiltonian can be written as

Ho = Aw,S, + Awl, + AoS. L, (1.35)

28 Assuming that the repetition time, i.e., the interval between two consecutive sequences, is much
larger than 77, as typical in experiments.

29Tn magnetic resonance, the term “nutation” refers to experiments where all parameters are kept
fixed except one (typically a pulse flip angle or delay), while the spin echo is recorded.
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Figure 1.6: Davies (top) and Mims (bottom) ENDOR pulse sequences, as described in the
main text. Blue and red pulses correspond to ESR and NMR frequencies, respectively. In both
protocols, the frequency of the rf w-pulse is swept to extract the hyperfine coupling. Inset:
Electron-nuclear states [cj{nuc) = |ms, my) for a electron system with S = 1/2 hyperfine-
coupled to a nucleus with I =1/2.

T T

where Awg, = w(ge) — Whw and Awr = w[()n) — wyr are the detunings of the microwave

and radiofrequency fields, respectively. The eigenstates of this Hamiltonian, |tetnue) =
|ms, my), are shown schematically in the inset of Fig. Owing to the hyperfine
interaction term Aisoé’zfz, each electron-spin state experiences a different effective nuclear
field and vice versa. As a result, the pairs of ESR and NMR transition frequencies are

individually addressable, with resonance frequencies w(()e) + a0 /2 and w(()n) + a40/2.

The simplest ENDOR scheme was first introduced by Davies , and its pulse sequence
is illustrated in Fig. [1.6] (top). The key principle is to detect nuclear transitions indirectly
through their effect on the electron-spin echo intensity. A selective mw m-pulse (in blue)
initially inverts one of the ESR transitions (for example, ESR 1 in the figure), transferring
the population between the two associated electron-spin states as |mg, my) = [{d) <> [T1).
At thermal equilibrium, the ||]) state has a higher population than [1]), and the initial
m-pulse transfers this population difference into the higher energy level. If the following

applied rf m-pulse (red) is on resonance with the nuclear transition (wy = wi — Ao for
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NMR 1), it flips the nuclear spin, transferring populations as |1]) <> |[11). This rf-driven
redistribution equalises the populations of the electron-spin states connected by ESR
1, thereby removing the net electron-spin polarization that would otherwise contribute
to the Hahn-echo signal. Consequently, the subsequent Hahn-echo readout on ESR 1
yields a vanishing (or strongly reduced) echo intensity under perfect nuclear-resonance
conditions. By sweeping the rf frequency and recording the echo amplitude, one can

therefore determine the NMR frequencies and extract the hyperfine coupling constant Ajg,.

Davies ENDOR, however, requires that the initial mw 7-pulse be selective. If the hyperfine
splitting is small (typically < 3 MHz [1]), the mw pulse cannot selectively invert a single
ESR line, and the method fails. In such cases, a different sequence, known as Mims
ENDOR [24], can be used (bottom of Fig. [I.6). By detecting nuclear transitions via
their influence on stored electron-nuclear populations rather than through population

inversion, Mims ENDOR does not require selective microwave excitation.

In the Mims ENDOR experiment, three mw pulses are applied to the electron spins in
the sequence 7/2 — 7 — /2 —t — 7/2, producing a stimulated-echo signal. The first pulse
creates a coherent superposition of electron spin states, while the second /2 pulse rotates
part of this transverse coherence back along the z-axis of the Bloch sphere, effectively
storing it as a population difference (longitudinal magnetization) that can persist during
the waiting period ¢. During this time, a rf pulse is applied to the coupled nuclear spins.
If the rf frequency matches a nuclear resonance, it flips some of the nuclear spins and
thereby alters the electron-nuclear population distribution established by the microwave
pulses. The third /2 pulse then converts these modified populations back into electron
coherence, generating an echo whose intensity depends on whether the rf field was on
nuclear resonance. The drawback of Mims ENDOR is the presence of blind spots, that is,
specific rf frequencies where a dip is expected, but none is observed. This arises because
the echo intensity is modulated by a factor i(l — cos(aiso T)) [1], which goes to zero
whenever 7 = 27n/a;s, with n € Z*. This can be mitigated by varying 7 together with

wy, but this comes at the cost of longer acquisition times [24].
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Figure 1.7: Left: Schematic representation of a randomly oriented ensemble of spin centres
(red arrows), each forming an angle §; with the static magnetic field By. Right: (Simulated)
Orientation-dependent (top) and corresponding absorption spectra (bottom) of an S = 1/2
system with axial symmetry and g > g, . This illustrates orientation selectivity: by varying
the magnitude of By, different spin orientations satisfy the resonance condition and contribute
to the signal.

Many additional pulse sequences exist in magnetic resonance; for an extensive review, see

Ref. [1].
1.1.6 ESR of Disordered Spin Ensemble

In disordered spin ensembles (e.g., powders, or molecular spins in frozen solution), the
principal axis of each spin centre points in a random direction relative to the external
magnetic field By. Consequently, each spin effectively experiences a different Hamiltonian,

and the measured signal represents an orientational average over all molecules.

To illustrate how ESR behaves in such systems, we consider a simple example: an
ensemble of S = 1/2 spins with an axially symmetric g-tensor, with g > g ﬂ If the

symmetry axis of spin ¢ makes an angle 6; with By, its Zeeman Hamiltonian becomes

7’2(01) = ,U,BBO (g” Sz COS gz + g1 S’$ sin 01) . (136)

09, =g. and g1 = (9. + gy)/2
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A schematic of this is shown in the left panel of Fig. [I.7, whereas the right bottom

panel shows the simulated powder-averaged ESR spectrum.

Each region of the broadened spectrum corresponds to contributions from spins at
specific orientations 6;. This is better visualised in the orientation-resolved spectrum
(top right panel of Fig. [1.7), obtained using Eq. [1.36 For instance, near By ~ 347
mT, the resonance is dominated by molecules with 6 ~ 90° (red peak, symmetry axis
perpendicular to the field), whereas at By ~ 331 mT, molecules with 6 ~ 0°,180° (blue
peak) contribute. Thus, by sweeping By in a disordered sample, one effectively selects
different molecular orientations, a phenomenon known as orientation selection. This

concept will be central to the data analysis in Chapter [2|

Notably, in a randomly oriented ensemble, the number of spins pointing in each direction
is not uniform: there is a larger population of spins oriented at # = 90° than along the field
axis. Geometrically, the set of orientations lies on a sphere, and the signal strength carries
a weighting factor sin(f) that reflects how many spin centres occupy each angular slice.
Since sin(#) is maximal at 90°, most spins lie in planes perpendicular to the field, resulting

in a stronger signal at that angle, as displayed in the previous simulated spectrum.

1.2 Electric-field Effect in Electron Spin Resonance

1.2.1 Motivation & Theoretical Background

While magnetic resonance forms the backbone of all the experiments presented in this
thesis, our primary focus is to investigate the effect of applying electric (F), rather than
magnetic, fields to paramagnetic species. Specifically, we aim to assess whether such
fields can be used for coherent contmﬂ of spin systems, and how this can be leveraged
for quantum information science. In the following sections, we outline the theoretical

framework, experimental techniques, and the overall plan of the thesis in this context.

Before proceeding, it is instructive to address the motivation for employing electric

fields in the control of spin systems. At first sight, this may appear counterintuitive:

31Here, "coherent control" refers to the ability to manipulate both the amplitudes and phases of the
quantum states in the system.
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since spin is an intrinsically magnetic property, one would naturally expect magnetic
fields to provide the most direct and efficient means of manipulation. The principal
advantage of E-fields, however, lies in their ability to be spatially confined. This property

follows directly from Gauss’ laws:

vV-E="
g

, V-B=0. (1.37)
The divergence of the electric field is determined by the local charge density (p), and
hence electric fields can be readily localised through the placement of electrodes. In
contrast, magnetic fields are divergenceless and therefore cannot be similarly confined
to nanoscale regions. As a result, strong and highly localised electric fields can be
generated in nanoscale device architectures, whereas magnetic fields necessarily extend

over much larger spatial regions.

This scalabilitylﬂ makes electric-field-based control particularly advantageous for the
coherent manipulation of spin systems in quantum technologies [25]. A key requirement
for scalable architectures is the ability to manipulate and read ou@ spin states locally,
thereby allowing a large number of qubits to be integrated within a small area. An
additional advantage of electric fields is their reduced cross-talk: unlike magnetic fields,
which are inherently long-ranged, electric fields minimise undesired interactions between

neighbouring spin systems (or qubits, i.e., the basic unit of quantum information) [28].

Physically, the spin-electric coupling , the interaction between an applied electric
field and the spin system, can arise from the electric-field-induced modulation of the
crystal field. The applied field displaces ions and redistributes charge densities, thereby
modifying the electronic cloud surrounding the magnetic ion. In turn, this alters the terms
of the Hamiltonian that depend on the orbital angular momentum L. Mathematically,

these modifications can be expressed as a change in the symmetric tensor A = A(L),

32Tn the context of quantum information, this refers to the ability of a quantum computing system
to increase the number of qubits and supporting components without exponential growth in resource
overhead, while maintaining coherence, fidelity, and controllability necessary for reliable computation.

33Electric-field-based readout is not explored in this thesis. Nonetheless, significant progress has
been made in this direction. For example, electrically detected magnetic resonance employs resistance
measurements to probe spin states [26], while spin transistors exploit spin-polarised currents that vary
according to the spin configuration [27].
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defined in Eq. which encodes the orbital angular momentum eigenstates and their
crystal-field-dependent energies. According to Eqs. and [L.17], the effect of the electric
field is then to shift both the g-tensor and the spin-orbit-induced ZFS as

6g(E) =20 0A(E)  §D°°Y(E) = N2 JA(E), (1.38)

leading to new spin-effective parameters g(E) = g(0) + dg(E) and DS°¢(E) = D5°¢(0) +
dD3OC(E).

Eq. highlights two important aspects. First, a stronger SOC constant A enhances
the magnitude of the electric-field-induced shifts, explaining why lanthanide ions, which
are characterised by strong SOC, are a major focus in SEC studies [29, 30]. Second,
the scaling differs: while the g-tensor varies linearly with A, the ZFS contribution
scales quadratically, making the ZFS generally more susceptible to electric modulation

than the g-factor [30], [31].

A second contribution to the SEC originates from the electric modulation of spin-spin
interactions, which directly affects the anisotropy parameters. This can be understood
by considering that the application of an E-field displaces the electronic and nuclear
wavefunctions, thereby modifying their average inter-spin distances. Since the dipolar SSC
depends on (1/73), even small displacements lead to measurable changes in the anisotropy.

For example, the electrically induced variation to the SSC anisotropy can be expressed as
SDSC(E) o (1/0r(E)*), (1.39)

where 0r(FE) denotes the electric-field-induced change in inter-spin distance. In this
thesis, both SOC- and SSC-induced contributions to the SEC are described by a coupling
constant x (in units of Hz/(V/m)), which parametrises the strength of the interaction
between the applied electric field and the spin Hamiltonian. For example, a linear

electric-field dependence of the ZF'S parameter D can be expressed as 6D(F) = k- E.

A further point concerns the role of inversion symmetry. Since the electric field
changes sign under spatial inversion, any linear coupling must vanish in centrosymmetric

environments, where opposite field directions produce cancelling effects. In contrast,
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Figure 1.8: The Hahn-Mims pulse sequence (top), and the corresponding evolution of spin
packets in the {x,y}-plane of the Bloch sphere (bottom). Application of a static electric
field shifts the magnetization vector by an additional phase ¢, which depends on both the

electric-pulse parameters and the intrinsic spin-electric coupling constant x of the system. The
final (in-phase) echo is modulated by cos(y), so that x can be measured.
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when inversion symmetry is broken (non-centrosymmetric systems), this cancellation
no longer occurs, and linear SEC becomes allowed. Such behaviour has been analysed

theoretically [32, |33] and confirmed in experiments [30, [34].

Experimentally, the SEC is most commonly quantified by measuring the electric-field-
induced shift in the resonant frequency of a spin transition, known as the Stark shiﬁlﬂ [34].
This approach is effective because the application of an external electric field modifies
the effective spin Hamiltonian parameters, e.g., D(F), which in turn alters the system’s
eigenstates and corresponding transition frequencies. In the following section, we identify
and analyse the pulse sequence that enables a direct measurement of the Stark shift,

thereby allowing the extraction of the SEC constant k.

1.2.2 Hahn-Mims Sequence

We now introduce the pulse sequence that directly probes the SEC. This experiment was
originally developed by Mims and is referred to hereafter as the Hahn-Mims sequence

[35]. The corresponding pulse timing diagram is shown in the top panel of Fig. [1.8]

34The Stark shift is the electric-field analogue of the Zeeman effect and it lifts the degeneracy between
states related by inversion symmetry, rather than by time-reversal symmetry.

29



1. Introduction

1 v I
(Sy) In-phase
(Sy> Quadrature

2 05
'S
=]
g
g 0 |
=
Q
&
8=
A-0.5" -

-1 ! ! \ ! ! !

5 10 15 20 25 30 35 40

E-field-pulse Duration (us)

A A

Figure 1.9: (Experimental) In-phase (S;) (black) and quadrature (S,) (red) components of
the spin echo as a function of the electric-field-pulse duration (¢ in Fig. [1.8)), showing the
expected oscillatory behaviour. Fitting these oscillations yields a spin-electric coupling constant
of approximately x ~ 10 Hz/(V/m). The data are measured on an iron defect in a ZnO host
crystal; further details are provided in Chapter E|

The sequence consists of a standard Hahn echo in which a static electric-field pulse £
of variable duration is inserted after the 7/ 2—pulsﬁ. To understand the effect of this
pulse, consider a simple two-level system. If a [SEC| exists, the energy levels are shifted
by the Stark effect, which in practise means that the Larmor frequency wy changes. By

denoting this electric-field-induced shift by ¢ f(E), Eq. becomes
Hi(E) = (Wo(E) = wanw) Sz + 8, = (wo(E = 0) + 0f(E) — wiw) 52 +Q3,,  (1.40)

with 0 f(E) = k- F in the case of a linear [SEC| Thus, the net effect of the electric pulse
is to shift the phase of the transverse magnetization by an amount that depends on the

strength of the applied E-field, as well as the SEC constant k.

The effect of the DC electric field can be modelled as a rotation about the z-axis

of the Bloch sphere:

A

E = exp(igz KEtE), (1.41)

35Tn principle, the same effect could be obtained by varying the amplitude of the electric pulse, but
this variant is not used in this thesis.

30



1. Introduction

where tg is the duration of the electric pulse, so that the E-field induced phase shift
is ¢ = kEtg. Using this, the density matrix of the i-th packet after the 7/2 pulse

and the first free-evolution period 7 becomes
p(te, 7) = S, sin(6w™r + o(tg)) + S, cos(dw™r + o(tg)). (1.42)

This is shown in the spin-packet time-evolution in the {x,y} plane in the bottom panel
of Fig. . The density p(tg, 7) is identical to the standard Hahn-echo evolution, except
for an additional phase term ¢(tg) acquired during the DC electric pulse. Applying

the refocusing m-pulse results in
p(te, 7) 5 =8, sin(6w™ (7 — t) + @(tg)) + S, cos(6w™ (7 — t) + ¢(tg)), (1.43)
and at the echo time (¢t = 7), the in-phase and quadrature componentﬁ read:
(So)(tg) = cos(kEtg),  (S,)(tg) = sin(kEtp). (1.44)

By keeping the field amplitude E fixed and varying tg, the oscillation of the spin echo
allows one to extract the SEC strength x. This approach is therefore phase-sensitive,
and it is capable of detecting electric-field-induced frequency shifts down to a few tens of
kHz (see, e.g., Fig. [5.5{c,d) in Chapters [f]). The oscillations predicted by Eq. are
clearly visible in the experimental data shown in Fig. where both (S,) and (S,) are
plotted as a function of the electric-pulse duration tg. These data were measured on an

iron defect in a ZnO host crystal, and they will be presented in Chapter [4]

If the electric field pulse is extended beyond the refocusing w-pulse by an additional dura-

tion ¢, then
p(tg, 7+t") LN -5, sin(5wmh(7—t')+mE(T—t'))+5’z cos(&ui"h(T—t')—i—/fE(T—t’)). (1.45)

In particular, if the electric pulse symmetrically overlaps both sides of the echo sequence,
i.e., if t = 7, which implies tz = 27, then the phase accumulated before the m-pulse is

exactly cancelled by the second half, and the original echo is fully recovered [30].

36These two components can be regarded as the orthogonal projections of the precessing magnetization
in the transverse plane.
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Following the discussion on randomly oriented spins in Subsec. [I.1.6] one might initially
expect no net SEC effect in a disordered ensemble, since the electric field F is odd under
parityﬂ. Nevertheless, according to Eq. [1.44] two spins experiencing equal but opposite

electric-field directions accumulate phases +¢(FE) and their combined echo components

are (S,) = cos(p(E)) + cos(—p(E)) # 0 and (S,) = sin(p(E)) + sin(—p(E)) = 0. Thus,

in a randomly oriented ensemble with a linear SEC, the quadrature component (S,)
cancels out, while a net in-phase component (S’JC) survives and depends on the electric
field. This effect was observed experimentally in an ensemble of molecular nanomagnets in
Ref. [34], and it accounts for the behaviour seen in Fig. See Sec[L.5.4] for the practical

considerations of the devices employed to generate the DC E-field in this sequence.

1.2.3 Electric-Dipole Spin Resonance

So far, we have discussed spin manipulation using static electric fields. However, to
achieve fully electrical control, one must also employ time-varying electric-field pulses
resonant to spin transitions. The concept of Electric-Dipole Spin Resonance , ie.,
the electric analogue of ESR@, was first introduced by Rashba in the context of quantum
dots [36], and has since been experimentally demonstrated in a variety of semiconductor
platforms [28, |37]. Rashba-type EDSR exploits Rashba and Dresselhaus SOC (38, |39|,
which couples the spin degree of freedom to the electron’s linear momentum k. While this
framework successfully describes mobile or weakly confined electrons, it fails in strongly
localised systems such as molecular magnets or defect centres in semiconductors (the
central focus of this thesis; see, for instance, Sec. , where electrons lack translational

motion and SOC is purely atomic.

A key advance relevant to this work came from Asaad et al. [40], building on the
early proposal of Bloembergen [41], which demonstrated that localised spin systems
can indeed be controlled electrically. In their experiment, manipulation of the quantum

state of a single nuclear defect in silicon was achieved using resonant E-fields, thereby

37Intuitively, one might expect cancellation because opposite spin orientations would experience
opposite Stark shifts. However, the Hahn-Mims sequence measures the sample magnetization, not the
direct electric-field sensitivity of each individual spin.

38That is, spins are driven by resonant F-fields, rather than B-fields
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achieving the first experimental demonstration of Nuclear Electric Resonance (NER]).
Unlike earlier approaches, which relied on transducing electric signals into effective
magnetic fields via the electron-nuclear hyperfine interaction [42] (a process that strongly
limits nuclear coherence), this work directly harnessed the coupling between the nuclear
quadrupole moment and the electric-field gradient. This breakthrough provides the
conceptual basis for Chapters [3| and [4, where we describe experiments targeting NER

and EDSR, respectively.

In both EDSR and NER, the applied AC electric field E(t) couples to the electronic
clouds or the crystal structure, which in turn modulate the spin system; a mechanism
conceptually similar to the one discussed in Subsec. [1.2.1 For instance, this coupling
may occur through the nuclear quadrupole interaction with the electric-field gradient, the
hyperfine-mediated electric fields between electron and nucleus, or through crystal fields
that modulate the ZFS or other anisotropies. In all cases, the applied AC field introduces
a time-dependent perturbation to the Hamiltonian, as in Eq. [[.25] From a classical
perspective, one may think of this in terms of Maxwell’s equations: a time-varying F-field

generates a magnetic response that can, in turn, drive spin transitions.

The general EDSR interaction Hamiltonian can be expressed as the time-dependent
extension of the static Stevens operators in Eq.[1.24] in which the crystal-field parameters
are modulated by the applied E;(t). Mathematically:
k
HEDSR@) = Y 3 6Bl OL(S), with BJ(t) = RLE (1), (1.46)
k=2,4,6 g=—Fk

where & is the AC SEC constant. The time-varying d B{(t) acts analogously to the
magnetic field By (¢) in conventional ESR, although the selection rules may differ (see
Chapter . Similar expressions can be found for nuclear transitions, for instance, via
modulation of the hyperfine or quadrupolar interaction, as described in Eq. and
3.4, Note that no explicit time dependence of the g-factor is included, since in all the
examples considered here the driving arises from modulation of magnetic anisotropies

rather than Zeeman interactions.
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One of the central aims of this thesis is to explore how resonant electric fields can
be used to drive both nuclear and electronic spin transitions. To this end, Chapter
investigates how the coupling between electronic and nuclear degrees of freedom affects the
strength and efficiency of NER] Chapter [4] in turn, focuses on achieving coherent [EDSR]
control and detection by exploiting the electric sensitivity of the local environment

surrounding the spin.

1.3 Kane Quantum Computer

We now consider the application of the electric-field control of spin systems in quantum
computation, focusing on the Kane model’”} In this approach, donor nuclear spins in
silicon serve as qubits, with their states controlled through the hyperfine interaction
with their bound electrons. Conceptually, the architecture can be viewed as an NMR-
inspired system: local gate electrodes provide electric-field tuning of the effective spin
parameters, closely paralleling the types of control mechanisms explored in most of

the experiments described in this thesis.

The original model is based on phosphorus donors (3!P) in silicon. Each donor hosts a
single bound electron with spin S = 1/2, coupled via the hyperfine interaction to the
nuclear spin I = 1/2, which serves as the qubit. In isotopically enriched ?*Si crystals
(where background nuclear and electronic spins are absent) the coherence time of the
donor nuclear and electron can reach several hours and thousands of second at cryogenic
temperatures (around 1.5 K), respectively |44]. This provides a compelling platform
for quantum information science . To realise such systems in practice, donors
are introduced by ion implantation [45], and patterned gate electrodes are fabricated

on the silicon surface [40].

Two types of gates are used: A-gates, placed above each donor, and J-gates, positioned
between neighbouring donors. The A-gates apply local electric fields that displace

the electron wavefunction towards the surface and away from the phosphorus nucleus.

39Loss and DiVincenzo first proposed spin qubits based on single electrons confined in quantum dots
[43]. While semiconductor quantum-dot architectures have since attracted considerable attention, they
are not the focus of this thesis.
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This reduces the Fermi contact hyperfine interaction (see Subsec. , thereby
shifting the nuclear resonance frequency. In this way, each donor electron-nucleus pair
functions as a voltage-tunable oscillator. When a global oscillating magnetic field is
applied, only nuclei with resonance frequencies at or near that of the field undergo
significant rotations. Thus, local electric-field tuning via the A-gates, combined with

global microwave driving, enables qubit-selective control.

The J-gates, in contrast, regulate the electron-mediated coupling between adjacent nuclear
spins by controlling the potential barrier between neighbouring donors. Adjusting this
barrier modifies the overlap of the electron wavefunctions, and hence the strength of
their exchange interaction. Crucially, quantum operations are performed in the regime
where the exchange coupling J remains much smaller than the electron Zeeman splitting,

ensuring that qubits can still be addressed individually.

After the desired operations are completed, the nuclear spin state is measured as follows.
The exchange coupling J is gradually increased from its low operational value towards
values comparable to the electron Zeeman splitting. In this regime, the nuclear and
electron spin states hybridise through the hyperfine interaction. Under adiabatic ramping
of J, the nuclear state is coherently mapped onto a correlated electron spin state (for
example, a singlet or triplet). Readout is then achieved by spin-dependent tunnelling;
only the electron singlet state can occupy the doubly charged donor configuration (D7),
while the triplet remains blockaded due to the Pauli exclusion principlﬂ. The tunnelling
probability distinguishes the two electron spin states, and the resulting charge change
is detected capacitively by a nearby single-electron transistor. Since the electron spin
encodes the nuclear state via adiabatic mapping, this enables reliable measurement

of the nuclear qubit.

The Kane proposal remains actively studied, benefiting from decades of silicon-chip
expertise. Its main (current) limitation is that single-electron transistors require cryogenic
operation, which hinders scalability and limits energy-efficiency gains. We now briefly

discuss alternative approaches, focusing on molecular-based QIS.

40Gince the two-electron orbital wavefunction of the D~ state is symmetric.
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1.4 Molecules in Quantum Information Processing

A variety of physical platforms have been proposed and experimentally explored for [QIS]
with the most significant progress achieved in superconducting quantum circuits [46],
laser-cooled trapped ions [47], and neutral atoms [48]. Despite recent breakthroughs
[49] and claims [50], several practical constraints still limit the realization of a scalable
multi-qubit platform for fault-tolerant quantum computation. Most of these systems in
fact require highly specialised infrastructure to preserve fragile quantum states and enable
coherent operations; for instance, cryogenic cooling or ultra-high vacuum conditions.
Solid-state approaches based on spin defects in semiconductors, as silicon [51], diamond
[52], and SiC [53], have also been investigated. These systems offer the advantage of
potential integration with existing semiconductor technologies or room temperature
operations; however, challenges in reproducibly fabricating and controlling the defects

may hinder their scalability.

Molecular systems have recently attracted considerable attention for applications in
quantum technologies [54-56|, owing to their unique bottom-up design flexibility. Unlike
most other platforms, molecular qubits can operate in the sub-10 nm regime while still
retaining tunability and structural flexibility. Their atomic-level programmability enables
spin Hamiltonians to be tailored and allows controlled coupling to, for instance, optical
[57], and mechanical [58] degrees of freedom. In principle, molecules provide access to
a broad manifold of states, including electronic, vibrational, and vibronic excitations.
However, these excitations typically suffer from ultrafast decoherence, with coherence
times of only a few picoseconds [59], limiting their direct use in QIS. By contrast, molecular
nuclear and electronic spins can exhibit much longer coherence times, reaching up to

the millisecond scale at cryogenic temperatures [60].

As for all other platforms, the quest for fault-tolerant quantum computation remains
central in molecular-spin-based QIS and entails long coherence [61] and scalability [62].
For the former, it is crucial to minimise environmental decoherence channels around the
paramagnetic centres. Common strategies include engineering the ligand coordination

sphere to suppress low-energy vibrational modes coupled to the spin [63], or isotopic
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purification to reduce the density of surrounding nuclear spins, thereby mitigating
hyperfine-driven dephasing [64]. Another route is the use of Kramers ions (half-integer
spins), which benefit from time-reversal symmetry protection: spin-phonon coupling
matrix elements between Kramers-conjugate states vanish due to the so-called Van
Vleck cancellation, leading to reduced relaxation pathways [65]@. Relaxation between
Kramers-conjugate states can nevertheless proceed via higher-order Orbach or Raman
processes [66]. However, these may be strongly suppressed when the ZFS exceeds the
thermal energy kg7, as is often the case in lanthanide complexes where strong [SOC] yields
naturally large ZFS values [67]. Beyond these approaches, coherence can also be enhanced
by diluting spin centres in diamagnetic host matrices to reduce dipolar interactions [68],
or by operating at clock transitions [69], where the spin splitting is first-order

insensitive to magnetic-field noise. We will return to [CT]in more detail in Chapter [5|

As for scalability, molecular spins are inherently zero-dimensional systems, but they can
be integrated into higher-dimensional architectures through controlled intermolecular
interactions. Coupling between molecular units can be engineered via covalent bonds or
non-covalent interactions, enabling the construction of atomically precise qubit arrays [59).
Supramolecular assemblies such as metal-organic frameworks (MOFs) offer a particularly
versatile route: their modular structure, based on metal nodes and organic linkers, allows
tunable geometries and chemical environments, making it possible to embed spin-active
centres into ordered and porous crystalline lattices [70]. In this way, MOFs provide
a chemically programmable platform for arranging spins in extended networks while
retaining atomic-level precision. Currently a limiting factor for MOFs-based quantum

platforms is constituted by the challenging of addressing individual qubits.

Beyond such frameworks, scalability can also be pursued through surface deposition tech-
niques that integrate molecular spins into ordered arrays on substrates |71} [72]. Another
promising direction is the use of hybrid approaches, where molecular systems are coupled
to external platforms that mediate interactions over longer distances. Examples include

photonic cavities and waveguides for photon-mediated coupling 73], mechanical resonators

41Gince the spin-phonon interaction Vip is invariant under time-reversal, then (1| Vip |t02) = 0 if
[t1) = T |3p2), i.e., the two states are Kramer conjugate.

37



1. Introduction

that enable interactions with phonons [74], and plasmonic nanostructures that confine

electromagnetic fields at the nanoscale and thereby enhance spin-spin interactions [75].

Among these approaches, two particularly promising strategies have recently emerged.
The first involves integrating molecules with superconducting coplanar resonators 76| or
nanoconstrictions |77, 78|, where a shared superconducting mode can mediate interactions
between spatially separated spins. This architecture offers a path toward circuit-level
integration of molecular qubits by combining local control with long-range coupling,
though practical implementations are currently limited by weak molecule-photon couplings.
The second strategy is based on molecular transistors, in which a single molecule is wired
between source and drain electrodes and its quantum state can be probed electrically
through changes in the junction current [42,|79} 80]. Such devices enable the manipulation
and detection of coherent spin or nuclear spin states at the single-molecule level, and
even the implementation of simple quantum algorithms, such as Grover’s search, has
been demonstrated in this setting [81]. Embedding these transistors into graphene
nanoribbons may further enhance scalability by combining molecular precision with
exceptional electronic transport properties [82, 83]. Nevertheless, significant challenges
remain: the reliable fabrication of reproducible single-molecule junctions is technically

demanding, and operation still generally requires cryogenic temperatures.

In terms of practical applications, molecular-spin quantum technologies have been
proposed and explored for quantum simulations of the electronic structure and dy-
namics of realistic molecules and materials [59]. Such simulations could provide new
insights into catalytic processes, light-harvesting systems, and even high-temperature
superconductivity, all of which are central to energy production, storage, and transmission
[84]. In addition, molecular spins offer significant potential for quantum sensing: their
chemical tunability and biological compatibility allow them to be placed in close proximity
to the target, which may enable high-precision detection of chemical interactions and
biological processes [85, 86]. Beyond applied sensing, molecular spins have also been

proposed for fundamental research, serving as nanoscale probes for exotic states of
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matter such as polar skyrmions [87], charged quasi-particles [88], and even hypothetical

particles relevant to dark matter detection [89].

Despite the possibility of combining the advantages of molecules and FE-field control
(Sec. , the exploration of spin-electric coupling in molecular systems has only recently
begun. The first experimental detection was reported in Ref. [34], with subsequent
demonstrations in [16, 30]. Nonetheless, this area remains relatively underexplored,
motivating the experiments presented in Chapter [2] and Chapter [5} These focus on the
quantum sensing of electric fields and the integration of molecular spins into multi-

qubit platforms, respectively.

1.5 Practical Aspects

We have so far discussed the theoretical foundations and pulse sequences relevant to
this thesis. We now turn to the experimental aspects, beginning with the physical
observables in magnetic resonance and how they are detected in practice. Crucially, the

measured response depends on whether the experiment is carried out in continuous-

wave or pulsed mode.

In the cw case, the sample is continuously exposed to a steady microwave field while
either the excitation frequency or the static magnetic field By is swept. The readout relies
on changes in the sample’s magnetic susceptibility x = dM/dBy at resonance. Indeed,
when the excitation matches a spin transition, the spins interact with the microwave
photons, giving rise to both absorption and dispersion in the system’s response. The
absorptive part corresponds to the energy transfer from the field to the spin system, while
the dispersive response arises when the excitation is detuned from resonance, causing the
magnetization to lag in phase with the driving field and producing a reactive (out-of-phase)

component of the susceptibility [90]. Formally, this behaviour is expressed as
x=x+ix’ (1.47)

where x” and x’ denote the absorptive and dispersive components, respectively. Variations

in y alter the coupling between the spin system and the resonant microwave field, thereby
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modifying the resonator response (see next subsection) and changing the microwave power

reflected at the source-resonator interface, which is the experimentally detected quantity.

In pulsed mode, by contrast, the spin system is driven out of equilibrium by short
microwave bursts. Once the excitation ends, the spins precess freely around the static
magnetic field, generating a macroscopic transverse magnetization. The experiment-
ally detected signal arises from the voltage induced in the detection circuitry by the
changing magnetic flux produced by this precessing magnetization, as dictated by
Faraday’s law of induction:

dM, (t)
dt

V(t) o (1.48)

Here, M, (t) denotes the component of the magnetization vector perpendicular to the
static magnetic field By. Since M, (t) is time-dependent, the acquired signal reflects
the real-time dynamics of the system. This represents a key advantage of pulsed
magnetic resonance techniques: they enable full access to the spin dynamics in the time
domain, allowing for the probing of decoherence mechanisms and the implementation

of quantum control protocols.

1.5.1 ESR Cavity Resonators

In magnetic resonance experiments, detection sensitivity and control over spin dynamics
can be greatly enhanced by using a cavity resonatorf, which provides a controlled
electromagnetic environment that strongly enhances spin-photon interactions. Resonators
can be generally regarded as lumped-element LC circuits, where the inductance and
capacitance determine the natural oscillation frequency. Unlike free space, where radiation
spreads in all directions, a cavity confines the electromagnetic field into discrete spatial
and frequency modes. These modes concentrate the field energy into specific patterns and
frequencies, reinforcing the signal through constructive interference. This allows photons

to interact multiple times with the spin ensemble, thereby increasing the effective coupling.

420ther types of resonators, such as coplanar waveguides or loop-gap resonators [1], also exist but lie
outside the scope of this thesis.
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In practice, losses arise from an effective resistance R in the equivalent RLC model of
the cavity. The associated figure of merit is the quality factor (), which characterises
how efficiently the resonator stores energy compared to the energy lost per cycle, and

can then be expressed as

energy stored w
= — = — = WwT,, (1.49)
energy dissipated per cycle  dw

where 7, is the average photon lifetime in the cavity and dw is the resonator bandwidth,
i.e., the frequency range over which the cavity effectively stores and exchanges energy. A
narrower bandwidth (high @) implies longer photon storage and stronger spin-photon
coupling, but at the cost of addressing only spins with resonance frequencies lying within
that narrow window. Conversely, a broader bandwidth (low Q) excites a wider range

of spin frequencies but with weaker interaction strength.

While the @Q-factor is widely used to characterise resonators, it depends on several
factors, including the material properties of the cavity. In some cases, however, one is
solely interested in the effect of the cavity geometry; for example, when comparing the
performance of different resonator designs. For this purpose, it is useful to introduce a
material- and coupling-independent metric known as the geometric factor G [91], defined as

G i ] dVB)P
[ dSIBEP

(1.50)

and expressed in units of 2. The volume integral is proportional to the total magnetic
energy stored inside the cavity, while the surface integral quantifies the energy lost
to surface currents at the cavity walls. The geometric factor is related to the quality
factor by @@ = G/Rs, where R, is the surface resistance of the cavity material. This

will play a central role in Chapter 4| (see Fig. .

Another important consideration is the choice of cavity mode, each associated with a
distinct electromagnetic field pattern and resonance frequency (unless degenerate). A
useful figure of merit for characterizing a mode is the magnetic mode volume Vg,

Jav B /)
B (Tmax) |2/ p(Tmax)”

Vs (1.51)
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where rp,, denotes the point of maximum magnetic field. Smaller Vp indicates stronger
field localization and therefore higher possible coupling for a spin placed at the field
maximum. When the sample is introduced, an equally important parameter is the
filling factor n, which quantifies the fraction of the cavity’s magnetic energy over-
lapping with the sample,

dV |B(r)[?
dV |B(r)[*

f sample

(1.52)

fresonator
Maximizing 1 ensures that a larger portion of the resonator field couples to the sample,

thereby enhancing sensitivity, particularly for compact spin ensembles.

Finally, the coupling strength between the resonator and an external or [rf] sources
needs also to be considered. In practice, this is typically achieved by introducing an
aperture in the resonator, antenna, or loop probe [92], which enables energy exchange
between the feedline and the resonator. The strength of this coupling determines how
efficiently energy flows into and out of the cavity and is conventionally classified into
three regimes. In the undercoupled case, internal cavity losses dominate over the energy
transferred from the source, so only a limited fraction of the input power excites the
mode; while such cavities can store energy well (i.e., relatively high @), energy leaks out
too slowly to be efficiently extracted for most applications. At the opposite extreme, an
overcoupled cavity dissipates more power into the feedline than is dissipated internally,
resulting in a reduced @) and, consequently, a broader resonance bandwidth. In this
regime, energy leaks out faster than it is lost inside, which is advantageous for pulsed ESR
since fast energy dumping and broadband excitation are far more critical than sensitivity
at a single frequency. The intermediate point, known as critical coupling, occurs when
internal and external losses are balanced@ In this case, the input power is absorbed most

efficiently by the cavity, providing the optimal operating point for continuous-wave ESR.

43From an electronics perspective, this corresponds to perfect impedance matching, where the input
sees no reflection at resonance.
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Figure 1.10: Schematic of the home-built cw magnetic resonance spectrometer, based on
IQ-mixing and lock-in detection (details provided in the main text). Close-up: Our detection
scheme employs two coupled lock-in amplifiers, allowing the simultaneous measurement of both
the absorption and dispersion components of the [ESR] signal. In the inset: ps: phase shifter.
Ipf: low-pass filter. LO: local oscillator.

1.5.2 Continuous-wave Spectrometer

Continuous-wave ESR spectrometers typically operate by combining field modulation
with lock-in detection. In field modulation, a small (< 1 mT) alternating™] magnetic
field B,,0q is superimposed on the main static magnetic field. This periodic modulation
converts variations in susceptibility into an oscillating detector response at the modulation
frequency. By referencing the detection to this frequency, a lock-in amplifier (LIA) can
then recover weak resonance signal from the noisy background. Internally, the LIA
contains a reference oscillator at frequency wpoq (the LO in the inset of Fig. , two
phase-sensitive detectors (in-phase and quadrature, 1Q), mixers; see Subsec. , and
low-pass filters. The incoming signal S(¢), which carries a time dependence due to the
field modulation, is mized (multiplied) with the reference sin(wmoqt) as well as cos(wmoqt),
producing sum and difference frequencieﬁ The subsequent low-pass filtering effectively
averages the mixed signal in time, isolating only the components at the reference frequency
(demodulation). In this way, the LIA extracts the modulated ESR response with high

sensitivity while strongly rejecting broadband noise.

#Typically in the hundreds of kHz to few MHz range.
45From the trigonometric identities cos(x)sin(y) = &[sin(z + y) — sin(z — y)] and sin(z)sin(y) =

Llcos(z — y) — cos(z + y)]. ’
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By writing the combined static and modulating field as B(t) = By + Bmod Sin(wmoeat) with
Bumoa < By (as typical in experiments), the ESR signal can be Taylor-expanded as

as

S(t) = S(B(t) ~ S(Bo) +

Bioa sin(wmoat) + - - . (1.53)

In the LIA, this signal is mixed with the reference sin(wpeqt) and integrated over a period,
I =2m/wmod g (t) sin(wmoat) dt. By orthogonality of trigonometric functions, only the
components at the modulation frequency wy,0,q With the reference survive, as the constant
term S(By) and any off-frequency contributions average to zero. The non-vanishing term
is therefore proportional to dS/ dB‘BO; this means that in cw ESR with field modulation,
the recorded signal corresponds to the first derivative of the absorption spectrum (since

the dispersion is often disregarded [93]) with respect to the magnetic field [1].

Our home-built continuous-wave spectrometer, schematically shown in Fig. [I.10] employs
an Agilent E8257D microwave source (maximum output power 16 dBm) to excite the
sample in the resonator, as well as serving as the LO for the IQ mixer. In this setup,
the Stanford Research SR830 LIA modulates the magnetic field (via the red coils in
the schematic), causing the total signal emerging from the resonator to oscillate at
Wsig = WLO + Wmod, 1.€., the modulation frequency superimposed on the microwave carrier.
The IQ mixer downconvertd™| this signal by mixing it with the LO, producing two
orthogonal outputs (I and () at the difference frequency wsz — wLo = Wmoed. This shifts
the spin-dependent signal directly to the modulation frequency, where the LIA operates
at maximum sensitivity and can efficiently extract the ESR response while suppressing
noise. This allows detection of extremely weak signals, down to 2 nV, providing the high

sensitivity required for molecular and spin-based ESR measurements [94].

In our spectrometer, two LIAs are employed, as highlighted in the close-up of the figure,
with their modulation frequencies and phases locked together (blue connector in the
schematic). This configuration allows each channel to be optimised independently, thereby

increasing overall sensitivity. By setting the reference phases of the two LIAs 90° apart,

46Down- and upconversion shift a signal to lower and higher frequencies, respectively. If w; is the
incoming frequency and wy,o is the local oscillator frequency, then wg, = w; F wio-
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the in-phase (I) channel measures the absorptive component, while the quadrature (Q)

channel simultaneously captures the dispersive one.

This setup differs from standard spectrometers, which typically employ automated
frequency control to lock the microwave source to the cavity resonance, thereby suppressing
resonance-frequency drifts caused by dispersion [95]. Such drifts may distort lineshapes
and reduce measurement accuracy, so in most conventional experiments the absorptive
component is used as the primary readout [96]. In contrast, our approach offers two
main advantages: (i) it preserves phase information, allowing simultaneous access to
both the absorptive and dispersive components of the ESR response, and (ii) because

the noise in the two channels is largely uncorrelated, the combination of x’ and x” (Eq.

1.47) effectively increases the measured signal amplitude to /(x')2 + (x")2 ~ V2 x”,

resulting in an overall SNR improvement [93].

1.5.3 Broadband Pulsed Spectrometer

The spectrometer used for pulsed experiments, shown schematically in Fig.[T.T1] is centred
around the Arbitrary Waveform Generator (AWG, Zurich Instruments HDAWG). The
AWG is a programmable device that produces voltage waveforms with user-defined shapes
and precise timing. In our case, it generates and synchronises the mw pulse sequences
that manipulate the spin ensemble, while also triggering the oscilloscope (Tektronix DPO
7254) for time-resolved data acquisition. In pulsed ESR, the oscilloscope records the

spin response in real time, e.g., the echo described in Subsec. [1.1.5.2]

After the computer uploads the desired pulse sequence{zz], the AWG generates two low-
frequency signals at wyye, which are fed into the I and @) ports of an IQ mixer (#1 in the
schematic). Because typical AWGs are limited to the kHz-hundreds of MHz range, they
cannot directly produce the GHz-frequency mw pulses required for ESR. Instead, the 1Q
mixer performs upconversion by combining the AWG outputs with a continuous carrier at
frequency wr,o from the source, yielding a signa]@ at wr = w0 + Wawg. For instance, in

an X-band configuration with wro = 9.6 GHz and w,ywe = 100 MHz, the resulting output

47Custom Python codes were developed for this purpose.
48The IQ mixer also generates a component at wr,o — Wawg, Which is suppressed by a low-pass filter.
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Figure 1.11: Schematic of the home-built pulsed spectrometer, whose frequency working range
is between 6 and 18 GHz. DAQ System: Data-Acquisition System; AWG: Arbitrary Wave
Generator; HP-SSA: High-Power Solid State Amplifier.

is wg = 9.7 GHz, suitable for spin excitation. To suppress leakage of the unmodulated
carrier from the LO, which could otherwise introduce DC offsets or baseline distortions,

the AWG signals are DC-biased to minimise carrier bleedthrough (see Subsec. [1.5.3.1)).

The upconverted pulses are subsequently amplified by a broadband high-power solid-state
amplifier (Erzia 0600-1800-40-E), which provides a typical gain of 46 dB across 6-18 GHz.
This broad bandwidth enables operation not only in the X-band (relevant for Chapters
and , but also in the K ,-band, crucial for the custom resonator described in Chapter .
To suppress spurious microwave leakage that may accumulate in the IQ mixer, transmission
lines, or other components, a fast microwave switch is inserted before the amplifier. The
switch is set ON only during the intended pulse window, otherwise providing ~ 60 dB
suppression in the OFF state. This ensures that only the desired pulses are amplified

and delivered to the resonator, thereby reducing noise and preserving signal fidelity.

After interacting with the sample, the mw signal first passes through a limiter, which

protects the downstream electronics by capping the maximum power released from the
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resonator to a level compatible with the rest of the detection chain (in our case ~20
dB). The signal then reaches a fast diode switch, controlled by the AWG (connection
omitted in the schematic for clarity). During the pulse sequence, this switch attenuates
the incoming signal by ~ 50 dB, effectively generating a “defence” pulse. This temporary
gating period blocks both the strong reflections and the transient energy released by the
resonator after excitation. This transient energy, known as ringing, arises from the finite
decay time of the stored electromagnetic energy and can last several microsecondg{™} To
prevent this, the defence pulse is extended beyond the excitation window, remaining
active until the resonator energy has sufficiently dissipated. Resonators with shorter
decay times require shorter defence windows, which in turn permits reduced interpulse
delays (e.g., smaller 7 in a Hahn echo), improving flexibility and potentially enhancing
signal Strength[?]. Once the defence pulse ends, the switch opens, and the desired spin

response can propagate unattenuated.

The surviving signal is then amplified by a cascade of low-noise amplifiers (LNAs),
providing a total gain of ~85-90 dB. This is subsequently fed into a second IQ) mixer
(#2), referenced to the same local oscillator as the first, which downconverts the I
and ) components to the baseband frequency w,we. This step is crucial because most
oscilloscopes cannot directly digitise GHz signals but can readily sample signals in the
MHz range. Importantly, any spin-echo response generated by the sample will appear at
Wawg (OI its harmonics). By Fourier transforming the oscilloscope’s time-domain trace, the
relevant spectral component can be isolated with high sensitivity, effectively suppressing
broadband noise. Moreover, frequency-domain analysis preserves the phase information

of the signal, making it particularly valuable for phase-sensitive measurements.
1.5.3.1 IQ Mixer Calibration

We briefly outline the calibration procedure for the I(Q mixers used in the broadband
operations described in the previous section. Calibration is essential because, without

it, leakage from the LO (mw source) into the output port, as well as imperfections in

49For high-Q, critically coupled resonators.
50The duration of the defence pulse can be optimised experimentally, e.g., by applying soft pulses to
monitor the resonator’s ringing time.
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Figure 1.12: The circuit schematic for the calibration of IQQ mixers.

the I/Q balance, would obscure the weak spin-dependent signal. This requirement is
not unique to ESR: similar up- and downconversion stages appear in superconducting
qubits, silicon single-electron transistors, and quantum dots , where mixer calibration

is likewise a critical step. The schematic of the calibration circuit is shown in Fig. [I.12]

The IQ mixer receives the local-oscillator signal at its L port, while the AWG applies DC
biases (typically a few mV) to the I and @ channels. The resulting output is monitored
at the R port using a power meter (in our case, Agilent E4418B). By systematically
sweeping the DC offsets applied to I and @), one finds the bias point that minimises
the residual output power at the LO frequency. This condition corresponds to maximal
suppression of LO leakage, ensuring that the mixer is correctly balanced. Minimising
LO leakage is thus important because any residual carrier signal reduces the available

dynamic range and can mask the weak ESR response.

In practice, the optimal DC offsets depend on frequency, and thus the calibration must be
repeated at each operating frequency of interest. While some groups have implemented
automated calibration routines to handle many mixers simultaneously in multi-qubit
platforms [98], here the procedure is performed manually. Once the optimal offsets
are identified, they are recorded and subsequently applied using bias tees, as shown

for the upconverting 1Q mixer (#1) in Fig. [1.11}
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1.5.4 DC Electric Field Devices

In Subsec. [[.2.2] we introduced the Hahn-Mims sequence but did not address an important
practical challenge: how to apply a controlled DC E—field pulse to the sample while it is
placed inside an ESR cavity. In what follows, we outline the general requirements for
devices capable of delivering such pulses and briefly review the solutions that have

been proposed in the literature.

The first practical consideration is that the device must fit within the limited space of
the resonant cavity. Commercial ESR resonators typically allow only a few millimetres
of clearancd’l] as they are designed to accommodate sample tubes with frozen solutions
or powders. Custom cavities with larger sample spaces could, in principle, host bigger
electrodes, but this comes at the cost of increased mode volume and therefore weaker
field amplitudes (see Eq. . Thus, comparable spatial constraints apply to both
commercial and custom resonators. Within these limits, the device must provide sufficient
sample volume while generating an FE-field strong enough to shift the ESR resonance

frequency by more than the intrinsic spin-echo linewidth.

A second key requirement is to minimise the device’s perturbation of the resonator’s
oscillating field profile. In practice, this means limiting the use of metallic or other
conductive materials which, while necessary for delivering F—fields to the sample,
introduce mw (or rf) reflections and Ohmic losses that degrade the resonator performance.

This trade-off has been a central challenge in previous SEC studies [16, |30, [34].

Two main designs have been developed so far. The first involves supplying the FE-
field by inserting two thin conducting wires into the sample solution, a straightforward
method effective for liquids or dissolved powders. This configuration enabled the first
detection of SEC in molecular nanomagnets [34] and electric-field-modulated ESR [16].
A fundamental limitation, however, is that the field strength scales inversely with the
wire separation: reducing the gap increases the E-field amplitude but also introduces
stronger field inhomogeneity. As a result, different spins experience different local E-fields,

acquiring unequal E-field-induced phase shifts. This effect is similar to inhomogeneous

51For example, 5 mm in the Bruker ER-4118X-MD5 (X-band) resonator used in Chapter
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broadening in conventional ESR and ultimately may lead to the reduction of the SEC
signal. An alternative approach, which works also for solid-state samples, is to employ a
parallel-plate capacitor inserted inside the resonator [30]. To minimise the perturbation of
the cavity mode, the electrodes are typically fabricated as thin metallic layers patterned
on a printed circuit board (PCB). These layers consist of a ~10-20 nm seed layer of
Cr or Ti, followed by a ~100-200 nm Au film deposited by thermal evaporation. This
design has the advantage of delivering the required E-field to the sample while having

comparatively good field homogeneity.

Beyond the wire and parallel-plate capacitor approaches discussed above, there are
other designs to consider, though not employed in this thesis. One such option is a
“hybrid” design for solid samples, where one face of the sample is metal-plated and
contacted with a wire, while the opposite face is coupled to a PCB electrode (as in the
parallel-plate method) using, for instance, vacuum grease. This arrangement could, in
principle, generate strong and relatively homogeneous E—fields, with the maximum field
strength set by the sample width. Another possible design would employ interdigitated
2D electrodes, onto which the sample is deposited in liquid form and subsequently
dried, leaving the material adhered to the capacitor surface. This design raises two
considerations: (i) field homogeneity is limited by the finite thickness of the dried sample,
since the E'—field lies in the plane of the electrodes. Thinner, more uniform layers could
be achieved through techniques such as spin coating. (ii) Molecules deposited on top of
the metallic electrodes contribute to the ESR signal but do not experience the applied
E—field, thereby reducing the measurable SEC effect. A possible mitigation strategy
is to use photolithographic masking to restrict the sample deposition to the electrode

gaps, ensuring that only molecules within the active field region contribute.

The specific device implementations adopted in this thesis will be discussed in detail in
the relevant chapters. In particular, Chapter [2 introduces an additional design constraint
not discussed here: the electrodes must also be transparent to UV radiation, as the

study relies on optical initialization.
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Spin-Electric Coupling in Optically Excited
Molecules

2.1 Electric-field Quantum Sensing using Molecu-
lar Spins

Quantum sensing is an emerging field that harnesses the fundamental properties of
quantum systems to measure physical quantities with exceptional precision [99]. By
exploiting uniquely quantum resources such as superposition, coherence, and entan-
glement, these sensors can access regimes of sensitivity that are unattainable with
classical approaches [100]. This framework has enabled remarkable advances across
diverse platforms, including nitrogen-vacancy centres in diamond [101], superconducting
circuits [102], and cold atoms [103]. Quantum sensing of electric fields, in particular, has
seen rapid development through systems like Rydberg atoms [104], trapped ions [105],
and superconducting circuits [106], which offer excellent sensitivity via strong coupling
to electric fields. Yet, these platforms typically operate at micrometre to millimetre
scales, limiting their spatial resolution and hindering their ability to access electric fields

near surfaces or within heterogeneous environments [107].

Molecular electron spins have long been studied as promising candidates for magnetic

field sensing due to their well-defined spin states and intrinsic coupling to magnetic fields
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via the Zeeman effect [55]. As outlined in Sec. another strength lies in the ability to
extensively tailor their properties through chemical design, enabling controlled coupling to
electric [30], optical [57], and mechanical [58] degrees of freedom, as well as impressively
long phase coherence times, up to one millisecond at 10 K [60]. Building on these
advantages, recent efforts have begun exploring molecular spins for electric field sensing.
Molecular systems offer a compelling route, as their intrinsically nanoscale dimensions

enable high spatial resolution and placement in direct proximity to the sensing target [59].

Progress toward electric field sensing with molecular systems has revealed that molecular
spins can exhibit strong coupling to electric fields 30} 34} 108, [109]. However, to achieve
sufficient sensitivity using electron spin resonance, a significant spin polarization in
magnetically diluted samples is desirable, often necessitating low temperatures. An
alternative route to large spin polarisations is offered by light-induced species such as
spin-correlated radical pairf] (SCRPs), which have shown room-temperature operation,
owing to the generation of polarised spin states through spin-selective processes during
their formation [110]. SCRPs have been widely investigated as potential candidates
for spin qubits, particularly for implementing 2-qubit gates, where two electron spins
are correlated via, for instance, the zero-field splitting, or J—coupling [59]. Quantum
teleportation has already been successfully demonstrated using SCRPs, highlighting their

ability to embody entangled states between two electron spins within a molecule [111].

Recently, Xie et al. [56] showed that SCRPs can be used to sense electric fields by
enclosing one of the radicals inside a cyclophane host molecule. In their system, the local
electric field within this host changes the distance between the two spins, producing a
measurable shift in the spin-echo signal. Crucially, however, such electric field effects

on light-induced spin states have, until now, not been demonstrated using externally

applied (and controllable) E-fields.

In this chapter, we present a proof-of-principle demonstration of a spin-based quantum

sensor for electric fields, implemented in an optically excited molecular state. We first

LA spin-correlated radical pair refers to two radicals formed by photoinduced charge separation, in
which the electron spins remain quantum-mechanically correlated in either a singlet (S = 0) or triplet
(S = 1) configuration.
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Figure 2.1: Magnetic and optical characterization of ACRSA, whose molecular structure is
shown in (a). (b) DFT-calculated electron (red) and hole (blue) densities of the 3CT state,
together with the simulated orientation of the molecular dipole moment p and D. (c)
Experimental and simulated [EDFS|of ACRSA in PMMA at 20 K, showing the relevant By-field
positions and the corresponding orientation selection on the unit sphere (with red denoting
stronger contributions to the resonance). (d) Transient ESR spectrum demonstrating that
spectral features persist for (at least) 15 us after photoexcitation. (e) Electronic coherence time
as a function of temperature.

describe the optical and magnetic properties of the sample used in this work, followed
by the design of the device architecture that enables the application of DC electric
fields while preserving optical initialization and magnetic control. Finally, we develop a

quantitative model based on the spin Hamiltonian to elucidate the microscopic origin

of the observed spin-electric coupling (SEC).

2.2 Characterization of ACRSA

The system under investigation is the commercially available molecular semiconductor
ACRSA (chemical formula: C3yHeyNO, ITUPAC name: 10-phenyl-10H,10"H-spiro[acridine-
9,9'-anthracen]-10'-one). Its structure consists of an electron-donating acridine moiety

and an electron-accepting anthracenone unit, rigidly and orthogonally coupled through a
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Singlet Ground State

Figure 2.2: Optical-relaxation diagram of ACRSA, adapted from [112], showing the main
photophysical processes following excitation at 355 nm. The diagram illustrates the sequence of
intersystem crossing (ISC) and internal conversion (IC) that leads to the formation of the triplet
charge-transfer state (3CT), where the electron and hole are spatially separated across different
moieties of the molecule. Inset: Schematic depiction of the evolution of the electron-hole
distribution within ACRSA.

spiro-bond (Fig. 2.1(a)). In what follows, we define the direction connecting the oxygen

and nitrogen atoms as the molecular major axis.

ACRSA is a well-known organic blue-green emitter, exhibiting a fluorescence maximum
at roughly 490 nm [113]. Its photophysical properties have been extensively investigated,
both theoretically [114] and experimentally [115], particularly in the context of organic-
based solid-state lighting and display technologies [116-118]. This interest stems from the
fact that, unlike conventional light-emitting compounds, ACRSA and related molecules
can achieve high performance without incorporating heavy metals, thereby reducing
material costs and environmental impact [119]. This purely organic character is also
relevant to the present study, as it implies that atomic spin-orbit coupling plays

only a minor role in the spin dynamics of ACRSA [7].

2.2.1 Optical Properties of ACRSA

The optical response of ACRSA is governed by a cascade of relaxation pathways following
photoexcitation. Among these, intersystem crossing (ISC) and internal conversion (IC)

play a central role in the formation of the excited quantum state investigated here (see Fig.
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. ISC involves a non-radiative transition between electronic states of different spin
multiplicity, typically converting an excited singlet into a triplet configuration through
coupling between electronic and vibrational degrees of freedom. IC, on the other hand, is a
rapid (10711-107! s) non-radiative relaxation process that redistributes population among

excited vibrational levels as the molecule relaxes within its potential-energy surface [120].

Previous studies have examined the electronic structure and photochemistry of ACRSA un-
der different solvents and excitation wavelengths |[112, [113]. These works established that
the molecule supports both charge-transfeif] and locally excited (LE) states [121].
In CTr states, an electron is transferred from the donor to the acceptor moiety, creating
an electron-hole pair delocalised across the two units, while in LE states the charge

densities are localised within a single moiety [122].

The main relaxation pathways upon excitation at 355 nm (the wavelength used in this
work) in ACRSA are summarised in the Jablonski diagram in Fig. [2.2land are based on Ref.
[112]. After optical excitation, a vibronically assistedﬁ transition initially promotes the
molecule from the singlet ground state to a singlet LE state localised on the anthracenone
moiety (!LE,). From there, population is transferred via ISC into a triplet LE state
(3LE ), which subsequently relaxes via IC into the metastable CTr triplet state (*CT),
characterised by spatial separation of the electron and hole across the molecule (see
Density Functional Theory, DFT] in Fig. 2.1(b)). Excitation at other wavelengths, by
contrast, can preferentially access different LE states depending on the photon energy [112].
In this work, however, we focus on the C'Tr state, whose spatially separated electron-hole
pair generates a larger electric dipole moment p, thereby enhancing the electric interaction

(~ p-E) and, therefore, the molecule’s sensitivity to external E-fields (see Sec. [2.5).

An important factor for our quantum sensor is the time the photoexcited electron-hole
pair remains separated prior to recombination (that is, relaxes back to a singlet state),

which, along with the spin coherence time, determines the overall sensor performance.

2In most literature the acronym for charge-transfer states is CT. However, to avoid confusion with
spin clock transitions, which are central to Chapter [5, we use CTr throughout this chapter.

3The vibronic coupling is defined as the interaction between a molecule’s electronic and vibrational
degrees of freedom.
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This can be measured using transient ESR (trESR), where a short laser pulse excites the
system while continuous resonant microwave radiation probes the ESR response. The
signal is then recorded as a function of the time elapsed after the laser pulse, commonly
referred to as the Delay After Flash [123], thereby tracking the evolution of spin sublevel
populations over time. Fig. [2.1{d) shows the trESR spectrum of ACRSA at 20 K, excited
with a 355 nm laser (0.1 W, corresponding to 2 mJ/pulse at 50 Hz repetition rate).
Notably, the characteristic ESR features, described in the next subsection, remain clearly

observable for at least 15 us after photoexcitation.

2.2.2 Magnetic Properties in ACRSA

As detailed in Subsec. [2.2.1] optical excitation at 355 nm populates a metastable charge-
transfer triplet state in ACRSA. The corresponding X-band echo-detected field sweep
, recorded at 20 K for a solution of ACRSA dissolved in poly(methyl methacrylate)
(PMMA, 5% by weight, or ~ 90 puM), is shown in Fig. [2.1{c). This spectrum is described

using the spin Hamiltonian for an axially symmetric triplet state (S = 1):

H=D (S§ —3S(S+ 1)) + ppgBo (SZ cosf + S, sin 9) : (2.1)
where 6 denotes the angle between the molecular major axis and the external magnetic field
By (see Fig.[2.3|a)). This coordinate choice is justified by DFT]calculations performed with
the ORCA package [124] (App. , which indicate that the principal axis of the ZFS
is aligned within < 3° of the ACRSA symmetry axis. Fitting the experimental spectrum
(red dotted line) using the EasySpin MATLAB library [125] yields |D| ~ 317 MHz and a
g-factor close to the free-electron value, g ~ ¢.. In addition, a distribution of D values
(strain) of roughly 150 MHz is required to reproduce the experimental linewidth, whose
origin is attributed to inhomogeneous broadening arising from local variations such as

differences in molecular packing, or slight structural distortions.

The overall shape of the EDFS in Fig. (C) highlights two key features of the system:
(i) as discussed in Subsec. [1.1.6] the measured spectrum in frozen solutions represents
the orientationally averaged response of all possible molecular orientations, resulting in a

broad, structured spectrum rather than discrete resonance peaks; and (ii) the presence of
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Figure 2.3: (a) Molecular major axis of ACRSA (black arrow) aligned with the DFT-calculated
principal axis of D spanning an angle  with the applied magnetic field By (red arrow). (b)
Simulated orientation-dependent spectra of ACRSA at X-band, computed using Eq. 2.1 where
blue and red correspond to emission and absorption components, respectively. The simulation
illustrates the effect of orientation selection, showing how varying By selectively probes different
subsets of molecular orientations within the frozen solution.

both absorption and emission components (appearing as positive and negative signals,

respectively) indicates that the system is spin polarised [123].

The phenomenon described in (i) underlies the concept of orientation selection, which
is central to the measurements discussed in Sec. 2.4l This effect is illustrated
in Fig. [2.3(b), which shows the simulated #-dependent spectra for ACRSA at X-
band, computed using Eq. As the static magnetic field By is varied, different
molecular orientations satisfy the resonance condition, meaning that each field value
selectively probes a distinct subset of orientations within the ensemble. In our study,
[SEC] measurements are performed at three representative field positions, indicated in
Fig.[2.1{c). At By = 337.5 mT (Z), the external field is nearly aligned with the molecular
anisotropy axis (see inset of the figure), at 341.5 mT (Int.), it forms an intermediate
angle of approximately 45°, while at 344 mT (XY), it is predominantly perpendicular
to that axis. The corresponding orientational distributions for these field positions are

analysed in greater detail in Sec. [2.5]

By fitting the spectrum in Fig. [2.1{c) and assuming an easy-plane anisotropy (D > 0, in
line with the results), the light-induced spin polarisation at zero field is found to
be ~95% in the |m, = 0) sublevel and 2.5% in each of the |m, = £1) states, indicating

nearly complete spin polarisation. This is markedly higher than the thermal population
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differences typically observed in molecular magnets exhibiting significant [SEC| at 20 K,
where, for example, only a 1.7% population imbalance is found in S = 1 antiferromagnetic
rings [34] and between 1% and 2.8% in S = 5/2 Mn-based complexes [126]. This
demonstrates that, in theory, optically excited molecules offer a more direct route toward

room-temperature operation than conventional ground-state molecular spin systems.

DFT calculations further elucidate the microscopic origin of D in Eq. 2.1} In contrast to
previous reports |30, 34], the dominant contribution to the ZFS in ACRSA arises from
spin-spin interactions between the optically generated electron and hole wavefunctions,
whose spatial distributions are shown in Fig. [2.1(b), rather than from strong atomic m
This finding is consistent with the absence of heavy atoms in ACRSA [123| [127].

Finally, Fig. [2.1)e) presents the temperature dependence of the electron coherence
time (Ty). At 20 K, Ty, exceeds 2.5 pus, and it remains above 1 us at liquid-nitrogen
temperature. Although the coherence times at ~ 80 K would, in principle, still
permit SEC measurements, the signal-to-noise ratio of the transient-echo signal
becomes too weak to resolve electric-field-induced modulations. For this reason, and
since the SNR ultimately sets the sensitivity of our molecular sensor (see App.|A.2.3),
all SEC data presented in this chapter were acquired at 20 K, where the SNR is
sufficient for unambiguous detection. It should be noted that 75, is considerably shorter
than the recombination time of the photoexcited electron-hole pair (> 15 us from
Fig. 2.1(d)), indicating that the latter timescale does not limit the sensing protocols
employed in this study.

2.3 Parallel-plate Capacitor Design

As discussed in Subsec. [I.5.4] the design of the devices used to apply the DC E-field
in [SEC| measurements is constrained by the limited space within the magnetic-resonant
cavity and by the need to minimise disturbances to its electromagnetic mode. In the
present study, an additional condition is that the device must remain transparent to
UV excitation, so that the laser pulse can initialise the system into the desired triplet

state. A simple option would be to insert a pair of wires directly into the solution
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Figure 2.4: (a) A false-colour scheme of the E-field device used in the measurements. The DC
electric-field pulse is generated by applying a voltage across a parallel-plate capacitor, whose
electrodes are made from quartz coated with indium-tin oxide. These electrodes are nearly
perfectly transparent to UV and microwave excitations, thus allowing both the initial laser and
ESR pulses to interact with the sample. (b) A more detailed schematic of the device, illustrating
the T-shaped golden patterns and the offset between the two plates. These features ensure
multiple wire bondings between the device and the E-field supply.

and apply the electric field across them. Such a setup, however, would generate weak
and inhomogeneous fields and would not represent a viable device concept, since any
practical sensor requires the molecular material to be incorporated into a defined device
architecture rather than left dissolved in solution. A more suitable approach is to use a
parallel-plate capacitor geometry, in which the ACRSA:PMMA film is dried between two
UV-transparent electrodes. In this configuration, the achievable field strength is set by
the film thickness, and the parallel-plate design ensures reasonable spatial homogeneity

while remaining compatible with optical initialization.

In our study, the electrodes are fabricated from 7.3 mm x 3.5 mm x 0.5 mm quartz chips,

whose dimensions match the Bruker ER-4118X-MD5 X-band resonator used here. Each
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chip is coated with a few hundred nanometres of indium-tin oxide (ITO), a transparent
conductive oxide that combines optical transmission with electrical conductivity and
is widely used in organic solar cells |128]. The I'TO-coated quartz substrates therefore
serve a dual role: they permit laser excitation and microwave ESR pulses to reach the
sample, while keeping the amount of conductive material inside the resonator minimal.
On top of the ITO layer, T-shaped gold patterns (~150 nm thick) are defined by
optical lithography (SUSS MJB4 mask aligner). These gold features are wire-bonded to
copper electrodes plated onto a thin 25 mm x 3.5 mm PCB, which provides mechanical
support and the electrical interface to the E-field pulse generator. The complete device
layout, including the plate offset that accommodates multiple wire bonds to the copper

contacts, is shown in Fig. 2.4

The electrode separation was chosen to optimise the trade-off between the applied E-field
strength and the accessible sample volume. A gap of 200 um was selected as a practical
compromise, providing a sufficiently large sample volume to yield measurable signals
while maintaining a field strength capable of modulating the desired spin transitions.
With the voltage set to 300 V (using an Avtech AVR-4-B; used in all subsequent SEC
measurements), this configuration produces a field of ~ 15 kV /cm across the plates and

accommodates a frozen sample volume of approximately 3.5 pl.

2.4 Spin-Electric Coupling Measurements

We now characterise the SEC of ACRSA at 20 K using the Hahn-Mims pulse sequence
described in Sec. The only modification, illustrated in Fig. [2.5(a), is the inclusion
of an initial 355 nm laser pulse to populate the CTr triplet state, which is the focus
of our study. The interpulse delay across all measurements was set to 7 = 2 us,

corresponding to approximately 75% of the coherence time at this temperature, T5, ~
2.7 us (see Fig. 2.1f(e)).

Fig. 2.5(b) shows a representative measurement at the Int. field position (By =
341.5 mT in Fig. 2.1](c)), obtained using an electric-field pulse of fixed amplitude E ~

15 kV /ecm and variable duration between 0 and 27 = 4 us. The in-phase echo component
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Figure 2.5: (a) Hahn-Mims sequence including the initial laser pulse used to initialise the
triplet state. (b) (Experimental) In-phase and quadrature components of the echo intensity as
a function of the electric-field-pulse duration ¢g, measured at 20 K at the Int. field position.
The absence of a quadrature response in a spin ensemble indicates that the SEC in ACRSA is
linear, i.e., the resonance shift induced by the electric field scales as 0 f « F.

(black) decreases as the electric-field pulse extends from 0 to 7 and recovers at 27,
demonstrating coherent electric-field modulation of the spin transition [126]. In contrast,
the quadrature component (red) remains constant, which, combined with the random
orientation of the molecular ensemble, indicates that the response arises from a first-
order process, that is, the frequency shift § f(F) depends linearly on the applied
electric field (see the final part of Sec. [1.2.2)).

To obtain a more complete picture of the SEC in ACRSA, analogous measurements
were performed at the Z (By = 337.5 mT) and XY (Bp = 344.0 mT) field positions. As
discussed in Sec. [2.2.2] varying By modifies the #-dependent orientational distribution
of molecules resonant with the excitation (orientation selection), thereby allowing
the angular dependence of the SEC to be experimentally assessed. The corresponding
results are shown in the top panels of Fig. 2.6) where the E-field-pulse duration was
varied between 0 and 7 = 2 ps (rather than 27, as in Fig. [2.5)). Panels (a) and (b)
correspond to the E || Bg and E | By configurations, respectively.

When E || By (Fig. [2.6(a)), the strongest SEC response, i.e., the most pronounced echo
modulation, is observed at the Z field position. This behaviour can be understood by
noting that DFT simulations on the excited CTr state predict an electric dipole moment

p approximately aligned with the principal axis of D. Since this anisotropy axis is itself
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Figure 2.6: (a,b) Experimental spin-echo intensities as a function of the E-field pulse duration
at the three field positions considered in this work, for (a) E || By and (b) E L By. (c,d)
Corresponding simulations based on the model discussed in Sec. @

nearly parallel to By at the Z position (see the inset of Fig. [2.1|(c)), the applied electric
field in this configuration is effectively aligned with the molecular dipole moment, i.e.,
p || E. Such alignment maximises the electric coupling energy and, consequently, the
strength of the [SEC] At other field positions, the molecular orientations resonant with
By are progressively tilted away from E, thereby increasing the misalignment between

p and E and resulting in a correspondingly weaker SEC response.

In the E L By configuration (Fig.[2.6(b)), the ESR spectrum and the angular distribution
of molecular orientations remain unchanged owing to the random orientation of spins
in the frozen solution, whereas the relative alignment between the applied E and p is
modified, leading to different SEC responses. As a result, the strongest SEC response
is observed at the XY position, while the weakest occurs at Z, consistent with this

position now corresponding approximately to p L E.

In the next section, we develop a quantitative model based on the spin Hamiltonian

and [DFT] calculations to reproduce this angular dependence, estimate the SEC strength
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in ACRSA, and elucidate its microscopic origin.

2.5 Modelling the Spin-Electric Coupling

We now introduce a theoretical model to quantitatively describe the in ACRSA.
The working assumption is that the dominant contribution to this effect arises from
the modulation of the zero-field splitting parameter D in Eq. 2.1 This hypothesis is
supported by the observation that both the electric dipole moment p and D originate
from the same underlying charge-transfer process; upon photoexcitation, an electron-
hole pair is generated, whose spatial separation defines p, while their mutual spin-spin
interaction gives rise to D, as confirmed by calculations. When an external electric
field is applied, it perturbs this electron-hole interaction through its coupling to p,

thereby altering the molecular geometry and/or electronic structure and ultimately

leading to a change in D (see Eq. [1.39).

Assuming a linear response, as supported by Fig. [2.5(b), the dependence of the on
an external electric field for the configuration E || By (cf. Eq. can be expressed as:

D(E) = D(0) + kE cos(0), (2.2)

where k is the constant (in Hz/(V/m)), and D(0) is the unperturbed anisotropy.
Note that, since p || D (Sec. , in this case 6 also corresponds to the angle between
the electric dipole moment p and the applied electric field E. Although Eq. resembles
the form commonly used to describe effects in single-ion spin systems [30, (108, |126)
129], its microscopic origin in ACRSA is fundamentally different. Here, D arises from
the magnetic dipole interaction between the electron and hole, which localise on distinct
parts of the molecule, rather than from atomic [SOC] associated with transition-metal or
lanthanide centres. The presence of a substantial molecular dipole moment p (~ 23 D,
according to calculations) in ACRSA enables an electrostatic interaction between
the electron-hole pair and an external electric field, with the coupling strength directly

governed by the electric polarizability of the molecule [30].
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Figure 2.7: (a) (Simulated) Angular distribution of resonant molecules as a function of the
angle 0 between the external magnetic field Bg and p/D, as illustrated in the inset of panel (b).
The three distributions correspond to the magnetic-field values used in the SEC study (see Fig.
2.1(c)). (b) (Simulated) Effective electric field, calculated as the projection of the electric field
along the p/D axis (E - cos(f), with E = 15 kV/em) weighted by the Bg-dependent molecular
population shown in (a). This represents the strength of the interaction between the electric
field and the molecular ensemble, which takes into account the angular distribution variations
at different By.

While Eq. accounts only contribution from molecules with a specific orientation 6,
it is essential to account for orientational averaging to model SEC in a solution. At
each resonant field By, the ensemble of molecules does not share a single orientation but
instead spans a distribution of angles 6, with each orientation experiencing a distinct
modulation of D. Fig.[2.7|(a) shows the simulated orientational distributions for the three
experimental field positions. At the Z-position (blue trace), most resonant molecules
lie within a narrow angular range centred around ~ 15° (or equivalently, 165°) with
respect to Bg. By contrast, the XY-position exhibits a broad population around 6 ~ 90°,
with a noticeable subpopulation at smaller angles (< 45°), explaining why its SEC,
although weaker, is still detectable at this position even when E || Bg. On the other
hand, panel (b) shows the corresponding simulated population-weighted effective electric
fields (assuming Fpax ~ 15 kV /cm), which quantify the coupling strength of a molecule
at a given orientation € to the applied electric field. These effective fields are computed
as the projection of the electric field along the p/D axis, F - cos(6), weighted by the

By-dependent molecular populations from panel (a).

Using these simulations together with Eq. [2.2] we computed the SEC oscillations shown
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in Fig. [2.6{c) and extracted a SEC coupling parameter of
k= (0.5940.03) Hz/(V/m), o =(0.154+0.01) Hz/(V/m). (2.3)

Here, o accounts for a Gaussian broadening of the SEC strength, which is required to
reproduce the damping of the oscillations that cannot be explained by orientational
averaging alone (see Fig. [2.9(a)). Inhomogeneity of the applied E-field within the
capacitor and/or strain in D can contribute to this effect. The close agreement between
the experimental and simulated echo modulations provides initial evidence that our
model captures the essential features of the SEC in ACRSA, supporting the proposed

mechanism based on an electric modulation of D.

The [SEC] strength can then be extracted as the ratio between the electrically induced
resonance-frequency shift and the applied field. For the Z position, we obtain 6 f/FE =
(0.514+0.02) Hz/(V/m). Notably, this value is comparable to those reported for molecular
samples exhibiting much stronger atomic [34}, 1126], 1130], indicating that pronounced
[SOC] is not strictly required to observe sizeable spin-electric coupling, contrary to

common expectations [16, 30].

Using this 0 f/E, we estimate the minimum detectable E-field of our molecular-based
sensor. As detailed in App.[A.2.3] this is limited by the [SNR]of the transient echo signal
from ACRSA, which defines the weakest F-field-induced modulation of the spin echo
that can be reliably resolved. We find Ep;, ~ 1.2 kV /cm, corresponding to a resonance
shift of § f(Fmin) =~ 63 kHz, or roughly a 29% change in echo intensity for 7 = 2 us (as
calculate from 1 — cos(2md f (Emin)7)). Enhancing the ESR signal, e.g., by increasing the
triplet-state yield, would improve the SNR and, in turn, the sensor performances. Besides
boosting the signal, the sensitivity (i.e., Fu;,) can also be improved by increasingﬁ K
and/or Ty. While enhancing  requires molecular engineering or the use of alternative
SCRP systems, T can be extended through established approaches such as reducing the

environmental nuclear-spin bath, for instance, by deuterating the host matrix [60].

4A longer T, would lead to the same SNR with a larger 7, hence enabling the same modulation to
the spin echo with a smaller E-field.
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Figure 2.8: Schematic illustration of the molecular orientation (red arrow), with the molecular
major axis labelled as “p, D”, in the configuration E L By. In contrast to the E || By case, the
angle between the E-field and the molecular axis (determining the strength of the spin-electric
coupling) depends on both the polar angle 6, and the azimuthal angle ¢ between the plane
spanned by {E, By} and the molecular axis. (b-d) Angular dependence of the population-
weighted effective E-field for the Z (b), XY (c), and Int. (d) field positions.

So far, we have considered only the case where the applied E-field is aligned with B.
In this configuration, the angle 6 simultaneously specifies the orientation of By relative
to the anisotropy axis D (which sets the resonance condition) and the orientation of E
relative to the molecular dipole moment p. By contrast, the case of E 1 By requires
an additional degree of freedom: the azimuthal angle ¢, defined as the angle between p
and the plane spanned by E and Bg. A schematic illustration is shown in Fig. [2.8(a).
In this case, Eq. must be rewritten to explicitly include ¢, yielding

DFPo(E) = D(0) + & - Esin(0) cos(¢). (2.4)

The resulting population-weighted F-fields for the three molecular orientations are shown
in panels (b-d) of the figure. The additional modulation by cos(¢) leads to a weaker
response compared to the E || By case. This follows from observing, for instance, the
behaviour at § ~ 15° in panel (b): the signal is maximised at ¢ = 0°, but vanishes

around ¢ = 90°,270°. Upon gp—orientational averaging, this effect diminishes the net
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Figure 2.9: (a, b) Simulated SEC oscillations calculated without including a Gaussian
distribution (o in Eq. of SEC strengths for E || By (a) and E L By (b). (¢) Angular
dependence of the SEC strength as a function of the angle a between By and the applied E-field.
(d) Molecular 6-distribution for D = —317 MHz, showing no difference compared to Fig. [2.7)(a)
and thus confirming that our model is independent of the sign of the magnetic anisotropy.

SEC, explaining the overall weaker modulations observed in Fig. [2.6(b) compared to
panel (a). The corresponding simulations in Fig. [2.6(d), performed using the same
k and o values as in Eq. [2.3] accurately reproduce this behaviour and show good

agreement with the experimental data.

More generally, for an applied field that forms an angle o with By, the relative angle
Q) between E and p is given by cos(2) = cos(a)cos(f) + sin(«) sin(6) cos(p). Fig.
2.9(c) shows the resulting variation of the FE-field-induced frequency shift 6 f(EF =
15 kV/cm) as a function of ar. The response is generally strongest for the Z position,
while the XY orientation remains nearly constant and exceed the Z response only in
a narrow window around o = 90°. This angular dependence can be exploited for
sensing applications: by comparing the relative SEC amplitudes for different molecular
orientations, one can extract both the direction and magnitude of the applied E-field

relative to the known orientation of Bj.
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Finally, we assess whether the sign of the [ZFS] assumed positive throughout this chapter
as predicted by DFT, influences our SEC analysis. The sign of D determines the ordering
of the triplet sublevels and thus which mg projections are preferentially populated
upon photoexcitation into the CTr triplet state [127], potentially affecting the SEC.
EasySpin-based simulations indicate that for D < 0, the initial population is primarily
in the |my, = £1) states, rather than in |ms; = 0) as in the D > 0 case. Despite this
change in sublevel populations, Fig. (d) shows that the resulting molecular orientation
distributions remain indistinguishable from those obtained with D > 0 (cf. Fig.[2.7(a)),
with the same holding true for the SEC oscillation simulations. We therefore conclude

that our model is independent of the sign of D.

2.6 Conclusion & Future Directions

In this chapter, we have demonstrated the presence of a sizeable spin-electric coupling
in a spin-polarised charge-transfer state in ACRSA, a commercially available
organic molecule. The coupling between the magnetic and electric degrees of freedom in
this system originates from the formation of an intramolecular electron-hole pair, which
simultaneously induces charge and spin separation. The former gives rise to an electric
dipole moment p, while the associated spin-spin interaction produces a zero-field-splitting
(D) parameter. When an external electric field is applied, it interacts with the dipole
moment p, perturbing either the molecular geometry or the electronic structure, thereby

modifying the charge separation and, in turn, modulating D.

Importantly, this mechanism demonstrates that a substantial can emerge even in the
absence of strong atomic spin-orbit coupling (SOC]). Previous studies have often considered
[SOC] to be a prerequisite for measurable [SEC] therefore focusing primarily on transition-
metal or lanthanide-based compounds where is inherently strong [30} 108} 126} |129].
In contrast, ACRSA is an organic molecule composed solely of light elements, whose spin
Hamiltonian is governed predominantly by spin-spin interactions rather than SOC, yet

it still exhibits a clear response. This finding significantly broadens the range of
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candidate materials for SEClactive systems and is particularly appealing for quantum

information applications, where strong typically limits spin coherence times |16, [30].

While this work constitutes a proof-of-principle demonstration of electric-field sensing
using optically excited spin states in molecular systems, the achieved sensitivity is
currently limited by the random molecular orientations, the signal-to-noise ratio of
the transient echo, and the available coherence times. These limitations could be
mitigated through strategies such as molecular alignment under magnetic fields [131],
magnetic dilution [68], deuteration |60, 61], or the introduction of controlled strain within
the host polymer matrix [132]. Combined with the capability for optical spin-state
initialization, these approaches could substantially enhance sensitivity and potentially

enable room-temperature operation.

A promising extension of the presented study is the exploration of molecular colour
centres (MCCs), a recently synthesised class of molecules that emulate solid-state colour
centres in materials such as diamond and SiC [133, [134]. MCCs offer optical spin-state
initialization and readout (even at telecom wavelengths [135]), together with coherent
microwave control. Quantum sensing of magnetic fields using MCCs has already been
demonstrated experimentally [136], and theoretical studies have proposed their application
for electric-field detection [137]. Their key advantage lies in the tunability of their spin
Hamiltonian, combined with the chemical flexibility to incorporate a variety of ESR-active
centres. Integrating MCCs with our device architecture, which combines microwave,
optical, and electric-field control, could therefore offer a direct route to enhanced
sensing performance. In the nearer term, systematic SEC measurements on molecules
structurally similar to ACRSA (see, e.g., Ref. [138]) would provide valuable insight
into how the spatial distribution and degree of separation of electronic wavefunctions

drive the magnitude of the SEC.
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Electric Control of Hyperfine-Coupled Spin
Systems

3.1 Introduction to Electronuclear Spin Systems

Our discussion has so far centred on electron, rather than nuclear, spins. This focus arises
from the comparatively large gyromagnetic ratio of electrons (see Subsec. , which
enables them to be driven efficiently by relatively short microwave pulses. As a result,
electron spins are suited to tasks requiring fast control, such as rapid qubit operations
and quantum sensing of AC fields [99]. The same property, however, also has a drawback:
the large magnetic moment that facilitates efficient manipulation simultaneously makes
electron spins more vulnerable to environmental fluctuations, limiting their coherence.
By contrast, nuclear spins, with gyromagnetic ratios smaller by about three orders of

magnitude [1], typically exhibit longer coherence times at the expense of slower control.

Electronuclear spin systems, in which electron spins are hyperfine-coupled to nearby
nuclei, offer a versatile hybrid platform [140] and can be addressed through
techniques. As discussed in Subsec. [[.1.5.4] these sequences combine ESR and NMR
excitations, with the rf frequency typically swept while the echo-detected electron signal

is continuously monitored. When the rf pulse becomes resonant with a nuclear spin
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Figure 3.1: (a) Schematic energy-level diagram for a single electron coupled to a nucleus with
spin I = 1/2. The four eigenstates are labelled as |1)e1%nyc), identifying the electron (blue) and
nuclear (red) spin components of the wavefunction. Note that the ESR and NMR transitions
are spectrally distinct due to the hyperfine coupling. (b) Pulse sequence for the ElectroNuclear
Coherence Transfer (ENCT'), comprising both mw and rf pulses, as reported in Ref. [139]. (c)
After initializing the desired state within an electron coherence (1), the subsequent application
of a pair of mw and rf pulses (2) resonant with, e.g., ESR 1 and NMR 1, maps this state onto
a nuclear coherence, which benefits from significantly longer coherence times.

transition, whose frequency is set by the hyperfine coupling strength and the nuclear

Zeeman interaction, the echo exhibits a characteristic reduction in intensity.

To illustrate the main features of such systems, we consider the simplest case of a
single electron spin coupled to a nuclear spin I = 1/2. The four resulting eigenstates,
labelled [t)e1%nuc), Where [1e) and [¢hy,.) denote the electron and nuclear parts of the
wavefunction, define a basis in which the hyperfine interaction lifts the degeneracy
between states sharing the same electron spin projection but differing in their nuclear
component. As a result, the ESR and NMR transitions become spectrally distinct and
individually addressable (Fig. [3.1f(a)), providing the level structure required for selective
and coherent manipulation of both spins. This spectral addressability lies at the core of
the ElectroNuclear Coherence Transfer protocol, which employs an ENDOR-
inspired sequence (shown in panel (b)) to leverage the complementary strengths of the

electron and nuclear degrees of freedom [139, 141].

The sequence begins with a Hahn echo on the electron manifold, which generates a
coherence between two states differing in their electronic but not nuclear projections
(blue oscillating line in Fig. [3.1(c)). The quantum information, encoded in the complex
coefficients a and 3, is determined by the phase and amplitude of the initial microwave

pulse, while the first 7 pulse serves to refocus the spin states, compensating for dephasing
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caused by magnetic-field inhomogeneities (see Subsec. . A subsequent pair of
rf and mw 7-pulses (ENCT) transfers this coherence into the nuclear manifold, where
it benefits from the much longer nuclear T;. At a later time, the process is reversed,
allowing the state to be read out through the electron spin. In this way, the electron
spin component provides fast initialization, control, and measurement, while the nuclear

spin serves as a robust quantum memory.

The electric-field control of electronuclear spin systems, despite the promise of combining
the local addressability of E-fields with the advantages of electronuclear platforms,
remains relatively unexplored. To date, research has primarily focused on the electric
control of the nuclear quadrupole moment that arises in nuclei with spin I > 1,
which couples to the electric field gradient produced by the surrounding crystal
environment (Subsec. [142]. In such systems, an electric field perturbs the lattice
by displacing neighbouring atoms and distorting covalent bonds, thereby modifying the
local charge distribution. This distortion, in turn, changes the EFG at the nuclear
site and shifts the nuclear transition frequencies, providing a means of electrically

tuning nuclear energy levels.

A landmark achievement in this direction was the experimental demonstration of Nuclear
Electric Resonance , the electric-field analogue of NMR, realised in a single-electron
transistor device hosting a single ?3Sb donor in silicon [40]. In this system, radiofrequency
electric fields were applied across the transistor channel, generating periodic modulations
of the local [EFG] This modulation acted as a resonant driving field, enabling coherent
control of nuclear spin transitions (see Subsec. for details).

This approach, however, restricts control to quadrupolar interactions, as the system
is specifically engineered to suppress electron-nuclear coupling to maximise nuclear
spin coherence. Consequently, two significant challenges arise. First, the quadrupolar
coupling is highly sensitive to the precise location of the implanted donor, a parameter
that is inherently difficult to control. This sensitivity leads to substantial device-to-
device variability in local strain and quadrupolar profiles, posing a major obstacle

to scaling NER-based multi-qubit platforms. Second, relying solely on quadrupolar
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control restricts the architecture to nuclear spins, whose weak magnetic moments result
in comparatively low thermal polarisation, thus requiring cryogenic temperatures or

magnetic fields of several Tesla for initialisation.

A complementary strategy, explored in this chapter, is to couple nuclear spins to electrons
via the hyperfine interaction (Subsec. . In previous studies, either no electron was
present, in order to maximise nuclear coherence times [40], or a single S = 1/2 electron
spin was coupled to the nucleus and employed as an ancilloﬂ for readout [143-145].
The approach pursued here differs in that, rather than avoiding or only marginally
exploiting electron-nuclear coupling, we make active use of a system with S > 1/2 and its
associated zero-field splitting D. In our case, a transition-metal defect embedded
in a polar semiconductor crystal (see next section) provides a natural setting for such
control. Here, the lack of inversion symmetry in the host enhances the interaction
between the electron spin and local electric fields, giving rise to a strong dependence
of D on the local electric potential. This spin-electric interaction is then channelled
to the nuclear spin via the hyperfine coupling, which mixes the electron and nuclear
wavefunctions. While the presence of an electron may reduce nuclear coherence times,
this drawback can be outweighed if the enhanced electric control of the nuclei enables
faster operations. Moreover, employing such hyperfine-coupled electronuclear systems
allows nuclear-spin states to be detected through [ENCT] offering a substantial gain in
sensitivity, since electron spins can be read out orders of magnitude more efficiently

and their coherence transferred to the nuclei.

In this chapter, we investigate both the static SEC|in electron-nuclear systems and the
resonant electric driving of nuclear transitions , both amplified by the strong electric
sensitivity of the electron anisotropy. To this end, we develop an ENDOR-inspired pulse
sequence, based on [ENCT] that extends the Hahn-Mims scheme to coupled electronuclear
spins. In the next section, we begin by characterising the sample employed in this study,

which consists of spin defects embedded in a semiconducting crystal host.

'In this context, an ancilla refers to an auxiliary spin used to indirectly probe or manipulate the state
of another spin system.
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3.2 Characterization of Mn Defects in a ZnO Crystal
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Figure 3.2: (a) Simulated energy-level diagram of Mn?* defects in ZnO with the crystal axis
aligned parallel to the static magnetic field By (6 = 0° in Eq. . Inset: Structure of the
wurtzite ZnO crystal with the Mn substitutional defect (purple sphere). (b) Experimental
electron spin-echo signal for [mgs = —1/2 <+ 1/2) (red rectangle in (a)), showing six peaks arising
from the hyperfine coupling to the I = 5/2 nuclear spin. Similar spectra can be obtained for the
other electronic transitions. Adapted from Ref. [141]. (c, d) Representative data collected at 20
K for one of the |ms = 3/2 <+ 5/2) transitions, probing the electronic T5 and 77, respectively.

The sample employed in this work consists of a spin ensemble of manganese (**Mn)
substitutional defects in wurtzite ZnO, with the crystal structure shown in the inset of
Fig. [3.2(a). Here, a Mn?" ion (purple sphere) replaces a Zn*" lattice site. Unlike zinc,
which carries no electronic spin, the Mn?* ion has the electronic configuration [Ar] 3d°4s°,
giving rise to a high-spin ground state with S = 5/2 (°S5/2) coupled to the manganese
nuclear spin I = 5/2. Such an electronuclear spin system is particularly promising
for electric-field control owing to its strong , which, as reported in Ref. [129],
originates from the pronounced polarity of ZnO resulting from the broken inversion

symmetry of the wurtzite lattice.

The effective spin Hamiltonian of Mn:ZnO, established experimentally in Refs. [141]
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146], can be written ad’|

H = teGeBo (Sz cosf + S, sin 9) — ungnBo (.fz cos@ + I, sin 6) .

+D (82 -15(S+1)) + QI+ A 8- 1, .

where 6 denotes the angle between the external magnetic field By and the crystal c-axis
([0 0 1]), which defines the intrinsic polar direction of the wurtzite lattice [129]. Owing
to the hexagonal symmetry of ZnO and the Cj, site symmetry of the Mn defect, the
anisotropy parameter D, together with the quadrupole and the principal axis of the

hyperfine interaction, are all aligned with the crystal c-axis, which thus provides the

natural reference frame for the spin Hamiltonian [147].

The bottom panel of Fig. |3.2(b) presents the experimental X-band echo-detected field
sweep at 20 K for the |ms = —1/2 <> +1/2) electron transition with # = 0°. The
spectrum displays six peaks, each corresponding to one of the nuclear spin projections
(2 +1 = 6), arising from the hyperfine interaction with the Mn nucleus. Similar
features are observed for all other electron transitions (see panel (a) for the energy-
level diagram). From these data, we extract an anisotropy parameter D ~ —707 MHz
and an isotropic hyperfine coupling A, ~ —225 MHz. A quadrupolar interaction of
@ = 0.32 MHz, reported in Ref. [147], was also included in the analysis, although its
influence on the resonant-peak positions is too weak to be resolved directly; as discussed
later, however, it plays an important role when discussing the nuclear [SEC| Finally,
we note that the electron g-factor in Mn:ZnO is close to the free-electron value, while

the nuclear g-factor is gy ~ 1.38.

Using second- and third-order perturbation theory on Eq. 7 previous studies [147) 148]
found that the ENDOR frequencies in Mn:ZnO depend not only on the expected Zeeman,
quadrupolar, and hyperfine interactions, but also on the electron anisotropy parameter
D. This dependence arises from the significant mixing between nuclear and electronic
degrees of freedom induced by the relatively large hyperfine interaction. Formally,

the ENDOR frequencies can then be expressed as fexpor = fenpor(Bo, Aise, @, D),

2Although reported in Ref. [146|, fourth-order magnetic anisotropies (~ S’j) are ignored in this
Hamiltonian, as their contributions to the energy levels and to the discussion of E-field control are
negligible.
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with the influence of D confirmed by numerical simulations (see Appendix, Fig. [A.5)).
Although this dependence is modest, it remains finite and, given the substantial electric

modulation 0 D(FE) [129], can still influence the electric sensitivity of nuclear transitions,

as discussed in Sec. 3.4

Finally, Figs.[3.2(c) and (d) show representative measurements of the electronic coherence
times T and T3, obtained for the |mg, mr) = |3/2 <> +5/2,+1/2) transition using Hahn-
echo and inversion-recovery sequences, respectively, at 20 K. The extracted values, T5, ~
0.12 ms and T3, ~ 1.3 ms, are consistent with previous reports [141]. The temperature
dependence of these coherence times has been investigated in detail in Ref. [129], where
the dominant decoherence mechanisms were identified as phonon-mediated spin-lattice
relaxation, which limits 7}., and dipolar interactions with neighbouring Mn spins, which
give rise to spectral diffusion and ultimately limit 75.. Moreover, the same study reports
a nuclear-spin coherence time of 75, ~ 1 ms under conditions comparable to ours. This
value is of the same order as the electronic 77, indicating that nuclear dephasing may

primarily be driven by electron-spin flips, as expected given the strong hyperfine coupling.

3.3 Electric-Field Device

The device used to generate the DC and rf E-fields in this study is conceptually similar
to the one described in Chapter [2 though fewer constraints apply here, such as the
requirement for UV transparency. The setup consists of a parallel-plate capacitor,
whose electrodes are fabricated from rigid PCBs coated via thermal evaporation with
approximately 150 nm of gold, deposited on a ~15 nm seed layer. The rationale behind
this design choice is the same as previously discussed: to minimise the amount of
metal within the resonator and thus reduce its perturbative effect on the resonator’s
electromagnetic mode structure. A schematic of the device as inserted inside the

resonator is shown in Fig. [3.3]

Another key difference between this and the previous setup lies in the nature of the
sample: here, we work with a crystalline system rather than a solution containing randomly

oriented molecules. In ZnO, which has a well-defined polar axis along its crystallographic
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Figure 3.3: (a) Schematic of the FE-field device, consisting of a parallel-plate capacitor mounted
inside a mw resonator and rotatable about its axis. (1): conducting plates; (2): sample; (3): mw
resonator. (b,c) Fields configurations when the crystal c-axis is (b) parallel and (c) perpendicular
to the static magnetic field By. In both orientations, B; and By are perpendicular to By, as
required for standard ESR/ENDOR operation. The sample is affixed to the capacitor plates
and co-rotates with them, ensuring that the applied E-field remains aligned with the crystal
c-/polar axis throughout the rotation.

c—axis, the electrodes are arranged such that the applied electric field is parallel to
this polar axis, thereby maximizing the SEC. This is achieved by mounting the crystal
between the plates with its c-axis oriented normal to the electrode surfaces, i.e., along the
expected direction of the E-field. This configuration is fixed and maintained throughout

all measurements, ensuring a consistent alignment between the E-field and the polar axis.

As shown in Fig. [3.3(a), this device is inserted into the (4 mm-diameter) sample space
of a Bruker EN 4118X-MD4 ENDOR resonator, with the inter-plate distance of the
capacitor set to roughly 1 mm. This geometry allows the device to generate an electric
field of ~ 4 kV/cm at the sample location. While this is roughly a quarter of the
field strength produced by the design used in Chapter [2] (15 kV /cm), the effect is
compensated by a stronger SEC, as discussed in the following sections. It should also

be noted that the resonator design ensures that the driving excitations B; (ESR) and
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Figure 3.4: (Experimental, By || c—axis) (a) FE-field-induced coherent oscillations of
the in-phase (black) and quadrature (red) components of the electron Hahn-echo signal.
These oscillations arise from the electric-field modulation of the axial anisotropy parameter
D, as previously reported in Ref. [129]. Measurements were performed at 20 K on the
|ms = 1/2 <+ 3/2) transition. (b) Corresponding Hahn-echo phase shift induced by the applied
FE-field. The ability to electrically control the coherence phase is central to our proposal for
exploiting electronuclear systems in quantum information science, as discussed in Sec. @

B, (NMR) remain perpendicular to the static field By regardless of the sample/device

orientation (panels (b) and (c)), thereby preserving standard conditions for magnetic-

resonance operation (Subsec. [1.1.3)).

3.4 Spin-electric Coupling in Electronuclear Spin
Systems

We now turn to the characterization of the electric response of both the electronic and
nuclear manifolds in Mn:ZnO. Our objective is to determine the DC electric-field sensitivity
of the spin-effective parameters appearing in the Hamiltonian of Eq. 3.1} For the electron
spin, this analysis was performed using a Hahn-Mims sequence with 7 = tg ymax = 4 ps at
20 K and an applied electric-field strength of ~ 4 kV/ecm. Representative data, recorded
with the crystal c-axis aligned with By for the |ms = 4+1/2 <> +3/2) transition at X-band,
are shown in Fig. [3.4(a). The in-phase and quadrature channels display the characteristic
coherent oscillations associated with electric-field modulation of the spin transition. On
the other hand, panel (b) shows the corresponding Hahn-echo phase shift induced by the
applied E-field, in line with the dependence predicted by Eq. the ability to control
the coherence phase provides the foundation for our proposal to harness electronuclear

systems in quantum information processing, as discussed in Sec. [3.6
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Figure 3.5: (a) Pulse sequence based on Ref. [139], incorporating a DC E-field pulse inserted
between the [ENCT]and the refocusing pulse. This plays an analogous role to the Hahn-Mims
sequence for electronuclear systems. (b) In-phase (black) and quadrature (red) components
of a nuclear spin-echo signal, measured on the transition |mgs = —1/2,m; = +3/2 < +5/2),
showing coherent oscillatory behaviour as a function of the applied F-field-pulse duration.

Following the discussion in Ref. [129], we assumed that the electron SEC is predominantly
driven by the axial anisotropy parameter D. Accordingly, its electric-field dependence was
modelled as D(E) = D(0)+kpE, and the experimental phase-shift data were fitted to this
relation. The resulting fit, shown as the dotted line in Fig. [3.4(b), shows good agreement
with the measurements. From this analysis, we extract an SEC constant of kp =~
2.5 Hz/(V -m™1), consistent with the value reported in that study. This response reflects
the strong coupling between the applied electric field and the crystal-field environment of
the Mn2* ion: in the polar ZnO host, field-induced redistributions of the local charge

density modify the splitting of the high-spin S = 5/2 manifold through the anisotropy D.

Next, we investigate the electric-field modulation of the nuclear spin terms using a
modified version of the pulse sequence introduced in Ref. [139] and shown in Fig. [3.5(a).
The sequence begins by transferring the initial electron coherence into the nuclear manifold
through an [ENCT] block. A single nuclear 7-pulse is then applied to refocus the nuclear
coherence, serving the same function as the refocussing pulse in a standard Hahn-echo
sequence. Finally, the coherence is mapped back to the electron manifold via a Nuclear-
Electron Coherence Transfer (NECT) step, where it is detected as an electron spin echo
. In our implementation, we insert a variable-duration DC electric-field pulse between
the ENCT block and the nuclear refocusing m-pulse, while monitoring the resulting SE.
Conceptually, the sequence plays an analogous role to the Hahn-Mims protocol: once

a spin coherence is established via [ENCT] the application of an electric field induces a
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Figure 3.6: Experimental observation of E-field-induced spin-echo phase shift for 25 Am; = +1
nuclear transitions in Mn:ZnO. Each graph corresponds to a different electronic spin manifold
(indicated at the top of each plot), while different colours represent different nuclear transitions.
Solid lines are obtained via numerical simulations using the E-field-induced parameters’ shifts
listed in Table The absence of data for |mgs = +1/2) is discussed in Ref. |147] and in the
main text.

phase shift in the spin echo. As in the electron-spin case, the accumulated phase increases

proportionally with both the amplitude and duration of the applied E-field pulse.

Fig. [3.5(b) presents nuclear-SEC data for the |mg = —1/2,m; = +3/2 <> +5/2) trans-
ition, where the spin-echo signal exhibits coherent oscillatory behaviour as a function of the
electric-pulse duration. Fitting these data yields an SEC constant of ~ 0.3 Hz/(V -m™1),
approximately an order of magnitude smaller than the corresponding electron-spin value.
To probe the microscopic origin of this (weaker) nuclear response, we measured the electric-
field-induced phase shifts for 25 Am; = +1 nuclear coherences. The results, shown in
Fig. [3.6] are compared with simulations (continuous lines) based on the electrically
modulated parameters listed in Table obtained using the same fitting procedure

employed in the electron case.

The extracted SEC constants for the hyperfine and quadrupolar components are x4 =~
1.3x 1072 Hz/(V-m™) and kg ~ 0.8 x 1072 Hz/(V - m™!), respectively. These values

are roughly two orders of magnitude smaller than the modulation observed for D. This
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Spin Hamiltonian Term D Ao Q
Value @ £ =0 V/m (MHz) =707 -225 0.32%
SEC Constant k£ (x107% Hz/(V/m)) 252 1.34 0.82
0 fanpor @ |ma,mi) = | — 1/2,—5/2 < —3/2) (kHz)| 271 | 0.36 | 1.84
0 fanpor @ |ma,mi) = | — 1/2,—1/2 < +1/2) (kHz)| 031 | 0.9 | 0.01

Table 3.1: Spin-Hamiltonian parameters at zero applied electric field and their corresponding
electric-field coupling coefficients. The field dependence is obtained by fitting the experimental
data in Fig. to P(E) = P(0) + kpFE, where P denotes a spin-effective parameter and xp
the associated [SEC] constant. The last two rows list representative frequency-shift contributions
from each spin parameter for two nuclear transitions. *Value taken from Ref. [147].

difference arises because D reflects the axial crystal-field splitting of the Mn?* ion, which
is highly sensitive to lattice distortions and local symmetry changes induced by the
applied electric field. In contrast, the hyperfine and quadrupolar parameters, although
also influenced by electric fields, are primarily determined by the electronic spin density
at the nucleus and the nuclear charge distribution, which exhibit comparatively weaker

variations under similar field strengths.

Nevertheless, what ultimately determines the degree of electric control is not the
modulation of an individual spin parameter itself, but how sensitively the resonance
frequency responds to such modulation. In other words, the SEC constants quantify
the coupling between each spin parameter and the electric degrees of freedom of the
crystal, whereas the actual frequency shift observed in ENDOR experiments reflects how
variations in those parameters translate into measurable resonance changes. To illustrate
this relationship, Table[3.1]lists representative frequency-shift contributions for two nuclear
transitions within the same electron-spin manifold: |ms = —1/2,m; = —5/2 <> —3/2)
and |m; = —1/2 <» +1/2). In both cases, the dominant contribution to the overall
frequency shift arises from the modulation of D. This is noteworthy, as one might expect
the nuclear parameters A, and @) to play a larger role in nuclear transitions. The observed
behaviour, however, highlights that the electric response of the ENDOR frequencies is
primarily mediated through the electron-spin manifold, whose strong electric sensitivity

(via D) is “transferred” to the nuclear transitions through the hyperfine interaction.
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Additionally, a marked reduction in the effective Q)-related contribution is observed when
comparing the |m; = —5/2 <» —3/2) and |m; = —1/2 <> +1/2) transitions. This
arises from the dependence of the quadrupolar shift on m?%: for the central transition
(m; = £1/2), this term effectively vanishes, leading to negligible sensitivity to Q). By
contrast, the hyperfine parameter A, contributes to both transitions, though its effect

remains smaller than that of D due to its weaker intrinsic electric coupling.

We now briefly discuss the absence of nuclear-SEC data from the |m, = +1/2) electron
manifold in Fig. [3.6] In this case, we found the ENDOR signal to be too weak to
allow SEC measurements. As explained in Ref. [147], this arises because the ppg.S term
in the expression for the signal intensity (Eq. is significantly reduced for these
transitions. Such suppression is not a fundamental limitation, but rather an accidental
consequence of the spin Hamiltonian: the particular mixing of spin states produces
a local minimum in the ENDOR transition probability at D ~ —670 MHz, close to
the anisotropy of Mn:ZnO. Numerical simulations (Fig. in the Appendix) confirm
this behaviour, showing that the ENDOR intensity from the |m; = +1/2) transitions

is markedly weaker than that from the |ms; = —1/2) ones.

3.5 Nuclear Electric Resonance in an Electronuclear
System

We now investigate nuclear spin transitions driven by resonant rf E-fields, using the
electrode setup described in Sec. at 20 K. In this case, the static field By was
deliberately tilted slightly away from the crystal c-axis. This misalignment is essential:
for By || ¢, all spin parameters (D, Ajs,, and Q) are diagonal in the laboratory frame
[147], and the rf E-field is also aligned along the c-axis. Under these conditions, the spin
operators that couple to the electric field are thus of the form S, and fz, which have
no off-diagonal matrix elements in the eigenbasis of the Hamiltonian. As a result, the
driving Hamiltonian contains no transverse components and cannot induce any transitions.
Tilting By away from the c-axis breaks this symmetry, introduces off-diagonal elements

into the effective driving Hamiltonian, therefore (potentially) enabling NER]
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Figure 3.7: (Experimental) ENDOR spectra for the |ms = +1/2,m; = —5/2 <+ —3/2) (left
dip) and |ms = 4+1/2,m; = —3/2 <» —1/2) (right dip) nuclear transitions for (a) NMR (coils)
and (b) NER (electrodes).

Fig. [3.7] shows Davies ENDOR spectra (pulse sequence in the inset of Fig. [3.8(b)), where
the rf pulse is applied either magnetically via ENDOR coilsﬂ (left) or electrically through
our custom FE-field device (right). The two dips correspond to the |m; = —5/2 <+ —3/2)
and |m; = —3/2 <> —1/2) nuclear transitions within the |ms = 41/2) electron manifold.
This manifold was chosen because, as noted at the end of Sec. [3.4] the ENDOR signal
is suppressed for these transitions |147]. Consequently, any contribution from residual
magnetic-field leakage from the electrodes (even at the maximum applied power of
100 W in this experiment) is expected to be negligible. The clearer resonance dips
observed under electrode excitation thus provide initial evidence that these nuclear

transitions may be driven electrically.

We confirmed this point by characterising possible parasitic magnetic fields in our device.
To this end, we inserted a powder sample of Koelsch radical, 1,3-bisdiphenylene-2-
phenylallyl (BDPA), embedded in a PMMA matrix. BDPA, whose structure is shown in
the inset of Fig. [3.8{(a), is a well-established standard in electron-spin resonance, with
S =1/2 and g ~ g.. It provides a strong ESR and ENDOR response under magnetic
excitation, yet is insensitive to electric fields, making it ideally suited for probing spurious
magnetic contributions in our electrode-based design. Fig. [3.8(a) displays the ENDOR
spectrum obtained using either conventional ENDOR coils (black lines) or the electrode
device (red). In the coil-based configuration, clear ENDOR resonances are observed

at wyg = 14.48 MHz, corresponding to the proton Larmor frequency, together with

3These coils are already integrated into the commercial resonator.
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Figure 3.8: (Experimental) (a) ENDOR spectrum of the standard electron-spin sample BDPA
(molecular structure shown in the inset). The z—axis is referenced to wy = 14.48 MHz, the
proton Larmor frequency at ~ 345 mT. Spectra were recorded using either conventional ENDOR
coils (black) or the electrode-based device (red). The absence of any resonance in the latter
demonstrates that magnetic-field leakage is negligible in our E-field-based design. (b) ENDOR
power-nutation measurement at wg, showing no detectable response across the full range of
applied rf powers. Inset: Davies ENDOR sequence, as described in Subsec. @

additional features at ~ wy 4 2 MHz, in agreement with previously reported *H hyperfine
couplings [149]. In contrast, no detectable ENDOR signal is observed with the electrode
configuration, confirming that the application of a rf electric field does not generate
significant magnetic-field leakage. This conclusion is also supported by the ENDOR

power-nutation measurements in panel (b).

To further verify the nature of the electrode-driven transitions, we probe double-quantum
nuclear transitions (Am; = +2), which are forbidden under magnetic driving but can
be activated electrically [40]. Unlike the previous Am; = +1 case, where a slight
misalignment of By from the crystal c-axis introduces transverse terms [|145], double-
quantum transitions are optimised with By perpendicular to the c-axis (6 = 90°), which
is the orientation employed here. The right panel of Fig. shows the ENDOR spectra
for the |ms = —1/2,m; = —5/2 <> —1/2) transition, excited either electrically (red) or
magnetically (black). A clear, though weak, ENDOR resonance is observed under electric
excitation, corresponding to a ~ 15% reduction in the spin-echo amplitude, while no
response is detected under coil-driven magnetic excitation. Power- and pulse-duration-
dependent nutation experiments further confirmed that no signal could be obtained with
magnetic driving. For comparison, the left panel shows a Am; = £1 single-quantum
transition within the same electron manifold, where the signal is visible under both

electric and magnetic excitation, consistent with standard NMR selection rules. This
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Figure 3.9: Single- (left) and double-quantum (right) nuclear transitions within the |ms =
—1/2) electron manifold, excited using the standard ENDOR coils (black), or with the electrodes
(red). Both magnetic and electric fields drive single-quantum transitions (Amj; = £1), whereas
only electric excitation induces double-quantum ones (Am; = +2).

behaviour strongly indicates that the Am; = 42 transitions are electrically driven, a
conclusion reinforced by the absence of magnetic-field leakage in our setup, as discussed
earlier. The remaining three double-quantum transitions in this manifold are presented

in Fig. [A.7 in the Appendix and exhibit similar behaviour.

The only term in the Hamiltonian of Eq. that possesses the appropriate symmetry
to account for the observed Am; = 42 transitions is the quadrupolar interaction, Qf 2,
When 6 = 90°, the nuclear Zeeman term becomes g 5BoI,, and thus no longer commutes
with Q_f 2. In this configuration, the quadrupolar interaction can be represented in the
Zeeman frame by an effective form QI?, which, since I? oc I% + I2, directly enables
double-quantum transitions. Following Refs. [40, |145], the driving Hamiltonian under

these conditions can be expressed ag’}
Hreomza(t) o 0Que (t) I (3.2)

As discussed earlier, the quadrupolar interaction exhibits only a weak spectroscopic
signature and could not be directly measured. Consequently, Eq. should be regarded as
a phenomenological description, which reflects that @) is the only term in the Hamiltonian
with the appropriate symmetry to drive double-quantum transitions. This model is

further justified by the microscopic origin of the quadrupolar coupling, which arises

“In principle, time-dependent modulations such as §Qy,(t) and 6Q,,(t) may also contribute to the
excitation of double-quantum transitions. However, since Eq. is not intended as a quantitative model,
these terms are neglected here for clarity.
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from the at the nuclear site (see Subsec. . An applied rf electric field
perturbs the surrounding crystal field, thereby modulating the local [EFG| and inducing a
time-dependent variation of ). A more rigorous treatment would require, for instance,
density-functional-theory calculations to quantify the electric-field-induced perturbation
of the around the Mn?" ion. Nevertheless, establishing a direct correspondence
between the computed [EFG]| variations and the effective @) coupling remains challenging,

and experimental verification of their magnitude is equally difficult.

A similar driving mechanism can be formulated for the Am; = +1 transitions. In
this case, all Hamiltonian terms containing a single nuclear spin operator I, (or _fy) can,
in principle, contribute, implying that off-diagonal components of either the quadrupolar

or hyperfine interactions may drive such excitations:

Pl 1 (8) o 0Qus (8 (L1 + 1.1,), (3.3)
+

Hnr a1 () o< 0 g (8)(L S + S.1,). (3.4)

In the latter case, the electric field perturbs the electronic wavefunction and thereby
modulates the hyperfine elements, leading to a time-dependent variation in the coupling
between the electron and nuclear spins. In practice, however, such terms are difficult to
resolve spectroscopically, as they appear as second-order perturbations in the energy-level
structure and contribute only weakly to observable peak positions. Hence, while these
terms provide a plausible explanation for the observation of electrically driven Am; = +1

transitions, their quantitative contribution cannot be directly extracted from experiments.

A possible way to test whether the quadrupolar interaction alone can account for the
observed transitions is to examine the |m; = —1/2 + +1/2) case. In fact, for this
transition, the quadrupolar operator vanishes because, for example, fzfx + fmfz = %(_ﬁfz +
fzf+ + 1.1+ fzf,) couples only to states with Am; = +1 away from the central pair,
but gives zero matrix element between |m; = —1/2) and |m; = +1/2). Experimentally,
however, Fig.[3.10(b) (By L c—axis) shows that this transition does produce an electrically
driven ENDOR response: at high power a signal of about 20% echo reduction is observed.

Although this is weak compared to the magnetic driving of the same transition shown in
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Figure 3.10: (Experimental) ENDOR nutation signals for the nuclear transition |ms; =
—1/2, m; = —1/2 < +1/2), driven using (a) conventional rf coils and (b) electrodes. The
electrically driven transition exhibits a nutation amplitude weaker than that obtained with rf
excitation yet remains non-zero. This demonstrates that the interaction responsible for single-
quantum NER cannot be attributed solely to the quadrupole term @, since |m; = —1/2 «» +1/2)
transitions would otherwise be forbidden.

panel (a), it is nonetheless non-zero and of similar strength to other electrically driven
single-quantum transitions (Fig. [3.7). This observation rules out a purely quadrupolar
mechanism and indicates that the hyperfine-driven channel of Eq. must also contribute.

While a more detailed investigation is required to fully clarify the mechanism responsible
for these transitions, the data suggest that they likely originate from a combination of
time-dependent quadrupolar and hyperfine modulations. The quadrupolar contribution
is essential, as it is the only mechanism capable of inducing Am; = +2 transitions [40].
In contrast, the observation of a finite signal for the |m; = —1/2 <» 4+1/2) transition
(forbidden under a purely dQ(t) drive) indicates that hyperfine-driven components must
also be involved, implying that mixing with the electron wavefunction contributes to the
driving process. In this context, it is thus reasonable to expect that the strong electron-
nuclear state mixing associated with the hyperfine interaction A;s, plays a role in mediating
these transitions, suggesting that the electron anisotropy parameter D may also influence
the process, as observed in the static SEC discussed in Sec. [3.4] This interpretation is
consistent with the notion that electron-spin admixture can enhance nuclear transition
probabilities and provide additional coupling pathways between the rf electric field and
the nuclear spin degrees of freedom [147]. Therefore, while a full theoretical treatment is
still needed, the available evidence indicates that both nuclear and electron contributions,

including the anisotropy D, may act together to account for the observed NER response.
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Importantly, these measurements were performed at 20 K using standard experimental
instrumentation. Under such conditions, the nuclear polarization in a magnetically
diluted system like Mn:ZnO would not be sufficient to generate detectable signals. This
underscores the crucial role of ENCT-based techniques, which exploit electron-nuclear
coupling to amplify the response through the much larger electron-spin polarization. As
a result, they enable the observation of nuclear transitions (whether magnetically or
electrically driven) that would otherwise remain undetectable. With further theoretical
investigations to elucidate its microscopic mechanism, probing NER via ENCT sequences
may develop into a powerful characterization method for coupled spin systems. Building
on these insights, the following section outlines a route toward leveraging the electric-field

control of electronuclear spin systems in quantum-information applications.

3.6 Conclusion & Future Directions

In this chapter, we have measured the nuclear SEC in an electronuclear spin system
using a pulse sequence based on ElectroNuclear Coherence Transfer . This
approach exploits the complementary strengths of the electron spins (fast control and
readout) and nuclear (longer coherence times) spins. Using ENCT, we characterised
the electric-field modulation of nuclear spin-effective parameters. We found that the
electron axial anisotropy D mediates a large part of the nuclear response through the
hyperfine interaction, which mixes the electron and nuclear wavefunctions. In Mn:ZnO,
D exhibits a particularly strong [129], due to its coupling to the intrinsic electric

dipole moment of the host crystal.

Moreover, we have reported the experimental observation of nuclear electric resonance
in a spin ensemble. While previous demonstrations of NER have focused on single-
spin platforms, such as molecular qubits [81] or single-electron silicon transistors [40], our
results show that the effect can also be observed in a bulk spin ensemble. Detecting such
modulations in purely nuclear systems would be extremely challenging in practice: in
magnetically diluted samples, nuclear polarization remains weak under moderate fields

and temperatures, typically requiring millikelvin conditions for direct detection. By
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contrast, the ENCT approach leverages the much larger electron polarization to enhance
the nuclear response, enabling the observation of these effects at 20 K using only standard
magnetic-resonance instrumentation and a simple parallel-plate capacitor to apply the
electric field. This comparatively mild experimental configuration highlights the potential

of electronuclear systems as platforms for electrically driven spectroscopy and control.

To establish NER as a broadly useful characterization tool, however, a more complete
understanding of the microscopic mechanisms underlying these transitions is required. In
Mn:ZnO, our data indicate that both hyperfine and quadrupolar interactions contribute
to the driving process, with possible additional modulation via the electron anisotropy
parameter D. Yet, disentangling their respective roles remains challenging, as the
off-diagonal components of the A and @) interactions potentially responsible for such
driving produce only subtle spectroscopic signatures. Computational methods such as
DFT may help elucidate these effects, although capturing dynamic (AC) spin-terms

modulations reliably remains an open question.

An alternative strategy would be to explore NER in molecular nanomagnets, where
the spin Hamiltonian can be chemically engineered. By incorporating different nuclear
isotopes or tailoring the ligand environment, one could in principle tune the relative
strengths of the hyperfine and quadrupolar couplings, as well as the influence of the
electron anisotropy D. Such an approach could begin to resolve their contributions to
electrically driven transitions, extending the work in Ref. [126] on the static SEC to the
dynamic modulations. These chemically tunable systems may therefore offer a promising
route to map the microscopic origins of NER while advancing electronuclear platforms

as versatile tools for spin-environment characterization.

Turning to applications in quantum information science, a possible extension of the
present work is to consider Mn:ZnO as a qudit, that is, a generalization of the qubit
to a d-dimensional Hilbert space [150]. Moving beyond binary encodings offers several
advantages: the accessible Hilbert space grows as d for an array of N qudits, yielding
higher information density and more compact encodings of algorithms [151} |152], while

also enabling the design of intrinsically more efficient gates [153]. Electronuclear spin
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Figure 3.11: Proposed pulse sequences for electric-field control of electronuclear spin systems
in quantum information processing. (a) A sequence of rf m-pulses alternated with DC E-field
pulses ensures that only a single basis component (here |m; = +3/2)) acquires a relative phase.
This realises a conditional phase gate, which is a fundamental operation of the quantum Fourier
transform. (b) A conditional phase gate on the |m; + 1) <+ |my) coherence implemented using
a bipolar DC E-field sequence.

systems provide a natural setting for qudits, owing to the combination of electronic and
nuclear degrees of freedom, thereby enlarging the available state space [145]. Theoretical
proposals based on such systems have already outlined fault—tolerantﬂ qudit operations
[154], and proof-of-principle experimental demonstrations have implemented quantum-

error-correction encoding within a d = 4 qudit in Mn:ZnO [141].

Building on this foundation, the present study points toward the possibility of realizing
an all-electric quantum Fourier transform (QFT) in an electronuclear spin system. The
QFT is a central subroutine in quantum computing, underpinning algorithms such
as Shor’s integer factorization [155] and quantum phase estimation, which has broad
applications in quantum chemistry [156]. Implementing the QFT in an electronuclear qudit
would thus provide a proof-of-principle demonstration of electrically driven quantum
logic in spin systems, directly leveraging the results reported here. As in the qubit
setting, the qudit-QFT relies on two key types of gates. The first is the Hadamard
gate, which generates equal superpositions of basis states and thereby enables quantum
parallehsmﬂ In NMR, this gate can be implemented either through an off-resonance
pulse, e.g., H = emin(lo+1:)/V2 (see Eq. , or via a composite pulse sequence such

5Fault tolerance refers to the ability of a quantum computing architecture to continue operating
correctly even in the presence of noise or errors.

SQuantum parallelism refers to the ability of a quantum computer to process many inputs at once,
because a superposition of basis states evolves through a circuit as though each component were computed
simultaneously. The Hadamard gate is the simplest example: it maps the computational Z-basis into a
superposition basis lying in the equatorial plane of the Bloch sphere. Explicitly, H [0) = (|0) + [1))/v/2

and H|1) = (0) — [1))/v2.
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as I,(w/4) — I(m) — I_,(x/4) [157). In the present context, an equivalent operation

could be realised by exploiting off-resonance NER pulses.

The second essential operation is the controlled-phase gate, which implements a conditional

phase shift depending on the state of a control qubit. In the qubit case, its action can
1 0

0 ei(p)?
phase factor e?¥. In the qudit setting, the same principle extends naturally: selected

be written as CPhase(y) = ( such that only the state |1) acquires the relative
sublevels within the larger Hilbert space can be made to accumulate controlled phases.
In an electronuclear spin system, this can be achieved by applying a static electric
field, which shifts the energies of the nuclear spin projections |m;) in proportion to
my. The corresponding evolution is E(gp) = el with ¢ = 0ftg, where 0f is the
FE-field-induced resonance shift and tg the E-field pulse duration. Acting on a basis
state, this gives E(p)|m;) = e ™% |m;), so that different nuclear spin projections

acquire controllable relative phases.

As an illustrative example, Fig. (a) presents a pulse protocol that implements a
conditional phase gate in a d = 4 qudit. The central idea is to apply a phase shift
selectively to one computational basis state, while restoring all others up to global phases.
This is achieved by alternating rf m-pulses with DC E-field: the rf operations reshuffle
the population among basis states, ensuring that different components of the state
vector are sequentially exposed to the F-field action, while the DC pulses accumulate
state-dependent phases. Following the sequence in the figure, the resulting evolution

of a generic four-dimensional state |¢) is

a e—130/2 e—130/2 yetiv/? Ne—i
B Bw | Bem#2 | x| qet®2 | @ [ ae B2 | pe [ aemi?
‘w> - y ,ye+it,o/2 Befitp/2 Befitp/Q B
) SeTi3e/2 SeTi3e/2 SeTi3e/2 Je T3y
yeTi 8 5 5 a
2(3) 15} e ye " £E®) ~ 23 o 7(6) I}
T geize | T | qeize | T o — — . (3.5)
5e+i3<p 5e+i3<p 5e+i6go (5€+i6<p 6e+i6<p

Here, ¢ denotes the electric-field-induced phase introduced earlier, which can be tuned

by varying the duration or amplitude of the applied DC pulses, while £(12®) indicate the
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successive E-field operations within the sequence. The net outcome is a relative phase
factor et®¥ applied solely to the 6 component, with the rest of basis states unchanged
(up to an overall global phase). In this way, the protocol realises a selective controlled-
phase gate on a chosen state. A practical limitation, however, is that extending this
approach to a general d-dimensional qudit requires d — 2 rf pulse sets, each consisting
of d — 2 individual m-pulses, leading to quadratic scaling (d — 2)? in the number of rf

operations, in addition to d — 1 DC FE-field pulses.

Another strategy, which avoids the unfavourable scaling of the previous protocol, is
based on the use of bipolar electric-field pulses [158]. This consists of applying two DC
electric-field pulses of equal magnitude but opposite polarity in sequence. For a linear
SEC such as Mn:ZnO, reversing the polarity of the electric field simply changes the sign
of the accumulated phase shift, so that successive positive and negative pulses produce
opposite phase evolutions. A schematic of this approach is shown in Fig. (b), where
a symmetric bipolar electric-field pulse is embedded across a 7 pulse resonant to the
|m; <> my + 1) transition. Following the timing indicated in the figure, the evolution of

a generic nuclear-spin state in a d-dimensional Hilbert space (d > 2), [1/?), is given by:

i(mr+2)e i(mr+2)p

AR

K Ko€ Ko€ Ko
~ i(mr+1)e imrp - —ip
(d)y _ K1 +F KR1€ 0,1 Rpe€ —F /4306‘
W} > - Ko Koeimﬂp ﬁlei(mj-i-l)go K1eWP (36)
K_1 K,lei(ml_l)w ,Llei(m,—mp K_1

As a result, only the targeted |m; <> m; + 1) coherence acquires an additional phase,
while other components remain unchanged. Taken together, the two pulse sequences
discussed above highlight complementary approaches to achieve electric-field control in

multidimensional quantum systems, such as coupled electron-nuclear spins.
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4.1 Previous Experimental Realizations of EDSR

In Chapter [3, we examined how nuclear spin transitions in a defect embedded in a
semiconductor host can be driven electrically, with the electron component of the wave-
function acting as an amplifier of the system’s electric sensitivity. In those experiments,
however, the ESR control pulses were still applied magnetically. To achieve full E-field
control of the spin system, it is therefore necessary that not only nuclear, but also electron

spin transitions be driven directly by resonant electric fields, a mechanism known as

Electron Dipole Spin Resonance (EDSR]) [145].

EDSR has already been demonstrated across a variety of platforms at the single-electron
level. In silicon quantum dots, for instance, integrated micromagnets create a static
magnetic field gradient. When an oscillating electric field is applied, it displaces the
electron, producing an effective time-varying magnetic field in the electron’s rest frame;
this enabled fast spin control with reported qubit fidelities reaching up to F = 99.8% [159).
A different route was demonstrated in single-electron transistors based on donors in

silicon (the same platform underlying the Kane proposal in Subsec. . For instance, in
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Ref. [145], EDSR was used to simultaneously flip electron and nuclear spins (i.e., Amg =

+1, Am; = £1) in a '?3Sb donor device, driven by modulation of the hyperfine interaction.

Another notable advance in this direction was achieved by George et al. |129], who
investigated in bulk Mn:ZnO (the same system used for the measurements presented
in Chapter . In their study, continuous-wave EDSR was performed by placing the
crystal at the electric, rather than the magnetic, antinode of a rectangular microwave
cavity. Under these conditions, the driving mechanism was identified as originating from
modulation of the axial anisotropy parameter D (see Eq. , which, as discussed earlier,
arises from the crystal field surrounding the Mn?* ions and is therefore sensitive to
the local polar environment of the host lattice. Upon the application of an oscillating
electric field, such crystal field is periodically perturbed, giving rise to a time-dependent
variation 0 D(t), following a rationale analogous to that described by Egs. and .
Crucially, however, these experiments were carried out under conditions, meaning the
measurements probed changes in spin population (polarization) rather than manipulating
spin coherence. This distinction is critical for applications in quantum information
processing, where the ability to coherently drive and detect quantum superpositions is
essential. Despite this, the possibility of achieving such control and detection purely

through electric fields remains underexplored.

In this work, we investigate the feasibility of performing pulsed [EDSR] that is, coherent
spin manipulation driven entirely by microwave electric fields, in a spin ensemble of
iron-doped ZnO. This system, closely related to that investigated in the previous chapter,
exhibits stronger atomic [SOC| and is therefore expected to display an enhanced spin-
electric coupling (Subsec. [[.2.1)). In contrast to the cw experiments described in Ref. [129)],
the present study may enable direct control and readout of spin coherence, rather than

polarization, by implementing an electrically driven Hahn-echo sequence.

The chapter begins with a characterization of the magnetic and electric properties of
Fe:ZnO, followed by the theoretical framework for the possible EDSR mechanism in this
system, specifically emphasizing the selection rules that differentiate it from conventional

ESR. Before presenting the experimental results and analysis, we describe the design
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Figure 4.1: (a) Experimental echo-detected field sweep of Fe3™:ZnO (with c—axis || By,
0 = 0°), recorded at 20 K using our home-built resonator operating at a resonance frequency
of ~ 14 GHz (see Sec. [4.3). The observed transitions are labelled in the Zeeman basis. (b)
Simulated energy-level diagram, highlighting the standard Amg = +1 transitions in red. (c,
d) Representative measurements taken at the |ms = 1/2 <+ 3/2) transition for the spin-electric
coupling (kp ~ 10Hz/(V/m)), and electron coherence time T5.

and performance of the custom-built cavity resonator used in these experiments, which
constitutes an adaptation of the rectangular cavity employed in Ref. [129]. Note that all
measurements were performed using the home-built broadband pulsed spectrometer

described in Subsec. [1.5.3

4.2 Spin and Electric-dipole Transitions in Iron de-
fects in ZnO

The system investigated in this chapter consists of trivalent Fe?* ions doped into the same
polar semiconducting ZnO crystal studied in Chapter [3| Like Mn?", Fe3T also possesses a
high-spin ground state with S = 5/2. However, in contrast to manganese, approximately
98% of naturally occurring iron isotopes are nuclear-spin-free, with only *"Fe having
I =1/2 [160]. Consequently, nuclear effects are generally negligible, as evidenced by the
experimental ESR spectrum in Fig. 4.1{a), which exhibits the five allowed Am, = £1

transitions without any hyperfine splitting. The effective spin Hamiltonian is therefore
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analogous to Eq. [3.1] except for the absence of nuclear terms

H =D (S, cosb + S, sinb)? + upgByS.. (4.1)
Here 0 is the angle between the crystal c-axis and the static field By. The simulated
energy-level diagram for § = 0° in Fig. 4.1b) reproduces the ESR transitions (red), from
which we extract an isotropic g-factor g ~ ¢., and an axial zero-field splitting
parameter D ~ —1780 MHz, in line with previous reports [161]. Note that this is
approximately 2.5 times larger than that of Mn?" ions, reflecting the stronger spin-orbit

coupling of Fe3t and, consequently, a potentially enhanced spin-electric coupling (SEC)).
ping ) q Y, ap y p ping

To further characterise the sample, we investigated both its coherence properties and
its (static) [SEC| Representative data for the |ms = 1/2 <+ 3/2) transition, taken at
20 K, are shown in Fig. |4.1{c) and (d). The spin coherence times are measured to
be in the range of a few tens to hundreds of us, which is qualitatively similar to the
values obtained for Mn?":ZnO. In contrast, the SEC is found to be roughly three times
stronger. The measurement is performed using the Hahn-Mims sequence with an E-field
device analogous to that described previously, generating fields of order ~ 1 kV/cm.
Across the spectrum, the extracted values for the SEC coupling constant range from
kp =~ 0.5 Hz/(V/m) for the central peak |ms; = —1/2 <> +1/2) up to kp ~ 20.5 Hz/(V/m)
for the outermost peaks |mg = 4+3/2 <> +£5/2).

Having established the electric-field sensitivity of the sample, and following the cw [EDSR]
results reported in Ref. [129], we now investigate in Fe:ZnO, assuming that the
same mechanism applies to this isostructural system. In that study, a resonant oscillating
electric field was shown to modulate the axial anisotropy parameter as D(t) = D(E = 0)+
dD(t). This effect originates from the crystal field created by the electrostatic environment
around Fe3", which determines both the anisotropy parameter D and an internal electric
dipole, both aligned along the crystal c-axis. The resulting time-dependent perturbation
of such field enters the spin Hamiltonian as ~ 6D (£)52, acting as an alternative oscillating

transition operator that can drive spin transitions under resonance conditions.
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More specifically, the interaction Hamiltonian, ﬁ?DSR(t), can be derived following
the discussion in Subsec. and it can be expressed as

HEPSR (1) = 6D (1) (SZ cos(0) + 5, sin(&))2
=fkp (Ei(t) - p) (S’Z cos(0) + S, sin(@))2 . (4.2)

Here, p denotes the direction of the electric dipole moment, while Kp is the intrinsic
coupling of the sample to ac electric fields. The amplitude of the oscillating perturbation
dD(t) = kpE;(t) - p thus depends on both the sample’s electric sensitivity and the degree

of alignment between the applied electric field and the polar axis.

From Eq. [£.2] one can straightforwardly prove that EDSR follows selection rules different
from those of conventional ESR. This becomes clear by setting § = 90° and aligning
the oscillating electric field with the dipole moment direction, E; || p, which maximises
the electric driving term (the configuration used in the experiment). Under these

conditions, this equation reduces to
N . ~ Ao D 2
Hi(0 = 90°,1) = Rp Ex ()53 = =7 Ea(1) (S¢+9)" (4.3)

This shows that #;(f = 90°,t) ~ 52, indicating that double-quantum (Am, = +2)

transitions can, in principle, be excited, unlike in conventional ESR.

To better illustrate the differences in selection rules between EDSR and standard ESR, we
simulated the orientation-dependent spectra for both cases (using Eq. for EDSR) at
various excitation frequencies. The results are presented in Fig. [£.2] In the ESR spectra
(left panels), the five resonances correspond to single-quantum transitions (Amg = +1),
whereas in the EDSR spectra, the prominent low-field peaks (absent in ESR) correspond
to double-quantum transitionsﬂ and are highlighted by the white rectangle in panel (d).
This assignment is supported by Ref. [129] and the simulations in Fig. 4.9(b), where
the relevant double transitions are indicated by blue lines. Another key feature of the
EDSR spectra is the pronounced angular dependence of the single-quantum (Amg = +1)

transitions, which disappear near 6 = 0° and 90°. This behaviour arises because, at § = (0°

'As noted, e.g., in Fig. some of these resonances are technically “triple” Amg = £3 transitions.
For simplicity, however, we will continue referring to them as double transitions.

97



4. Electric Dipole Spin Resonance

ESR

180

90

180

#-orientation (°)
O
()

180

90

200 400 600 00 400 600 800

800 2
Magnetic Field (mT)

Figure 4.2: Simulated ESR (left) and EDSR (right) orientation-dependent spectra, with the
magnetic field orientation defined by the angle 6 in Eq. Spectra are shown at C'—band
(7 GHz), X—band (9.7 GHz), and K,—band (14 GHz). Two key differences are observed: (i)
EDSR exhibits additional Amg = £2 transitions, absent in ESR and highlighted by the white
rectangle in panel (d); and (ii) EDSR shows a pronounced orientation-dependent intensity for
the Amg = £1 transitions near § = 0°(180°),90°, unlike ESR.

(or 180°), Eq. 4.2| reduces to 52, which commutes with the Zeeman term and thus forbids
Amg = 1 transitions. As the orientation deviates from these extremes, contributions
from Sg and cross terms such as S’xS’z break this commutation, enabling both double- and
single-quantum transitions. When the field lies perpendicular to the c—axis (f = 90°), the
Hamiltonian is dominated by é};, connecting only states differing by Amg = £2; as a result,

single-quantum transitions vanish while double-quantum transitions are fully allowed.

Distinguishing EDSR from conventional ESR relies on achieving sufficient spectral
separation between the single-quantum and double-quantum transitions. At 7 GHz (C-

band, Fig. , top row), these transitions are close in field and partially overlap, making
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their identification challenging. Increasing the excitation frequency improves separation
because single-quantum transitions generally occur at higher magnetic fields, where
the Zeeman term dominates over the zero-field splitting, resulting in an approximately
linear dependence on field (hf ~ gupBy). In contrast, Amg; = +2 transitions are
influenced more strongly by D, which is independent of By, so their positions shift less
with increasing frequency. As a result, higher excitation frequencies progressively separate
the single- and double-quantum transitions, enhancing spectral resolution. This trend
is evident at 9.7 GHz (middle row), where the transitions are more clearly resolved,
although some overlap still remains. At 14 GHz (bottom row), the separation is sufficient
to unambiguously identify the double-quantum transitions and assign them confidently
to EDSR. Higher frequencies would further improve this separation but at the cost of
reduced sample spaceﬂ, which can limit sensitivity, particularly in a magnetically dilute
system like the one studied here. In the next section, we outline the design criteria and

considerations for the custom-made cavity resonator used to excite EDSR.

4.3 Reentrant Cavity Resonators for EDSR
4.3.1 Design Criteria

When designing a resonator for [EDSR] several criteria must be considered:

(i) Resonance frequency and sample volume. The resonance frequency must be
sufficiently high to spectrally separate the Am, = +1 from the Am, = +2
transitions, thus allowing standard ESR signals to be distinguished from EDSR-
specific contributions. However, higher frequencies are typically achieved by smaller
resonators, which constrains the available sample volume and can reduce sensitivity.
For Fe:ZnO, this consideration necessitates operation in the K, band (12-18 GHz,
corresponding to wavelengths A ~ 1.5-2.5 cm), as illustrated in Fig. .

(ii) Field distribution. The electric and magnetic field components must be spatially
separated to enable an unambiguous distinction between EDSR and ESR, since in

certain operating conditions their effects can appear identical (see Subsec. 4.4.1)). In

2As the resonance frequency generally increases with decreasing cavity dimensions.
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Figure 4.3: Finite-element simulations comparing the electric (left) and magnetic (right) field
distributions of the TMy;o mode in four resonator geometries: (a) standard cylindrical, (b)
single-reentrance, (c) double-reentrance, and (d) tapered-conic-reentrance. In all reentrant
designs, the magnetic field is concentrated around the central post(s), while the electric field
is confined to the capacitive gap, resulting in reduced electric mode volumes compared to the
standard cylindrical cavity of comparable size. Resonance frequencies and corresponding electric
mode volumes are: (a) (14.33 GHz, 4.53x1072)3); (b) (8.76 GHz, 1.30x107°A3); (c) (10.53 GHz,
2.36x1075X3); (d) (7.80 GHz, 6.48x1075)3).

practice, cavity designs should minimise the local magnetic field while maximising

the electric field at the sample position.

(iii) Electric mode volume. Efficient coupling to the electric field requires minimizing
J av (B2 <(x)
[E(rmax)[* €(rmax) ’

Eq. [1.51] In fact, a smaller Vg indicates stronger field confinement at the sample

the electric mode volume, defined as Vi = analogous to Vg in
site. Following Ref. [91], Vg can be expressed in units of the cube of the vacuum
wavelength at resonance, A3 (Fig. [4.4]), which provides a frequency-independent

figure of merit and enables direct comparison between resonatorsﬂ

3Expressing Vg in units of A% normalises out the frequency dependence, since for a given resonator
geometry Vi o A3 oc f73, allowing direct comparison between resonators operating at different
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(iv) Geometric factor. Finally, a high quality factor @, or equivalently a material-
and coupling-independent geometric factor G (Eq. , is desirable. High G is
particularly important in operation, where it improves sensitivity by narrowing

the resonance linewidth and enhancing field strength per unit input power.

To excite EDSR efficiently, we employ a reentrant cavity resonator, a hybrid design that
combines the high filling factor of loop-gap resonators with the well-defined modes and
robustness of conventional cavities. It consists of a central conducting post extending
toward the bottom wall, leaving narrow capacitive gaps. In this geometry, the magnetic
field circulates around the post, while the electric field is confined to the gap (Fig. |4.3{(b)).
This spatial separation naturally accommodates different modalities: in ESR the sample
is placed at the base of the post, where the magnetic field antinode lies, whereas in EDSR
the optimal location is at the top of the capacitive gap, i.e., the electric field antinode.
Fig. shows the fundamental TMg;q modeﬂ in four geometries: a standard cylindrical
cavity (a), and single-post (b), double-post (c), and tapered-conic (d) reentrant designs.

To benchmark the different geometries and identify the most suitable design for our
experiments, we performed finite-element modelling (FEM) simulationsﬂ of the three
reentrant resonators, alongside a standard cylindrical cavity for comparison. In particular,
we focused on point (iii) and (iv), i.e., the electric mode volume and the geometric
factor. The results are summarised in Fig. [£.4] where each marker corresponds to a
simulated cavity with varying dimensional parameters, and colours distinguish between
the different geometrical designs. All simulations were constrained to cavities resonating
within the K,-band, with physical dimensions compatible with the cryostat and probe

limitations (cavity diameter < 3cm).

From these simulations, and in line with Ref. [91], introducing a central reentrance
substantially reduces Vg and moderately enhances the geometric factor, compared with

standard cylindrical cavities (black markers). This highlights the advantages of reentrant

frequencies.

4In cylindrical cavities, the TMg1o mode is the lowest-order transverse magnetic mode, widely used
because it produces a strong, uniform fields.

5Using the COMSOL Multiphysics software package in the AC/DC module.
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Figure 4.4: (FEM Simulations) A comparison of the four cavity geometries discussed in the
main text, plotted as a function of the geometric factor, GG, and the electric field mode volume,
VE. FEach marker corresponds to a simulated resonator with different dimensional parameters
(all simulated cavities resonate in the K, band and cavity diameter < 3 cm), while marker
colours indicate different cavity geometries. Colour Legend: Yellow: conic reentrance; Blue:
double reentrance; Red: single reentrance; Black: standard cylindrical.

designs for strengthening spin-microwave coupling. Among the reentrant geometries,
the tapered conic design achieves the most compact mode volume (up to two orders of
magnitude smaller than the standard cylindrical case), while also providing improved
spatial separation between electric and magnetic field antinodes. By contrast, double-

reentrance cavities tend to yield slightly higher geometric factors.

In selecting the optimal resonator, the coupling between the microwave feedline and
the cavity must also be carefully considered. While many coupling schemes have
been developed [92], for this proof-of-concept study we adopted a slot-in-waveguide
configuration (see Fig. . In this approach, the cavity is coupled to a waveguide through
a narrow aperture (slot) milled into one of the waveguide walls. The electromagnetic
energy leaks through this aperture, and both its position relative to the resonator
and its area determine the strength of the coupling. By selecting a waveguide that
supports a mode structure compatible with that of the cavity, efficient energy transfer

can be achieved with minimal reflection or field distortion. Although this geometry
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Figure 4.5: (Experimental) Resonator profile of the brass reentrant cavity measured with
a vector network analyser, showing a resonance at ~ 14.1 GHz. Inset: Scaled schematic of
the cavity geometry, including the 0.5 mm x 3 mm coupling slot connecting the cavity to the
waveguide.

does not easily allow fine tuning of the coupling strength (see next section), it provides
a mechanically robust interface that minimises perturbations to the resonator field

distribution and helps reduce dielectric losses.

In practice, we fabricated both the tapered-conic and the double-reentrance geometries.
However, in neither case were we able to observe a clear reflection profile from the cavity.
We attribute this to insufficient coupling efficiency. For slot-in-waveguide coupling to be
effective, the waveguide must be aligned with a magnetic-field antinode in order to drive the
mode. In the tapered-conic geometry, the relevant antinode lies too close to the reentrance
to be properly accessed, while in the double-reentrance design the antinode is distributed
between the two posts, resulting in a weakened coupling. After these considerations,
we opted for and constructed a single-reentrance cavity. This design offers a balanced
compromise: a lower mode volume and higher geometric factor than the standard
cylindrical cavity, together with stronger coupling than the tapered-conic and double-

reentrance variants. In the next section, we present the characterization of this final design.
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4.3.2 Characterization of the Reentrant Cavity

The single-reentrant cavity used in the experiments was machined from brass, with a
radius of 7mm and a height of 3mm. The central reentrance extends 1 mm from the
base and has a radius of 4mm. A schematic of the structure, drawn to scale, is shown in
the inset of Fig. [4.5] The main panel displays the measured resonator profile obtained
with a vector network analyser, showing the fundamental resonance at 14.1 GHz, in line

with the FEM-predicted value for the TMg9 mode (within 2%).

Once the geometry was fixed, the coupling aperture was designed to set the interaction
between the cavity and the microwave feedline. As discussed in Sec. critical coupling
is ideal for cw experiments, while over-coupling is preferable for pulsed operation. In
our case the coupling is not tunable: implementing an iris bolt, as in commercial ESR
systems, would require drilling into the microwave components and could compromise
their integrity. We therefore aimed for an intermediate regime between critical and
over-coupling, allowing operation in both modes without adjustment. This choice
inevitably reduces cw efficiency compared to true critical coupling and produces longer
ring-down times than in strongly over-coupled systems. However, these trade-offs are
minor in practice: cw data serve only for rapid sample characterization, while in pulsed
experiments the electron coherence times 75 of tens of us at the relevant temperature

easily accommodate the longer defence pulses (see Sec. .

The coupling slot dimensions were optimised through a trial-and-error approach, since the
coupling strength is highly sensitive to manufacturing tolerances and FEM simulations
can provide only approximate guidance [92]. The final aperture, 3 mm wide and 0.5 mm
high (see inset of Fig. , is relatively small compared to the overall resonator size,
which helps preserve the cavity’s mode symmetry. All results presented in the following

sections were obtained using this resonator design and coupling configuration.

To confirm that the resonator supports the TMg;o mode predicted by FEM simulations,
we probed its B;—field distribution using a standard ESR test sample, dilithium phthalo-
cyanine (LiyPc, S = 1/2,g ~ g.), whose molecular structure is shown in Fig. [4.6]a).

This compound provides a strong ESR signal while being insensitive to electric fields,
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Figure 4.6: The ESR spectra of LisPc, measured with the home-built reentrant resonator.
The molecular structure is shown in the right inset. Spectra are recorded with the sample
placed at the top (a) and on the side (b) of the reentrance. The latter configuration produces a
signal nearly fifty times stronger, reflecting the substantially higher magnetic field amplitude at
the cavity base, in agreement with FEM predictions.

making it an ideal probe of magnetic fields. Continuous-wave detection| was employed
while placing the LisPc sample at different positions within the cavity. Fig. shows
the resulting spectra for placing the sample at the top (a), and at the base (b) of
the reentrance, corresponding to the expected magnetic- and electric-field antinodes

of the TMy;p mode, respectively.

The standard ESR signal measured at the cavity base is approximately fifty times stronger
than that detected at the top, in agreement with the expected spatial distribution of the
microwave magnetic field. Importantly, as shown by the simulations in Fig. [4.2] the ratio
between the double-transition intensities around 6 = 90° for and standard ESR
is predicted to be four to five orders of magnitude (see the inset in Fig. [4.13(c)). This
implies that any experimentally observed double transitions around those #—orientation
are highly unlikely to originate from conventional ESR excitation. In both measurement
positions, the microwave power was carefully adjusted to prevent signal saturation,
ensuring a reliable comparison of the relative intensities. The weak residual signal
observed when the sample is positioned at the top (left inset in Fig. [4.6(a)) is attributed
to the finite dimensions of the sample, which result in partial overlap with regions where

the mw magnetic field does not vanish completely.

6Since the cavity is made of brass, slow field modulation (a few hundred Hz) is necessary to ensure
full penetration of the modulation field.

105



4. Electric Dipole Spin Resonance

0r \/ —— b
3 I
%)
£-10+ :
.2
3
T-15+ — No sample i
e — Top of the reentrance
Side of the reentrance
20 I I I I I I ]
13 13.2 13.4 13.6 13.8 14 14.2

Frequency (GHz)

Figure 4.7: Resonator profile of the home-built reentrant cavity at room temperature measured
without a sample (blue), and with a 2 mm x 2 mm x 1 mm ZnO crystal placed at the cavity base
(green), or at the top of the reentrance (red). The pronounced frequency shift and reduction in
Q-factor observed in the latter case are consistent with the stronger electric field in the cavity’s
gap. Shaded regions indicate the resonant frequency range predicted by FEM simulations,
accounting for manufacturing tolerances of £0.015 mm.

Another important consideration is the effect of dielectric losses introduced by our polar
Zn0O sample, which has dimensions 2 x 2 x 1 mm? (as the sample is diluted, it must be
spatially extended to ensure sufficient signal) and an anisotropicm electric permittivity
e, = {10,10, 12} [162]. Fig. compares the resonator response in three configurations
at room temperature: unloaded (blue), with the ZnO sample placed at the top of the
reentrance (red), and at its base (green). When positioned at the top, the sample produces
a pronounced shift (resonance at ~ 13.1 GHz) and broadening of the resonance. This
arises from the high-dielectric of ZnO, which modifies the local electromagnetic field
distribution within the cavity when placed in high F-field regions, leading to changes in
the spin-cavity coupling and a resulting shift of the resonance frequency. FEM simulations
quantitatively reproduce this behaviour, with the expected resonance-frequency ranges

(accounting for machining tolerances of £0.015 mm) shown as shaded regions.

Finally, we address the design of the probe, i.e., the structure to which the resonator
is attached when inserted into the cryostat. The probe provides mechanical support,
maintains vacuum integrity, and enables controlled rotation of the resonator for orientation-

dependent measurements; its schematic is shown in Fig. [1.8 At the top of the assembly

"Originating from the Wurtzite crystal structure.
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Figure 4.8: Main: Probe structure used in the experiment, as described in the main text.
Right inset: Cross-section of the SMA-waveguide adapter converting the coaxial TEM mode
into the rectangular TE mode. Left inset: Vacuum seal at the top of the probe, clamped
to the cryostat to maintain vacuum, while allowing probe rotation for orientation-dependent
EDSR/ESR measurements.

(outside the cryostat), a vacuum seal secures the probe to the cryostat body, while an
O-ring ensures airtight closure and supports a central pillar (red component in the left
inset). This pillar, which connects directly to the resonator, is hollow (SMA hole) to

accommodate the coaxial SMA cable delivering the microwave signal to the cavity.

Below this section, the central shaft splits into four thinner pillars (each 1.5mm in
diameter) that extend to the probe base, where the resonator is mounted. This geometry
reduces the thermal load on the resonator by limiting conductive heat transfer, while its
mechanical stability is maintained by inserting intermediate stabilisers. At the bottom
of the probe (cross-section shown in the right inset), an SMA-to-waveguide adapter
(Pasternack WR-62 UBR140) converts the transverse electromagnetic (TEM) mode of
the coaxial SMA cable into the rectangular transverse electric (TE) mode supported by

the waveguide, which is directly compatible with the cavity mode.
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Figure 4.9: (a) Echo-detected field sweep at § = 90° with the sample positioned at the base of
the reentrance (magnetic-field antinode). The absence of low-field signals is consistent with the
simulations shown in Fig. 4.2l (b) Corresponding simulated energy-level diagram illustrating
the allowed standard ESR (red lines) and EDSR (blue lines) transitions at ~14 GHz.

4.4 E-field Driven Electron Transitions in Fe:ZnO

We employ our custom-built singly reentrant resonator to perform [EDSR] measurements
on a 2mm X 2mm X 1 mm Fe:ZnO crystal at 20 K. As a preliminary step, we verify
the expected ESR selection rules, namely that the probability of exciting Am, = £2
transitions is vanishingly small (Fig. [4.2(e)). To this end, a Hahn-echo sequence is
carried out with the sample positioned at the magnetic antinode, i.e., at the base of
the reentrance. The resulting spectrum at 8 = 90°, shown in Fig. M(a), displays only
single-quantum transitions, with no low-field features, in agreement with magnetically
driven ESR excitations. To ensure artefact-free detection, we account for the resonator’s
ring-down time, which becomes relevant due to the cavity not being fully overcoupled (see
Fig. 4.7, green trace). To mitigate this, a 2 us defence pulse (discussed in Subsec.
is applied following the m-pulse, thereby setting a lower bound on the interpulse delay,
7 > 2.0 us. For this reason, 7 is set to 5 us in all our measurements. This does not

represent a limitation for the present sample, as the total sequence duration remains
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Figure 4.10: Spectrum measured with a 2mm x 2mm x 1 mm Fe:ZnO sample placed at the
top of the resonator’s reentrance, i.e., the E-field antinode, with 8 = 90° at 20 K (f ~ 13.1 GHz).
As outlined in the main text, both Amg = £1 (red labels) and Amgs = £2 (blue) transitions
are observed. The former are attributed to magnetic-field leakages exciting standard ESR
transitions, while the latter may arise from EDSR or parallel-mode ESR (see next subsection).
The spin states involved in the transitions were identified via the simulated energy levels shown
in Fig. b). Left inset: Close-up of the low-field region (100-160 mT).

short compared to its spin coherence time at 20 K (73 ~ tens of us; Fig. 4.1{(d)).

To drive [EDSR] we reposition the sample at the expected electric-field antinode, located
at the top of the reentrance (Sec. . All other experimental parameters, including the
orientation § = 90°, are kept unchanged. The corresponding [EDFS|is shown in Fig. [£.10}
revealing two distinct sets of resonances. The high-field transitions (labelled in red) can be
readily identified as the single-quantum Am, = 41 transitions, occurring at the same field
positions as those observed previously (adjusted for the different excitation frequency).
In contrast, the low-field resonances (labelled in blue) indicate the occurrence of double-
quantum transitions. The labels in the figure specify the corresponding transition for

each observed peak, as determined from the simulated energy-level diagram in Fig. |4.9(b).

To clarify the nature of the low-field transitions, we carried out an angular-dependence
study by rotating the crystal from 6 = 90° to 30°. The complete set of orientation-
dependent spectra is presented in Fig. [A.8 (App. , while Fig. summarises
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Figure 4.11: Experimental (dots) and simulated (solid lines) resonant By-positions for the
low-field Amgs = £2 transitions (see Fig. for the full orientation-dependent spectra). As
discussed in the main text, the red signals at 8 < 50°, corresponding to the single-quantum
|ms = —5/2 <» —3/2) transition, likely originating from conventional ESR.

the corresponding resonant-By field positions extracted from these spectra, alongside the
simulated EDSR transition fields (solid blue lines) at 13.1 GHz. The low-field peaks can
be reliably tracked up to 6 ~ 40°-50°, beyond which the reduced signal-to-noise ratio
hinders precise identification. This trend is consistent with expectations: as the sample is
rotated away from # = 90°, the intensity of the Am, = 42 transitions diminishes, as seen
in the simulations shown in the right column of Fig. and in prior work [129]. The
close correspondence between the experimental and simulated resonance positions thus

provides strong evidence that the low-field features originate from double transitions.

However, despite this overall agreement, an important discrepancy arises: under purely
electric driving at around # = 90°, the same simulations predict that single-quantum
transitions should be absent, yet they clearly appear in the data of Fig. [£.10] This
suggests that the driving mechanism cannot be attributed to electric excitation
alone, but likely also involves a magnetic field that drives ESR transitions. In the next
subsection, we examine the origin of this magnetic coupling and discuss how it may

contribute to the observed Am, = +2 transitions.
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4.4.1 Magnetic-field Contributions to Double Transitions

To elucidate the mechanism underlying the previously described signals, we analyse how
the cavity field distribution is modified when a dielectric sample such as ZnO is placed
at the top of the reentrance. To this purpose, we performed FEM simulations of the
resonator both without and with the sample inserted, following the same approach used to
compute the expected resonance-frequency range in Fig. [£.7 The corresponding electric
(top) and magnetic (bottom) field distributions are shown in Fig. [1.12|(a, b). The observed
change between these two cases can be explained as follows. Owing to the dielectric nature
of the sample, the material becomes polarised in the presence of an electric field, inducing
bound surface charges that generate an opposing field. This results in a reduction of
the net electric field within the sample, analogous to the behaviour of a simple parallel-
plate capacitor, where E o 1/e, (see the field lines in the top panel of Fig. [1.12(b)).
Concurrently, the parasitic magnetic field intensity inside the sample increases (see right

inset in (b)) due to the redistribution of the electromagnetic field within the resonator.

We further compute the average electric and magnetic fields inside the sample as functions
of its relative dielectric constant and linear size, defined here as the crystal dimension
perpendicular to the c-axis (2mm in our case). The corresponding results are shown
in panels (c¢) and (d) of the same figure, respectively. As expected, increasing either
parameter reduces the internal electric-field strength while enhancing the magnetic field,
indicating that larger or higher-¢, samples favour magnetic driving at the expense of
EDSR. Thus, in principle, employing materials with lower dielectric constants or smaller
samples could mitigate this effect. However, a lower ¢, also diminishes the electric-
field coupling, since, as discussed earlier and in Ref. [129], the in defects in ZnO
is strongly linked to the crystal’s polar nature. Likewise, reducing the sample size
decreases the number of spins and therefore degrades the signal-to-noise ratio (SNR]).
While increasing the spin density could enhance the [SNR] without increasing the sample
volume, it would do so at the expense of shorter coherence times. These competing
considerations ultimately motivate the use of the present sample, which provides a

balance between signal strength and spin coherence.
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Figure 4.12: (a, b) Simulated electric (top) and magnetic (bottom) field distributions inside
the custom-made cavity without (a) and with (b) the ZnO polar crystal inserted. The high
dielectric constant of ZnO draws part of the magnetic field into the sample while repelling the
electric field. (c, d) Simulated average electric and magnetic fields inside the sample, respectively,
as functions of its size and dielectric constant. These simulations show that both magnetic-field
penetration and electric-field repulsion become increasingly pronounced as either parameter
increases.

As illustrated in the inset of Fig. M(b), the parasitic magnetic field inside the sample
forms circulating loops that follow the cylindrical symmetry of the cavity. As a result, the
local Bi(t) field has components in multiple directions within the plane perpendicular to
the c-axis, rather than being purely transverse. This geometry implies that, in addition to
standard ESR, parallel-mode ESR (parESR) can also contribute to the observed signal. A
more detailed picture of how both ESR and parESR arise in this configuration is presented
in Fig. [A.9 and discussed in App.[A.4.2] As briefly introduced in Subsec. [I.1.3, parESR
occurs when the oscillating magnetic field Bj(t) is aligned, rather than perpendicular,
with the static field By. For pure |ms) states, parESR does not induce any transitions
because its associated interaction term, 5B, (t)gz, commutes with the Zeeman Hamiltonian.

However, in systems with strong magnetic anisotropy, such as the axial zero-field splitting
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D in Fe:ZnO, and for 6 # 0°, the eigenstates become mixed at low Bj. As a result, the
spin states deviate from pure Zeeman levels and form superpositions of different |my)
components, thus relaxing the conventional selection rules Am, = 41 for magnetic driving
[163]. Crucially for our discussion, such mixing may enable parESR to drive otherwise

forbidden Amg = %2 transitions around 6 = 90° where state-mixing is maximised [164].

This behaviour is confirmed by the numerical simulations shown in Fig. [1.13(a, b), which
display the orientation-dependent spectra for (a) EDSR and (b) parESR. Due to the D-
induced mixing of spin states, both mechanisms give rise to Am, = +2 transitions, while
their single-quantum responses exhibit a comparable angular dependence, with vanishing
intensity around 6 = 0° and 90°. This angular trend suggests that the Am, = 41 peaks
observed in Fig. [£.10] at § = 90°, which are stronger than the double-quantum features,
are most likely driven by standard ESR. The similarity between EDSR and parESR arises
from the analogous symmetry of their respective driving terms, i.e., ~ 5D(t)g§ for EDSR
and By (t)gz for parESR. Consequently, the mere observation of Amg, = 42 transitions,
or variations in the intensity of Am, = +1 features with 6, cannot, per se, be regarded
as definitive evidence of electrically induced spin transitions (unlike in Ref. [129], where

the intensity change of the signal near § = 0° provided direct confirmation of EDSR).

Since a qualitative identification of the possible driving processes cannot be established
with certainty, a quantitative comparison of amplitudes may offer a more reliable means
of determining the dominant contribution. To this end, we carry out simulations that
combine the interaction Hamiltonian with the FEM-simulated field strengths inside the
sample. As outlined in App. we first compute the electromagnetic fields (as in
Fig. and then determine the corresponding Rabi frequencies, w =~ (4| H' (t)[1);),
where H! (t) denotes the interaction term for standard ESR, parESR, and EDSR, expressed
in terms of the appropriate spin operators and magnetic or electric fields (see Tab.
for details). Focusing on the Am, = +2 transitions, we find that the standard ESR
contributions are (exactly) zero at # = 90° and generally four orders of magnitude
weaker than those of EDSR and parESR, as shown in the inset of Fig. 1.13|c) for,

e.g., 8 = 85°. This effectively rules out standard ESR as the source of these signals.
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Figure 4.13: (a, b) Simulated orientation-dependent spectra for EDSR and parallel-mode
ESR (parESR). Both mechanisms display Amg = +2 transitions (highlighted by the white
rectangles) and show similar angular dependence for the Am; = +1 excitations, vanishing
around # = 0° and 90°. (c) (Simulations) Quantitative comparison of the double-quantum
transition intensities (Rabi frequencies) at § = 90° for EDSR and parESR, normalised to the
maximum parESR value, showing a ratio of ~ 1:5. Standard ESR is effectively zero at this
orientation and remains significantly weaker at nearby angles (see inset). The analysis details
are provided in App.|A.4.2l (d) When the c-axis is aligned with By, both parESR and EDSR
vanish, and standard ESR dominates.

Conversely, when the c-axis is aligned with B, (panel (d)), parESR and EDSR vanish
while ESR dominates. These results suggest that the strong signal in Fig. [A.§] for
6 < 50° (red dots in Fig. , predicted to correspond to the Am, = +1 transition
|ms = —5/2 <> —3/2), likely arises from standard ESR.

Comparison between EDSR and parESR, however, is less straightforward. For orientations
~ +45° from 6 = 90°, where the Am, = £2 response reaches its maximum (highlighted
by the white rectangles in Fig. 4.13((a, b)), the ratio of the calculated Rabi frequencies
for EDSR and parESR is approximately 1:5, as shown in Fig. [4.13(c) for § = 90°.
This suggests that the observed signals in Fig. are likely dominated by parESR,

though a contribution from EDSR cannot be entirely ruled out. Given the current
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experimental set-up and sample properties, it remains challenging to unambiguously
attribute the observed double-quantum transitions to either purely electric-field-driven

or parasitic magnetic-field-induced processes.

Although our data are consistent with the observation of Am, = 42 transitions, the
dominant driving mechanism, whether primarily EDSR or parESR (with the latter likely
contributing most), cannot be determined unambiguously. This uncertainty arises from
two factors in Fe:ZnO: (i) the polar nature of ZnO, which enhances electric-field sensitivity
but, at the same time, amplifies parasitic magnetic fields within the sample, and (ii) the
large magnetic anisotropy, which mixes spin states and enables non-zero parESR transition
probabilities with angular dependencies similar to those of EDSR. In the final section
of this chapter, we outline potential strategies to disentangle these contributions and

propose future experiments aimed at achieving electric control of electron-spin coherence.

4.5 Conclusion & Future Directions

In this chapter, we have described the development and implementation of an experimental
protocol to investigate ensemble EDSR using Fe substitutional defects in a wurtzite ZnO
crystal. A key challenge lies in managing the interplay between the dielectric properties
of the sample and the resonator’s field distribution. On one hand, the relatively large
dielectric constant of ZnO enhances the electric sensitivity of the spin system, which is
advantageous for driving EDSR. On the other hand, this same property also distorts the
cavity mode structure, introducing parasitic magnetic fields at the electric-field antinode
(precisely where the sample must be placed to perform EDSR). Compounding this issue
is the strong axial anisotropy D of Fe:ZnO, which mixes the spin eigenstates at low-fields,
thus modifying the selection rules. As a result, double-quantum transitions, normally
forbidden in conventional ESR, become allowed via parallel-mode ESR. Indeed, our
measurements show signals consistent with such double transitions. However, based on
angular dependence and simulations, we cannot unambiguously determine the dominant
driving mechanism. While our analysis points toward parESR as the primary driver, a

partial contribution from electric driving via EDSR cannot be fully ruled out.
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Future experiments should aim to mitigate these limitations. One promising approach is
to use samples where the spin-electric coupling does not depend on the polar nature of
the host lattice. Molecular magnets with intrinsic high electric sensitivity embedded in
a diamagnetic matrix represent an ideal candidate. These systems combine significant
with a non-polar environment, thereby minimizing dielectric effects that distort the

cavity field distribution and enhance parasitic ESR contributions.

This strategy, however, faces two major challenges. First, molecular systems typically
exhibit shorter coherence times, although these may be extended through targeted
chemical design [60]. Second, their spin Hamiltonians are generally more complex,
necessitating a detailed understanding of how the relevant parameters respond to an
oscillating electric field. Ideally, one would study a system with a spin Hamiltonian as
straightforward as that of Fe:ZnO, where the electrically modulated terms and their
effects are well characterised. An additional complication is that, while EDSR transitions
have been demonstrated in Mn:ZnO [129], they have yet to be observed in molecular
samples. Consequently, whether strong static SEC in molecular systems can be harnessed

to enable EDSR remains an open question.

Another possibility is to redesign the resonator to improve the spatial separation between
electric and magnetic fields, even in the presence of a sample with strong dielectric
properties. One design under consideration is a loop-gap resonator featuring a single
gap and two loops, with an adjustable loop coupler integrated into either loop. In this
geometry, EDSR transitions would be driven by placing the sample within the gap, whose
width can be reduced to closely match the sample dimensions. The primary advantage
of this configuration lies in the ability to fabricate wide capacitor plates, potentially
enhancing the separation of electric and magnetic fields. However, practical constraints
arise from the limited volume available within the cryostat, as well as the requirement to
maintain resonance within the desired frequency range (at least K,). These challenges

must be carefully addressed for the design to be experimentally viable.

Regardless of the sample or the resonator design, a potential way to disentangle EDSR from

ESR contributions would be to perform measurements in which the relative orientation
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a between the applied oscillating field E;(¢) and the sample’s polar axis p can be
systematically varied. If the transitions are driven electrically, the signal intensity should
follow a sinusoidal modulation arising from the (Ei(t) - p) ~ cos(c) term in Eq. [1.2]
By contrast, no such controlled modulation is expected if the transitions are driven
purely ESR. A practical implementation would involve a setup in which the sample
remains fixed within the cryostat, while a (e.g., loop-gap) resonator can be mechanically

rotated with respect to the crystal axis.

117



This work is part of a manuscript in preparation for publication.

Electric-field Control of Lanthanide-based
Molecules

5.1 Spin-Electric Coupling in Lanthanide-based Com-
pounds

In this chapter, we investigate the electric-field control of lanthanide-based molecular
nanomagnets and outline a proposal for their use in multi-qubit architectures. Lanthanide
ions are appealing for this purpose due to their strong spin-orbit coupling , arising
from large atomic constants A in H5°¢ = A\S . L. As shown in Eq. , electric-field-
induced variations in spin parameters scale directly with A, as, e.g., D59C(E) = A2 §A(E),
implying that the response is strong in lanthanides, where the magnetic anisotropies
originate primarily from SOC rather than spin-spin interactions [165]. Such SOC-mediated
enhancement enables high electric sensitivity and has inspired both theoretical [166] and

experimental |29, |30] studies exploring the electric control in these systems.

The strength of SOC in lanthanides originates from two factors [5]. First, the SOC constant
A scales with the atomic number Z as Z*, meaning that heavier elements exhibit much
stronger SOC than lighter ones. Second, the extent to which orbital angular momentum is

quenched depends sensitively on the radial distribution of the valence orbitals. In fact, in
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transition-metal ions, the 3d orbitals are spatially extended and poorly shielded, leading
to strong interactions with the surrounding crystal field (CF). This CF splitting dominates
over SOC and suppresses the orbital angular momentum L that would otherwise be
expected from Hund’s rules. By contrast, lanthanide ions are typically found in the
trivalent state (e.g., Ho*") [167]. Their valence electrons occupy 4f orbitals that lie closer
to the nucleus and are effectively screened by the filled 5s and 5p shells. As a result, the
influence of the CF is significantly reduced, allowing the orbital angular momentum to

remain largely unquenched, with SOC thus remaining the dominant interaction.

This physical picture can be formalised following Ref. [5]. In 3d ions the Hamiltonian
is largely governed by the crystal-field interaction, H3d ~ 7:lCF, which arises from
Coulomb interactions with surrounding charges and is therefore real in position space.
Its eigenfunctions can accordingly be chosen real, |1)3¢) € R, whereas the orbital angular
momentum operator, L = —iAr x V| is purely imaginary. Any nonzero matrix element
(34| L|*?) would therefore be imaginary, in conflict with the requirement that Hermitian
operators such as L yield real expectation values. The only consistent conclusion is (L) = 0,

which explains the quenching of orbital angular momentum in 3d transition metals.

While strong SOC can enable efficient electric control, it also enhances the coupling to
environmental degrees of freedom, such as phonons [168, [169] and molecular vibrations
[170], thus introducing decoherence channelﬂ This challenge was one of the motivations
behind the experiment discussed in Chapter [2| where an organic molecule lacking heavy
atoms was used to suppress SOC-mediated relaxation pathways. An alternative strategy
is to operate at clock transitions ), where the energy levels are first-order insensitive
to fluctuations in external fields, thereby enhancing protection against environmental
noise and yielding significantly longer coherence times [69]. This approach, detailed in
the following section, provides a way to combine the potentially strong electric sensitivity

of lanthanides with improved coherence performance [30].

'Ref. [171] challenges this idea by showing that SOC is not always the dominant decoherence
source, comparing spin coherence across three monometallic (8d-5d) systems with varying SOC strength.
However, these findings have not been generalised to lanthanide complexes, or to all coordination
environments.
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5.1.1 Previous work: Clock Transitions in HoWy
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Figure 5.1: Left: Energy level diagram of the mj = +4 ground-state doublet in HoW1g. The
red vertical arrows indicate the four clock transitions between |mj = —4,my) < |my = +4, my),
while the light grey ones represent the absence of avoided crossings/CTs in the case of perfect
Dyq symmetry, i.e., Bf = 0. Right: Crystal structure of the [LnW1o] compounds, showing the
unit cell with two inversion-symmetry-related (and magnetically decoupled) molecules, along
with the two structural distortions that break the ideal Dy symmetry. Blue spheres represent
Ln ions; red spheres represent oxygen atoms. The left panel is adapted from Ref. .

The chemical synthesis of molecules exhibiting clock transitions, also known as zero-first-
order-Zeeman transitions , offers a promising strategy to alleviate such limitations
. These transitions are characterised by resonance frequencies that are, to first order,
insensitive to fluctuations in the external magnetic field . More precisely, at the
clock-transition field Bor, the resonance frequency f..s between two spin states satisfies:

d fres

=0. 5.1
5| (5.1)

Ber

Due to their inherent robustness against magnetic-field noise, C'Ts typically exhibit
significantly enhanced coherence times and reduced susceptibility to unwanted cross-talk,

both of which are highly advantageous for quantum information processing.

A notable example of a CT in molecular magnets is provided by the polyoxometalate
compound [Ho(W501g)2]"", hereafter referred to as HoWyg, embedded in a diamagnetic
matrix of Nag[Y;_,Ho,(W50;5)s]-35H,0 with 2 = 0.1%. HoWj has been extensively
investigated, as its clock transitions lie at X-band and yields a coherence time of Ty ~ 10 us

at 5 K (cf. Ty ~ 2 us at fields 5 mT away from the CT), or an order of magnitude

enhancement compared to similar systems [69, 178].
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The molecular structure is shown in the right panel of Fig. m, where the Ho?" ion is
represented as a blue sphere. The crystal unit cell contains two magnetically decoupled
anions related by inversion symmetry. Each individual anion closely approximates an ideal
D,q geometry. The Ho?' electronic configuration is 4 0 (°Ig), which, according to Hund’s
rules, yields a spin-orbit-coupled ground state with L = 6, S = 2, and total angular
momentum J = 8, characteristic of strong atomic SOCf] In addition, the only naturally
occurring isotope of holmium, %Ho, has a nuclear spin quantum number of I = 7/2,
giving rise to hyperfine coupling. The effective spin Hamiltonian for each molecule is then:

Hp, = S BOY+J-A-T+pg.Bo-J— pngyBo -1, (5.2)
k=2,4,6

where the first term corresponds to axial high-rank Stevens operators with B = D/3 =
18 GHz, B} = 209 MHz, and BY = 1.53 MHz (see App. for the full expression
of these operators). The (isotropic) hyperfine coupling constant is A = 830 MHz, and
the electronic g-factor is g. = 1.25 [69].

The energy levels corresponding to the ground-state doubletﬁ |mj = +4) in a perfectly
Dyg—symmetric environment are shown as grey lines in the left panel of Fig. [5.1} Thus,
the Hamiltonian in Eq. [5.2] alone does not produce any avoided crossings or clock
transitions. The missing term is a non-axial crystal-field of the form B0} ~ Ji
(tetragonal anisotropy), which arises from small deviations from the ideal geometry. As
illustrated in the figure, two such distortions are present: (i) each anionic moiety is
rotated by 44.2° relative to the other (rather than the ideal 45°), and (ii) the Ho®* ion is
displaced slightly from the molecular centre by a distance d = (h—h')/2 |165, 175]. These
deviations lead to the formation of four CTs with an energy splitting of approximately
B} = 94.2 MHz, which conveniently generate CTs in the X —band range. These are

shown as black lines in the energy-level diagram of the figure.

2In the presence of strong spin-orbit coupling, the total angular momentum J = L + S is used.

3 Although one might expect |m; = 48) under perfect D,y symmetry to form the ground-state doublet
in an axially symmetric crystal field, in HoW;¢ the mj = 44 levels are stabilised instead. This results
from the dominant interaction between the 4f electrons and the crystal-field component along the Ho-O
bond direction. See Ref. [165] for a detailed explanation.
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Liu et al. [30] demonstrated the (linear) electric modulation of the resonance frequency
at the CTs of HoW, using a Hahn-Mims echo sequence, providing an experimental
evidence of SEC in such systems. Their model proposes that the electric field primarily
modulates the B} parameter, motivated by the observation that the deviation from
perfect symmetry induces the tetragonal anisotropy and simultaneously break inversion
symmetry, which in turn generates an electric dipole moment. Their measurements
led to an estimated dBj(F) ~ 8.8 kHz (5.9 x1072 Hz/(V/m)) at an applied field of
roughly 1 kV/cm. Nevertheless, direct experimental confirmation that solely Bj is
modulated was not possible, since only transitions within the ground-state doublet
along the easy axis, largely insensitive to axial terms such as D, could be probed via
magnetic resonance. This limitation arises as the first excited doublet (m; = £5) lies

approximately 480 GHz (16 cm™!) higher in energy [175].

Building on this experiment, a theoretical proposal for electrically generating quantum
entanglement in a dipolar-coupled dimer of HoW;¢ molecules has recently been introduced
[179]. The significance and details of this proposal will be discussed in the last section
of this chapter. For now, it is worth noting that while the approach is promising, it
suffers from a notable limitation: the dipolar coupling between the two molecules is
always active. This leads to uncontrolled spin evolution outside the targeted operations,

ultimately impairing the application of such scheme in multi-qubit platforms.

This chapter is organised around two main themes. In the first part, we experimentally test
the hypothesis made by Liu et al. [30] concerning the origin of SEC in LnW;, compounds.
To this end, we employ a Hahn-Mims sequence on an isostructural analogue of HoWyq,
in which the Ho3* ion is replaced with Gd®**. Owing to its 4f7 electronic configuration,
Gd*t possesses S = 7/2 and L = 0 (*S7/2), resulting in significantly weaker anisotropies.
This facilitates access to transitions beyond the ground-state doublet, allowing a more
comprehensive investigation of the SEC mechanism. The second part of the chapter
introduces a novel mechanism for generating CTs, leveraging the competition between
spin anisotropy and the Zeeman interaction, and proposes a new approach to electrically

control these transitions beyond simply modulating their resonance frequency. This
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Figure 5.2: (a) Orientation of the molecular easy axis (2, inset) with respect to the laboratory
frame ({xr,yr,21}), with the sample aligned in the hard plane. As previously reported
, the static magnetic field By is misaligned from z,, by about 30°. The electric field (blue
arrow) was applied within the {zr, 21} plane, and its orientation was systematically varied.
(b) Representative data for the electron spin coherence time 7,, at 4 K, with all detected
transitions exhibiting T}, > 8 us, the interpulse delay in the Hahn-Mims sequence. The stretch
parameter o = 2.55 arises for nuclear spin flip-flop nearby the electron spin (see Subsec
(c,d) Experimental and simulated orientation-dependent ESR spectra, computed using the
Hamiltonian in Eq. [5.3] The easy-axis and hard-plane orientations are highlighted in (c).

discussion lays the groundwork for our proposal to use E-fields to manipulate spin-spin

interactions, addressing the always-on interactions challenge highlighted in Ref. |179].

5.2 Spin-electric Coupling in GdW;

Here we present the ESR and SEC characterization of the polyoxometalate molecular
anion GdWg, which is isostructural with HoW;q and embedded in the same host lattice.
Gd*T has a 4f7 electronic configuration, corresponding to S = 7/2 and L = 0. The
lack of orbital angular momentum in Gd** makes it an ideal model system for probing
crystal-field effects. This contrasts with HoWy, where magnetic anisotropy originates
primarily from atomic SOC, which is strongly suppressed in Gd**. As a result, GAW
exhibits much weaker anisotropy, allowing more spin transitions to be accessed via

magnetic resonance (unlike in HoWyy).
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Figure 5.3: Top: Simulated (red) and experimental (blue) ESR spectra for the easy-axis (a)
and hard-plane (b) orientations. The inset in (a) highlights two weak peaks whose signal-to-
noise ratio was insufficient for spin-electric coupling measurements. Bottom: Corresponding
energy-level diagrams, where the (Q-band transitions are indicated by vertical red lines.

The effective spin Hamiltonian for each GAWy, anion is given by [180]:
7:[de10 =D (Sf - S(S+ 1)) + BffOAi + 1pgeBo (S’Z cosd + S, sin 0) , (5.3)

where the fourth-order term Bfféjf captures the effects of tetragonal anisotropy arising
from local distortions around the lanthanide ion, analogous to HoW;,. The effect of
nuclear spins in GdWq is spectroscopically unresolved, and it is therefore ignored

in the following discussionf]

Using orientation-dependent ESR measurements on a single crystal at )-band (Fig. ,
we extract the parameters B} ~ 9.0 MHz, D ~ —3.7 GHz, and ¢ ~ g, the free-electron
g-factor; these are in line with previous investigations . The weak anisotropies
compared to Eq. is a direct consequence of the vanishing orbital angular momentum.
As in previous HoWyq studies [30} [69], a misalignment of approximately 30° between the
molecular easy axis and the applied magnetic field was observed, illustrated by the red

arrow labelled z,, in panel (a). Such offset originates from the crystallisation geometry,

4Roughly 30% of naturally occurring Gd is either *>Gd or %7Gd, both with nuclear spin I = 3/2.
However, no nuclear hyperfine features were observed in the ESR spectra.
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Figure 5.4: Representative data showing the modulation of the spin-echo intensity induced by
the electric field at peak B in the hard plane. Inset: Schematic of the parallel-plate capacitor
used to probe the SEC in GdWqy.

where the easy axis does not coincide with any crystal facet or edge [176], combined with
the limitation that our experiments employ only single-axis rotation. In the following, we
focus on two specific field orientations: one near the easy axis (with the aforementioned
30° misalignment, hereafter referred to as the "easy-axis" orientation), and the other
in the hard plane, i.e., with By oriented 90° from the easy axis. Experimental and
simulated spectra for both cases are shown in Fig. [5.3] alongside energy level diagrams

indicating the allowed ()-band transitions.

To characterise the SEC, we performed Hahn-Mims sequences on each labelled resonance
peak (three in the easy-axis and five in the hard-plane orientations), probing how electric
fields modulate the spin Hamiltonian parameters in Eq. [5.3] For this experiment, we
employed an electric-field probe similar to that used in Chapter [3| schematically shown
in the inset of Fig. 5.4l It consists of two parallel PCB plates, each coated with a thin
conductive layer (~ 100nm Au over ~ 20nm Cr), separated by 2mm. This design
generates electric fields up to ~ 2kV /cm at the sample site. However, unlike in Chapter ,
the sample is not affixed directly to the plates but is instead housed within a quartz tube
and inserted into a Bruker EN5107D2 resonator. This setup enables independent rotation

of the static magnetic field By and the electric field, as indicated by the (p-rotation in
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Fig. [5.2{(a). Consequently, one can maintain a fixed magnetic field orientation, e.g., in

the hard plane, while rotating the electric field.

Representative SEC data are shown in Fig. 5.4 taken at peak B in the hard-plane
orientation at 4 K with an E-field intensity of ~2 kV /cm. With an inter-pulse delay
of 7 = 8 us (< T, of the sample; see Fig. [5.2(b)), we observe a typical recovery of
the spin echo as the electric-field pulse duration is swept between 7 and 27, indicating
coherent modulation has been achieved. Notably, the SEC signal observed in GAW1 is
significantly weaker than that in HoWy, [30]. We attribute this difference to the much
weaker SOC and anisotropies in Gd*" relative to Ho®*", reinforcing the critical role of

SOC in enabling strong molecular SEC in lanthanide-based compounds.

The linearity of the SEC is checked by measuring the modulation frequency §f at a
fixed By and sample orientation, while varying the applied voltage across the capacitor
and recording the change in spin-echo intensity as a function of the electric field. The
resulting spin-echo modulation (similar to that in Fig. [5.4]) is then fitted to a | cos(d ftg)]
function, from which ¢ f is extracted. The modulation frequency as a function of the
applied voltage for peak B in the hard-plane orientation is shown in Fig. [5.5(a), exhibiting
a clear linear dependence (with slope ~ 80 Hz/v), as expected from the broken inversion

symmetry in the GdWiq anionsﬂ

We further measured ¢ f as a function of the angle ¢ between the applied E-field and
the z-axis in the laboratory frame (Fig.[5.2(a)), with ¢ = 0° corresponding to E L B,.
Fig. 5.5(b) shows the angular dependence for peak B in the hard-plane orientation,
together with a | cos(p)| fit, consistent with previous observations [30]. The maximum
at ¢ = 0° and the vanishing signal at ¢ = 90° (E' || By) indicate that the molecular
electric dipole moment lies in the {x,y.} plane. This is broadly consistent with DFT

calculations in Ref. [30], which predict the dipole to roughly align along one of the the

5Since there are two inversion-symmetry-related anions per unit cell, the application of an electric field
induces equal and opposite phase shifts, +§ ftg, in each anion. As discussed at the end of Subsec.
this implies that, despite the sample being an oriented single crystal, the linearity of the response can be
inferred from the absence of a quadrature signal, as previously demonstrated for disordered ensembles
(Chapter . Although not shown here, this behaviour has been experimentally confirmed for GAW1g.
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Figure 5.5: (a) Linearity of the SEC effect demonstrated by measuring the resonance frequency
shift §f for peak B in the hard-plane orientation under varying applied voltages. (b) Angular
dependence of §f at the same peak as the electric field is rotated from ¢ = 0° (E L By, along
the xp-axis in Fig. [5.2(a)) to ¢ = 90° (E || By, along the zp-axis). (c, d) Experimentally
measured J f values (black) compared with the three simulations described in the main text.

Ho-O bond. A definitive determination of the dipole orientation in the molecular frame

would, however, require a two-axis E-field study, which lies beyond the scope of this work.

After fixing the F-field orientation relative to the sample to maximise §f (¢ = 0°),
we repeated the SEC measurements for all eight resonance peaks. The resulting shifts
are shown in Fig. [5.5(c,d) for both the easy-axis and hard-plane orientations. These
data reveal that the SEC modulation in the hard-plane orientation is approximately

four to five times larger than in the easy-axis case.

To test the hypothesis by Liu et al. [30] regarding the origin of SEC in LnW; compounds,
we assume that both anisotropy parameters in GAWy, (D and Bj}) are susceptible
to electric-field modulation. We expect transitions in the easy-axis orientation to be
more sensitive to variations in the axial anisotropy D, while those in the hard plane
should predominantly reflect changes in Bf. In fact, when By is aligned close to the
easy axis, the wavefunctions |¢;) are approximately eigenstates of S, (or 5’3), resulting

in dominant contributions from the axial anisotropy term to the spin energies, i.e.,
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| (3| DS2)4b;)| > (03| BEOA|1)|. In contrast, when By is rotated away from the easy axis,
the eigenstates acquire significant S, and S’y components. In this basis, the operator
Oﬁ yields first-order contributions to the energy levels, making them more sensitive

to electric-field-induced modulations in Bj.

To model this, we performed simulations in which the anisotropy terms were modulated
as B{(F) = B}(0) + 6Bj(F) (and similarly for D). A search algorithm (see App.
was used to determine the shifts D and 6Bj that best matched the measured §f
values. The simulated data are overlaid with experiment in Fig. [5.5(c,d), showing three
cases: both parameters modulated (red circles), only Bjf varied (magenta triangles),
and only D varied (blue stars). The best-fit values at an applied field of 2 kV /cm were
(6B},0D) = (3.00 kHz, 7.37 kHz) (or, alternatively, 1.50 x1072 Hz/(V/m), 3.69 x1072
Hz/(V/m)), 6B} = 3.20 kHz (1.60 x10~2 Hz/(V/m)), and 6D = 16.39 kHz (8.19 x10~2
Hz/(V/m)), respectively. While the SEC strength in GAWy, is overall weaker than in
HoWig, the extracted shifts in spin-Hamiltonian parameters are comparable. This is
likely due to the difference in SOC: in GdW1q, the eigenstates are less susceptible to the

same level of anisotropy modulation due to the zero orbital momentum.

In both orientations, the best agreement with experiment was obtained (unsurprisingly)
when both anisotropy terms were allowed to vary. In this case, all simulated values
fell within experimental uncertainties. In the hard plane, varying Bj alone reproduced
the measured shifts well, while changing only D resulted in shifts about three times
too weak. The opposite held true in the easy-axis orientation: modulating only D
provided reasonable agreement, while variations in B} alone were insufficient. These
modulation parameters were extracted by minimising the weighted residuals using the
search algorithm outlined in App. The previous analysis indicates that, while
the tetragonal anisotropy Bj is the dominant contributor to SEC in GdW, (as SEC
is stronger in the hard plane), the axial anisotropy also plays a non-negligible role.
This nuanced picture contrasts with the simpler hypothesis proposed in Ref. [30] and

underscores the rich physics of SEC in polyoxometalates.
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5.3 Electric Control of Clock Transitions

Having established the spin parameters involved in the SEC in GdWy, we now turn
to alternative strategies to generate and electrically control [CTk, laying the theoretical
foundation for our proposal in Sec. [5.4]

To understand the modalities by which CTs in spin systems can be electrically controlled,

we begin by considering the simple axial Hamiltonian for S > 1 systems:
HO = Dgf + 1pgBoS., (5.4)

where we have neglected the S(S + 1)/3 term from Eq. [1.14] as it contributes only a
constant energy shift and is irrelevant to the present discussion. The eigenstates of HO
are the pure |mg) states, with corresponding energieﬂ Emg = Dm? + upgBymsg. Since
all terms in H© commute with SZ, these eigenstates do not mix. As a result, when two
levels intersect at specific values of By, the crossings remain exact rather than avoided.

In other words, the spectrum of a purely axial Hamiltonian does not exhibit CTs.

To generate CTs, the Hamiltonian must include terms that do not commute with 7:[(0),
i.e., non-axial contributions. The first route is through lowering the symmetry of the
spin system, which introduces terms such as the transverse zero-field splitting £ (S’i — 5’5)
from Eq. [[.14 As discussed in Sec. [5.2] this mechanism is responsible for CTs in
HoW,g, where the tetragonal anisotropy term Bf,fOAff produces avoided crossings. This is
corroborated by the simulations in Fig. from Ref. [69], which show that CTs appear
only when this anisotropy is included. We refer to these as intrinsic CTs, as they originate
from the symmetry properties of the spin system. In GdWj,, although a tetragonal
anisotropy is present, it is more than an order of magnitude weaker than in HoWyj.
Consequently, CTs appear at significantly lower resonance frequencies, lying outside the
conventional X- and K,-band windows, and thus necessitating larger, lower-frequency

resonators (see Fig. in the Appendix).

6The exact form of the eigenvalues depends on the spin quantum number S. However, changing S
only rescales the scalar prefactors of D and uggBy, which does not affect the overall argument.
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Figure 5.6: (Simulations) Electric-field-induced shift of the CT field position, é Bor(E), for
(a) the intrinsic CTs along the easy axis of HoWjg and (b) the extrinsic CTs in the hard plane
of GdW1g. The simulations were obtained by varying the B} parameter (top axis) and tracking
the corresponding CT position. In the former case, § Bor(E) remains unaffected by the electric
field, whereas in the latter it exhibits a linear dependence, consistent with the discussion in the
main text. Insets: Schematic representation of the modulation of (a) the resonance frequency
and (b) the CT field position.

A second mechanism to induce CTs is by tilting the static magnetic field By away from
the principal symmetry axis. This introduces a term of the form uggBjsin S, where
0 is the angle between the applied field and the symmetry axis. Such a perturbation
is equivalent to introducing a transverse contribution, i.e., a non-diagonal term in the
spin Hamiltonian. In this case, the CT frequency depends on the (controllable) tilt angle
0 (Fig. , and we therefore refer to these as extrinsic CTs, since they are mostly
due to external experimental conditions rather than by the intrinsic symmetry of the
spin system. An example relevant here is the case of GAWq in its hard plane, whose

energy levels and corresponding CTs are displayed in Fig. [5.7]

Two distinct mechanisms can enable the modulation of CTs with an electric field. The
first involves shifting the resonance frequency, i.e., inducing ¢ f(E) # 0, which can be
detected through standard Hahn-Mims sequences, as demonstrated in Ref. [30], and forms
the basis of the theoretical framework in Ref. [179]. The second, central to Sec. [5.4] relies
on tuning the magnetic field at which the CT occurs, Ber, rather than its resonance
frequency. As discussed in App. [A.5.1] this effect originates from the axial crystal-field
contributions (Y y—o46 BY0?) in the easy-axis configuration, while in the hard plane

both axial and non-axial terms can influence Bep. This explains why dBer(E) = 0 in
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Figure 5.7: Top: Resonance frequencies of selected transitions in GdWjp, measured as a
function of magnetic field By in the hard-plane orientation. Three extrinsic clock transitions
are identified, with their corresponding frequencies indicated. Bottom: Energy level diagram
showing the magnetic-field positions of the clock transitions.

HoWjg [30], where the relevant X-band CTs occur around the easy axis, so that their Bor
are insensitive to changes in non-axial parameters such as Bj. In contrast, modulation of
this same term in the hard-plane CTs of GdAW,q is expected to directly alter the CT field.
This is confirmed by the simulations in Fig. [5.6, where varying Bj (top axis) reveals that
Ber in HoWyg remains unchanged, whereas in GAW 1 it exhibits a clear linear shift with

Bj, or, equivalently, with the applied electric field (see next subsection for details).

Experimentally, the F-field variation in the CT field position (6 Bor(E)) can be probed
by monitoring the variation of the electron coherence time 75, as we apply an increasingly
strong E-field. As discussed earlier, Ts, reaches its maximum at the CTs, and in HoWyj,

Ref. [69] reported that it nearly doubles compared to its value measured only ~ 2 mT
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Figure 5.8: Simulated shifts in the resonance frequency df (top panels) and the CT field
position  Bcr (bottom) for the three clock transitions in the hard-plane orientation, plotted as
a function of variations in (a) Bf and (b) D. The parameter ranges are consistent with the
spin-Hamiltonian modulations experimentally evaluated at an applied electric field of 2 kV /cm.

away. In GdWyg, simulations in Fig. [5.6(b) predict that an electric field of 2 kV /cm (the
experimental value) shifts the CT field by 0 Bor ~ 8 mT. Assuming the same narrow
magnetic-field dependence of coherence in HoWg, such a shift would reduce Ts. by up
to ~ 75%. Therefore, fixing the magnetic field at the Bor(E = 0) field and applying
increasing electric fields should lead to a systematic reduction in T5.. Observing such
a trend would provide clear experimental evidence of a finite § Bor(FE). The precise
functional form of Ty, (F) will depend on the dominant decoherence mechanisms, which are

sample-specific and may require ab initio or [DFTHevel modelling for accurate prediction.
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Figure 5.9: (Simulated) Electric-field-induced variations of the resonance frequency 6 f (top)
and clock-transition field position § Bor (bottom) for the three CTs in the hard-plane orientation.
From an operational standpoint, the frequency shift remains within a few hundred kHz (well
inside the bandwidth of standard resonators), ensuring that the system stays on resonance.
In contrast, § Bor can reach values up to ~10 mT, a substantial effect relevant to the control
scheme discussed in the following section.

5.3.1 The GdW,, Case

We now examine the electric-field modulation of the CTs in GdW;q. As shown in
Fig. 5.7, three extrinsic CTs appear in the hard-plane orientation, including one at
X-band. This orientation is particularly suitable for SEC studies, as the coupling is
strongest and can be predominantly attributed to modulation of the Bff@j term, with

negligible contributions from D (Fig. [5.5).

Fig. displays simulations of the frequency shift §f and CT field shift Bcr as a
function of variations in the anisotropy parameters B} and D. The parameter ranges were
chosen to be consistent with the experimentally observed SEC shifts from Sec. (at 2
kV /cm). These simulations were carried out by varying each parameter independently
while tracking the resulting changes in both § f and d Bct. As expected, the dominant
contribution comes from B, yielding frequency shifts of ~0.1 MHz and CT shifts of ~7

mT, whereas modulating D produces effects nearly an order of magnitude weaker.

We further compute these shifts explicitly as a function of the applied electric field,
using B (E) = B}(0) + x4F and D(FE) = D(0) + kpE. The results in Fig. [5.9 indicate
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that even the X-band CT (red trace), which displays the largest field shift of § Bt ~
10 mT at 3 kV/cm, is accompanied by frequency variations of only a few hundred
kilohertz, well within the bandwidth of standard ESR resonators. This is operationally
significant: it implies that the spin system can remain on resonance with a fixed-frequency
resonator (negligible df), while still being electrically tuned into and out of a CT (large
dBcr). This enables dynamic electrical control of the spin system sensitivity to its
environment. In the next section, we will examine how to use this property to generate

two-qubits operations using FE-fields.

5.4 Toward Entangling (Gate via Electric Fields

We now summarise the theoretical proposal by A. Ullah et al. [179] for generating
quantum entanglement in a dipolar-coupled homodimer of HoW;, using DC electric
fields. In contrast to the earlier sections, where the two molecular anions per unit
cell were magnetically decoupled and behaved spectroscopically as monomers, we now
consider the dimer case where dipolar interactions are significant. Here, the electric
modulation of the intrinsic CTs in HoWq is used solely to shift the system’s energy

levels, without inducing any Bct changes.

The computational two-qubit spacef] in Ullah’s scheme is defined such that the |01)
and |10) states are degenerate at zero electric field, and the transition frequencies
|00) <> |01) and |10) <> |11) are nearly equal. The protocol operates near a CT (as
will become important shortly) and begins by initializing the dimer in the |00) state
using a sequence of microwave and radio-frequency pulses. Applying a static electric
field lifts the degeneracy between |01) and |10) via a Stark shift, enabling a selective
magnetic w-pulse to transfer population into |01). The field is then switched off, restoring
the degeneracy and allowing coherent oscillations between |01) and |10), mediated by

the isotropic dipolar interaction JS; - Ss. In the computational basis, this interaction

"The "computational space" refers to the four spin energy levels labelled as [00), |01), [10), and |11),
used to encode the two-qubit states.
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Figure 5.10: Pictorial representation of the proposed protocol to enable switchable two-qubit
interactions using E-fields. (a) When both spins are tuned to a CT, they are first-order
insensitive to external magnetic-field fluctuations, including the mutual dipolar field (Bj2). In
this regime, the effective dipolar coupling is suppressed and the spins behave as if decoupled.
(b) Under the conditions described in Sec. applying an electric field shifts the CT position
Ber. If the external magnetic field is held fixed at Bop(FE = 0), this shift moves the system
away from the CT, restoring sensitivity to magnetic fields and reactivating the dipolar coupling.
In this way, the spin-spin interaction can be switched on and off electrically.

is captured by the effective Heisenberg Hamiltonian:

2 0 0 0
v o =2 J o0
0o 0 0 £

Taking the time-evolution operator U(t) = exp(—iHpest/h) and setting the free evolution
time ¢ = 7w /(4.J), the coherent exchange yields a vVSWAP operation (up to a global phase)
that transforms the state as [01) — %(|01> +1]10)). Thus, the free-evolution under the
Heisenberg Hamiltonian generates an entangled state between the two HoWq molecules.
A second electric-field pulse, combined with a selective w-pulse, maps |01) — |00) and

|10) — |11), yielding the Bell’s state (|00) + i|11))//2.

Crucially, the protocol operates near, but not exactly at, the CT. This is because, as
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detailed later in this section, each spin at the CT is first-order insensitive to all external
magnetic fields, including mutual dipolar interactions. As a result, the effective dipolar
coupling between qubits vanishes: each qubit behaves as if it were magnetically isolated.
In other words, operating exactly at the CT transforms the dimer into two magnetically
decoupled copies, with each molecule effectively behaving as diamagnetic. By detuning
slightly from the CT, a finite dipolar coupling is restored, enabling the desired v/SWAP

interaction while still benefiting from partial protection against magnetic noise.

While this protocol represents an elegant use of electrically sensitive CTs, it faces two
notable limitations. The first is practical: the initialization sequence for HoW requires
control over a broad frequency range, spanning from hundreds of MHz to tens of GHz, well
beyond the capabilities of standard ESR resonators and commercial pulse generators. This
complexity arises from the intricate internal level structure of HoWy, driven by strong
hyperfine coupling and pronounced magnetic anisotropy |178]. Although this challenge

might be mitigated via molecular engineering, it presents a nontrivial experimental hurdle.

The second, more fundamental limitation stems from the fact that the dipolar interaction
is never truly “oft”: detuning even slightly from the CT reintroduces a nonzero coupling.
While this is acceptable in a two-qubit setup like the one described, it becomes a significant
obstacle when scaling to multi-qubit architectures. In such cases, the ability to switch J
on and off on demand is essential. Residual dipolar couplings between qubits/spins can
lead to unwanted entanglement, crosstalk, and gate errors, reducing fidelity. Without a
mechanism to independently modulate the interaction strength between selected qubit

pairs, the protocol lacks the selectivity and flexibility required for larger quantum registers.

This is where the extrinsic CTs in GdW1q, discussed in the previous section, become
advantageous. Unlike the easy-axis CTs in HoWyg, their CT position can be shifted by
an applied electric field, enabling dynamic control of the dipolar coupling. By toggling in
and out of the CT, one can effectively switch the dipolar interaction strength J. Fig.
schematically illustrates this concept. With the electric field off, both spins are tuned to
their CT at zero field, Ber(E = 0) (top panel). In this state, the local magnetic field

produced by one spin (Bjs) is not sensed by the other due to the CT-induced first-order
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magnetic insensitivity. As a result, the dipolar coupling effectively vanishes, since the

spins behave as if magnetically “silent” or diamagnetic to each other.

Upon applying an external electric field, the CT shifts to a new value Bor(FE), as
shown in the lower panel of Fig. [5.10l If the external magnetic field remains fixed
at Ber(E = 0), the spins are now detuned from their CTs and thus regain magnetic
sensitivity, including to each other’s dipolar fields. This introduces a finite J, turning
on the spin-spin interaction. This mechanism therefore enables a switchable two-qubit
gate controlled purely by electric fields. Notably, this protocol is general and could, in
principle, be extended to other platforms exhibiting clock transitions, such as donor spins
in silicon [173], trapped ions [181], or superconducting qubits [174], where the insensitivity

may extend to other control parameters beyond magnetic fields.

To make such a scheme practically viable, however, it is necessary to consider the full
Hamiltonian of the coupled system rather than treating the qubits as isolated. It is
not a priori obvious that clock-transition behaviour will be preserved once dipolar
interactions are introduced, or that the single-qubit interpretation of CTs remains valid
in the enlarged Hilbert space. Nonetheless, Ref. [182] has demonstrated that molecular
spin systems such as Cr;Mn can indeed be coupled into dimers whose eigenstates retain
clock-transition character. Other dimeric systems provide further opportunities. For
instance, Yb(trensal) has well-characterised magneto-chemical properties [183) |184] and
has already been shown to host entangled states [185]. In another example, pairs of Gd*"
ions exploit the large spin S = 7/2 to span a 64-dimensional Hilbert space (2°), effectively
corresponding to six qubitsﬂ [12]. Together, these systems highlight the versatility of
molecular dimers for engineering multi-qubit architectures. Their practical use, however,
is currently limited by relatively short coherence times (typically only a few hundred
nanoseconds at cryogenic temperatures) posing a significant challenge for scalability

and fault-tolerant quantum computation.

We tried to test this idea experimentally using a single crystal containing GdWq

homodimers, which occur statistically within the lattice so that the sample contains a

80r, equivalently, two coupled eight-level qudits.
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Figure 5.11: Top: Simulated spectra of the GAW1g monomer (black) and dimer (red) in the
hard-plane orientation at X-band. The simulations use the same Hamiltonian parameters as
in Eq. with the dimer coupling modelled as a weak isotropic exchange interaction with
J =20 MHz. The experimental cw spectrum (blue) corresponds to a sample containing both
monomers and dimers. Bottom: Energy level diagram of the dimer system, with allowed
X —band transitions indicated by red vertical lines. The high-field transitions inside the black
box show clock-transition character. Inset: Close-up of an experimental peak, showing the
signal from the monomer (centre) and the two dimers (sides).

mixture of monomeric and dimeric species. The coupling between the two monomers
within each dimer can be modelled similarly to the HoW, case, via a weak isotropic
dipolar interaction with J = 20 MHz; each monomer retains the same spin Hamiltonian
and parameters as defined in Eq. [5.3] Fig. [5.11] shows the calculated energy level
diagram and the allowed X-band transitions in the hard plane of the molecule. Among
these, we identified a group of transitions (highlighted by the black rectangle) that

exhibit clock-transition-like behaviour.

While the presence of CT-like transitions in the dimer spectrum is suggestive, further
evidence is needed to confirm their origin. To this end, we performed a continuous-wave
ESR experiment, shown as the blue trace in the top panel of Fig. [5.11] Simulated spectra
for both the dimer (red) and monomer (black) are overlaid for comparison. The additional
spectral features introduced by the J-coupling in the dimer enable us to distinguish
dimer-specific transitions from monomeric ones. This distinction is highlighted in the

inset, where characteristic splittings and shifts provide clear spectral signatures of the
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dimeric contribution. Based on this comparison, we can confidently assign some of

the CT-like transitions to dimer species.

However, there are two significant challenges associated with working with GdWy,
dimers. First, during synthesis, the molecules preferentially form monomers, resulting in
a comparatively weak ESR signal from dimers in bulk measurements, as illustrated in the
inset of the lower panel of Fig. [5.11] Resolving the dimeric contributions thus requires
either engineering the system at the single- or few-molecule level (for instance, through
surface deposition with nanoscale control [71]), or increasing the dimer concentration in
the crystal. In the data shown, detection of the dimer spectrum required a relatively
high GdW 1, concentration of 2.1%, significantly higher than the 0.1% used in monomer
measurements. This higher concentration, however, results in a marked reduction in
coherence time: 75 is reduced to less than 1 us, roughly ten times shorter than in
the monomer case, thereby precluding the implementation of SEC experiments or T,

vs. F-field characterizations.

An open question is whether the C'Ts observed in GdAW o dimers retain the same physical
meaning as in the monomer case. In dimers, inter-monomer coupling reshapes the
eigenstates and may introduce hybridization or entanglement, making it unclear if
the CTs can still be mapped cleanly onto a two-qubit computational space. For the
proposed scheme to serve as a genuine two-qubit gate, two conditions needs to be met
simultaneously: (i) the dimer CT must be physically connected to the corresponding
monomer CT, and (ii) the logical subspace must retain a well-defined, controllable qubit
encoding. Whether such a “sweet spot” exists in GdW;q dimers or related systems

remains an open problem for both theory and experiment.

5.5 Conclusion

In this chapter, we explored the electric control of lanthanide-based molecular nano-
magnets. Building on previous work on the polyoxometalate HoWyq [30], where the
tetragonal anisotropy was proposed as the origin of both clock transitions (CTg) and

electric sensitivity, we turned to the isostructural compound GdW;, to gain direct
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experimental evidence. In HoWj,, only transitions within the ground-state doublet
my = +4 are accessible due to large anisotropies, preventing a full test of this proposal.
In contrast, Gd** has negligible orbital angular momentum and therefore much weaker
anisotropy, allowing us to directly probe spin-electric coupling across multiple transitions.
Our analysis reveals that while B} provides the dominant contribution, the axial zero-
field splitting D also plays a role, underscoring the complex interplay of anisotropy

terms that can be harnessed via SEC.

On the quantum-information side, we proposed using the hard-plane CTs of GdWjg
within a multi-qubit architecture. Unlike previous schemes [179], where only the
resonance frequency was electrically tuned, here also the CT magnetic-field position
shifts. By toggling the system in and out of the CT condition, the spin sensitivity to
magnetic fluctuations, and thus spin-spin interactions, can be electrically controlled,
enabling tunable interaction times between qubits. Realising this scheme poses both
theoretical and experimental challenges. Theoretically, one must clarify how enlarging
the Hilbert space affects the preservation of C'T character, building on work such as
Ref. [182]. Moreover, suitable molecular dimers are required. While GAW is attractive
in principle, synthesising and spectroscopically addressing dimers of this compound
is challenging. This calls for alternative candidates that could be designed through

chemical engineering strategies.
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Conclusion

In this thesis, we examined the electric field control across a broad range of spin
systems, from frozen solutions of organic molecules to crystalline defects and molecular
crystals. These studies, while targeting different physical settings, collectively illustrate
the versatility of spin-electric coupling and its relevance for both fundamental

physics and emerging quantum technologies.

Our investigation of optically excited molecules (Chapter demonstrated how the
Hamiltonian tunability of molecular nanomagnets can be combined with optical initializa-
tion and simultaneous magnetic and electric field control. Although initially conceived as
a proof-of-principle spin-based quantum sensor, the study revealed broader opportunities
for quantum architectures. In particular, the prospect of optical initialization at telecom
frequencies, as recently demonstrated in Ref. [135], together with electric-field control,
suggests a promising strategy that unites high-fidelity initialization with nanoscale
manipulation. Complementary to this, we explored the use of resonant electric fields
to drive spin transitions (Chapters [3| and . For nuclear spins, we exploit the strong
coupling between the electric field and the electronic degrees of freedom in the sample.
Through the hyperfine interaction, this electric sensitivity is transferred to the nucleus,

enabling nuclear transitions to be driven by radio-frequency electric fields.
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Attempts to achieve an analogous effect for electron spins proved more challenging, as
the outcome was strongly influenced by the interplay between the electromagnetic field
distribution of our custom resonator, the sample’s permittivity, and its pronounced
magnetic anisotropy. Nonetheless, this study identified practical and theoretical criteria
for realizing electrically driven electron-spin resonance in ensembles. The final part of the
thesis (Chapter |5]) addressed electrically modulated clock transitions in polyoxometalate
complexes. Here, we obtained a more comprehensive picture of the microscopic origins
of spin-electric coupling compared to earlier work in similar samples [30], and we
proposed how these insights could be harnessed to implement multi-qubit architectures

based on such systems.

One of the most important directions for future work is to establish a microscopic model
that rationalises the origin of SEC. In this thesis, as in previous studies [16} 30, [34]
40], SEC has been described phenomenologically by fitting the electric-field dependence
of effective spin Hamiltonians (see App. . While this provides valuable high-level
insight, it remains limited in two ways. On one hand, it does not allow reliable prediction
of which systems will display strong SEC; current expectations are based largely on
qualitative structural features, such as the presence of strong spin-orbit coupling
or the lack of inversion symmetry (necessary for a first-order effect). On the other
hand, the absence of a microscopic description prevents the use of SEC as a quantitative
probe for extracting detailed structure-property relationships, such as how variations
in electronic configuration govern magnetic anisotropy, or how spin-orbit and dipolar
interactions contribute to the observed couplings. A deeper microscopic picture would
not only clarify the origin of SEC but also guide the design of new systems where
SEC can be optimised for specific applications. Recent developments have pointed
towards this direction by using calculations to reveal the microscopic mechanisms by
which external electric fields affect spin Hamiltonian parameters [126]. Such approaches
promise not only a clearer microscopic picture, but also the ability to anticipate which
molecular or crystalline systems are most likely to display strong SEC, thereby moving

beyond purely empirical, parameter-fitting descriptions. Despite these advances, the
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strength and nature of SEC are strongly dependent on the specific system, and no

general predictive methodology currently exists.

Finally, we consider the broader relevance of this work within the field of quantum
information science. The experiments presented here were designed as exploratory
demonstrations rather than implementations directly suitable for quantum computing
or quantum sensing architectures. A key reason is the use of spin ensembles instead of
individually addressable spins, which inevitably limits scalability and direct applicability
to device-level quantum technologies. Nevertheless, working with ensembles offers
important advantages: it enables systematic testing of SEC mechanisms and related
control strategies using established magnetic-resonance techniques and equipment, thus
avoiding the technical challenges associated with probing single-spin systems. In this sense,
the results of this thesis provide both conceptual insights and methodological progress
that may inform the future development of quantum technologies based on spin systems.
While their ultimate impact will depend on future research and experimental progress, the

work presented here represents a constructive step toward their systematic advancement.
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A.1 Chapter 1
A.1.1 Spin-Orbit Coupling Contribution to the Spin Parameters

This derivation follows closely the treatment in Ref. [94]. We start by considering the
orbital and spin contributions to the effective spin Hamiltonian, which can be written as

~T

H=yppBo- (L+g.S)+ AL -8, (A1)

where L and S are the orbital and spin angular momentum operators, i is the Bohr
magneton, g is the free-electron g-factor, and A is the spin—orbit coupling (SOC) constant.
We assume that the ground state [¢)y) = |lg, ms) is orbitally non-degenerate, meaning
that it experiences orbital quenching, i.e., (L) = 0. Under this condition, the first-order

orbital correction to the ground-state energy is
EW = pgge (lg, m| BoS: |l ms) + (la, ms| (psBo + AS) L. [lg, ms) . (A2)

The first term corresponds to the standard Zeeman energy. The second term vanishes
because it factorises as (my| (ugBy + AS.) [ms) (lg] L. |lg) and (lg| L. |lg) = 0 for an
orbitally non-degenerate ground state.

The leading correction then comes from the second-order perturbation term:

. R 2
@ ’(lg,mSmBQeBO-S—I—(,uBBO—I—)\S) - L|n, m.)
ER =2 0 _ 0
n#lg L e
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where the sum runs over all orbitally excited states. Expanding the numerator gives

(m| (uBo + AS) [m) (Ic| Lin) (n| Llic) (ms| (15Bo + AS) |m%)

E®=_% (A.4)
e By - Eg)
We now define the symmetric tensor
lo| L Ll
- lelLin) (n Llic) )
Ey’ — Eg
so that the SOC correction can be expressed as
E=(mypu3Bo-A-Bo+2M\ipBo-A-S+XS-A-Sjm,). (A.6)

The first term is spin-independent and contributes only to the orbital part of the magnetic
susceptibility, so it can be ignored in the effective spin Hamiltonian. The remaining two
terms have the same operator structure as the Zeeman interaction and the zero-field
splitting term, respectively: the first is linear in spin operators, and the second is quadratic.

Thus, the effective spin Hamiltonian including SOC corrections is

A A

Hew = 5 Bo - (9. T+2)\A) - S+8- (\A) - S, (A7)

from which the SOC contributions to the g-tensor and the D-tensor can be directly

identified. The SOC contribution to the hyperfine interaction can be derived in an

ASOC

analogous way (see, e.g., Ref. [1]), yielding ~ 2X\ A, in direct analogy to the

SOC contribution to the g-tensor.

A.1.2 Rotating-Frame Transformation and Bloch—Siegert Shift

We outline the unitary-frame transformation used in Subsec. Starting from the
time-dependent Schrodinger equation, ifidy [0 (t)) = H |1h(t)), we define a rotated state
lh(t)) = U(t) [4(t)). Differentiating and substituting gives

iho;|§(t)) = (ihUUT + URUT) [9(1)) , (A.8)
so the Hamiltonian in the rotating frame is H = ihUUt + UHUT.

For a driven ESR Hamiltonian, 7:[(t) = upg(Bo + B1(?)) - S, with By = By2 and

B1(t) = 2Bj cos(wmyt) &, we choose U(t) = exp(iwmytS.) to go to the frame co-rotating
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with the microwave field. Using US,UT = S, cos§ — S, sin 6, one finds H(t) = (wy —
wmw)gz + Q(S’x +3, oS (2w t) — S'y sin(2wmyt)). Under the rotating-wave approximation
(RWA), the fast terms oscillating at +2wy,, average to zero, leading to the effective
Hamiltonian Hrwa = A S, + QS}, where A = wy — why. This is valid when B; (or

the Rabi frequency ) is small compared to wyyy.

When the drive is strong, the fast-oscillating terms neglected in the RWA give rise to a
small correction to the resonance condition, known as the Bloch—Siegert shift. This can be
derived using Floquet or Magnus theory by treating the drive as a periodic perturbation.
For a T-periodic Hamiltonian of the form H(t) = Ho + Ym0 V€™ (with V_,,, = V1),
the first-order correction to the time-averaged Hamiltonian is |1]

Vi, Vol

Y~ (A.9)

A0 = ¥

m#0
Only the m = £2 terms contribute in the case of an S = 1/2 spin driven at w =

+iwt

Wiy although the field oscillates as e in the laboratory frame, once we transform

+2iwt

into the rotating frame those terms appear at e Identifying these components

as Vis = (£2/2)54 one therefore obtains

HO = Q—2§Z (A.10)
Sw

which adds a small shift along S,. The total effective Hamiltonian (up to first or-
der in ©/w) becomes

N N A 02 .

Hag=AS,+QS5, +—085,. (A.11)

8w

Physically, this additional +g—j§z term means that the resonance frequency is shifted by
an amount proportional to 2%/w. In ESR, where Q < w (typically /27 ~ MHz and
w/2m ~ GHz [1]), this shift is on the order of a few kHz and hence usually negligible,

though it becomes observable in strongly driven or high-fidelity control experiments [186].
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A.1.3 Stevens Operator Table

k q High-order Stevens Operator, Og
2 0 352 — sl
+1 e[S, 5, £ 5|,
+2 2c4 (5% + 52)
4 0 3594 — (305 — 25)52 + (352 — 6s)1
+1 c[78% — (3s+1)5.,5, £ 5],
+2 c4[752 — (s +5)I, 9% + 82,
+3 cs[S.,5% + 53],
+4 2c. (5% + 84)
6 0 | 2318%—(3155—735)5%+ (10552 —5255+294) 5% — (55 — 4052 +60s)I
+1 +[339% — (305 — 15)9° + (55> — 105 4 12)S., 5, + S5_],
+2 +[335% — (185 + 123)52 4 (s + 10s + 102)T, 5% + §2],
+3 c+[1152 — (35 4 59)5., 53 + 53],
+4 cs[118% — (s 4 38)1, 5% + 4],
+5 Ci[gz,gf?_ Il:gi].i_
+6 2¢. (5% 4+ S9)

Table A.1: Stevens operator Og expressed in terms of S,, S, and the identity matrix I [14].
The coefficients are defined as ¢y = 1/4, c. = 1/4i, and s = S(S + 1), where S denotes the
spin quantum number; [A, B]; = AB + BA represents the anticommutator.
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A.2 Chapter 2

A.2.1 Details on Density Functional Theory

- Starting Density (based on isolated
- atomic orbitals)

v

XK
) |
optimized sample v
geometry Calculate Effective Potential

(e-n, e-e, and exchange-correlation)

}

| Solve Kohn-Sham Equation |

}

{ Self-consistent? |

1 Yes

| Output |

No

Figure A.1: Schematic representation of the self-consistent procedure in density functional
theory. The cycle begins with an initial guess of the electron density, followed by the construction
of the effective potential and the solution of the Kohn-Sham equations. The electron density is
then updated until convergence is reached.

Here we outline the details of the Density Functional Theory used to compute
the electron-hole distribution in the triplet state, as well as the spin-spin and spin-orbit
contributions to the (Eq. . The key principle of DFT is that a system can be fully
described in terms of the electron density p(r), rather than the many-body wavefunction.
This represents a major simplification: while the wavefunction of an N-electron system

depends on 3N spatial coordinates, the density depends only on three, regardless of N.

After the molecular structure is optimised, i.e., when the net forces on the nuclei are
minimised, the electronic density is determined using the self-consistent field (SCF)
method [187], which forms the basis of our DFT calculations. As shown in Fig. |A.1]
the SCF cycle starts from an initial guess for p(r), typically taken as a superposition of
atomic densities from the constituent atoms. From this density, the effective potential

is constructed, incorporating the external nuclear potential, electron-electron Coulomb
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repulsion, and the exchange-correlation contribution. The Kohn-Sham equations, a set
of Schrodinger-like equations, Hxs 1) = €; |[1);), are then solved to obtain a new set
of molecular orbitals |¢;) and eigenvalues ¢;. These orbitals are then used to build an
updated electron density, which is compared with the previous iteration. If the difference
falls below a predefined threshold, the SCF cycle is considered converged. Otherwise,
the new density is mixed with the previous one, and the resulting density is fed back

in the cycle; this process is repeated until self-consistency is reached.

While conventional DFT provides access primarily to ground states, our goal with
ACRSA is to study the excited triplet state, which requires time-dependent DFT. This
method that extends the Kohn—Sham formalism to include the explicit time evolution of
the electron density [188]. Specifically, our choice of functional and basis set followed
established benchmarks for organic molecules such as ACRSA [189; [190], as we employed
the B3LYP functional together with the EPR-II basis set. This constitutes a well validated
combination for calculating spin Hamiltonian parameters including ZFS and hyperfine

interactions, making it well suited for this investigation.
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A.2.2 'H Hyperfine Couplings in ACRSA

Id | Ay | Ay | A Id | Ay | Ay | A Id | Ay | Ay | A
1H | 1.18 1.35 0.19 8H | 1.60 1.48 0.24 15H| -4.39 | -5.87 | -0.19
9H | 0.01 | -0.21 | -0.00 | | 9H | -8.38 | -6.05 | -2.05 | | 16H| -5.00 | -8.35 | -2.51
3H | 039 | -1.69 | -1.32 | | 10H| 1.58 | 1.55 | 0.08 17H| 2.06 | 2.13 | -0.30
4H | 1.53 1.02 | -0.27 11H| 1.79 3.34 0.07 18H| 2.48 1.75 | -0.91
5H | -1.11 | -0.31 | 0.63 12H| -7.06 | -7.27 | 3.13 19H| -8.45 | -5.13 | 1.76
6H | -3.48 | -5.66 | 1.01 13H| -4.06 | -5.21 | -1.14 20H| 2.19 2.46 0.09
TH | 2.10 3.02 1.22 14H| 2.83 1.89 | -0.66 21H| -4.34 | -5.93 | -0.26

Figure A.2: (Top) ACRSA structure with labelled hydrogen atoms. (Bottom) Hyperfine
tensor components in MHz for the 21 hydrogen atoms in ACRSA simulated with DFT. Their
direction is defined as the axes frame by the axes in the top picture.
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Figure A.3: Mims ENDOR spectra for the Z (a) and XY (b) magnetic-field positions, as
defined in the main text. Moreover, the blue shaded area indicates the hydrogen Larmor
frequency, while the red ones correspond to the predicted ENDOR frequency for each of the H
atoms in ACRSA, as determined by the DFT calculations described in the previous section.
The features on the left side of both spectra are attributed either to the single Nitrogen atom
in the molecule or to artifacts.

151




A. Supplementary Material

A.2.3 Details on the Sensitivity Calculations

1 T T

— Experimental Data (20 avgs)
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Figure A.4: Transient echo signal of ACRSA embedded in the E-field device described in the
main text, measured at 20 K after 20 averages (black line). The signal-to-noise is calculated as
the ratio between the amplitude of the Lorentzian fit (in red) and the root-mean-square noise
within the region indicated by the blue rectangle, normalised by the number of averages.

Here we outline the procedure used to estimate the electric-field sensitivity reported
in the main text. This is based on the signal-to-noise ratio (SNR]) of the transient
echo from ACRSA embedded in the electric-field device, which determines the weakest

FE-field-induced change in echo intensity that can be reliably detected.

Fig. [A.4] shows the experimental echo signal (black) measured at the Z-By position
at 20 K after 20 averages, together with a Lorentzian fit (red). Such fit provides the
signal amplitude, while the noise level is estimated as the root-mean-square deviation
within the blue-marked region (away from the echo). The ratio of these quantities,
normalised by the square root of the number of averages, yields an of about 3.5,
leading to the smallest resolvable fractional change in the normalised echo amplitude of
1/3.5 ~ 29%. For the experimentally used 7 = 2 us (limited by the electron T3 of the
sample), this translates to a frequency modulation of ¢ f(Ep,) ~ 63 kHz, obtained from
1 — cos(2m0 f (Fmin)7T) = 0.29. Using the measured constant £ = 0.51 Hz/(V/m), we
obtain a minimum detectable electric field of Epy, = 6 f(Fmin)/k ~ 1.22 kV /cm.

As discussed in the main text, two possible routes to enhance this sensitivity are: (i)

increasing the triplet-state yield (e.g., through chemical modification of the molecular
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environment) to strengthen the echo signal without increasing the overall molecular
density, and (ii) extending the spin coherence time T3, which would lead to the same SNR

with a larger 7, hence enabling the same modulation to the spin echo with a weaker E-field.

A.3 Chapter 3

A.3.1 Extended Figures
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Figure A.5: Simulated transition frequencies obtained from the Hamiltonian in
Eq. as a function of the axial anisotropy D. The dotted black line marks the experimentally
determined anisotropy value of D = —707 MHz for the Mn:ZnO sample. Each panel corresponds
to a distinct electron manifold (as indicated), while different nuclear transitions within a given
manifold are distinguished by colour (see legend).
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Figure A.6: Simulated ENDOR transition strengths for all single-quantum nuclear transitions
within the |ms = —1/2) (blue) and |ms; = +1/2) (red) manifolds, plotted as a function of
the axial magnetic anisotropy D. As discussed in the main text, at D = —707 MHz, i.e.,
the experimentally determined value for Mn:ZnO, the ENDOR transition strength within the
|ms = +1/2) manifold is strongly suppressed. These results are consistent with and adapted
from Ref. [147].
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Figure A.7: Experimental data for the four possible double-quantum transitions within the
|ms = —1/2) electron manifold in Mn:ZnO. The corresponding nuclear states are indicated on
each plot. As in the main text, black traces represent NMR excitations via coils, while red
traces correspond to NER excitations via the capacitor.

15



A. Supplementary Material

A.4 Chapter 4

A.4.1 Orientation-dependence of the Low-field Transitions
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Figure A.8: Full dataset for the orientation-dependent spectra at low fields between § = 90°
and 30°. The transition labels were assigned using simulated energy-level diagrams, such as
the one in Fig. [4.9(b). As discussed in the main text, the blue peaks originate from either
parallel-mode ESR or [EDSR], with the former likely being the dominant contributor, although
this cannot be concluded definitively. The single red peak for # < 50°, in contrast, corresponds
to a Am, = %1 transition and arises from conventional ESR.
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Figure A.9: The cavity frame {z,y,z} (shown in red) relative to the laboratory frame
{zr,yr,2r} (black). The crystal c-axis (and therefore its polar axis) is always aligned with
the z-axis of the resonator, while By is rotated around the y = yr-axis, forming an angle 0 (as
defined in Eq. with the c-axis. As described in the main text, the B, and B, components
contribute to both standard and parallel-mode ESR depending on 6, whereas B, contributes to
standard ESR only. The corresponding interaction terms are summarised in Table

A.4.2 Modelling the Electric and Magnetic Contributions to
the Observed Signal

Here, we detail the simulations of the Rabi frequencies for ESR, parallel-mode ESR
(parESR), and as discussed in the main text. To quantitatively assess the relative
contributions of these mechanisms, it is first necessary to understand how each arises
within the cavity geometry. This is illustrated in Fig. which provides a simplified
version of Fig. 4.12(b). The figure shows the parasitic microwave magnetic field B (t)
decomposed into its two orthogonal components within the cavity reference frame {z, y, z}
(red labels). The z-axis defines both the symmetry axis of the resonator and the polar
(c—) axis of the ZnO sample; these are aligned in the experiment to maximise the electric
coupling. In contrast, the laboratory frame {zp,yr, 21} (shown in black) follows the

conventional definition By = (0,0, By)".

Under rotation around the y; = y axis, the cavity field components transform as follows.

The B, field remains always perpendicular to the static field By, while the B, and B, com-
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Interaction H'(t) Technique
(B (t) cos 0 + B,(t)sin ) S, + B, (t)S, Standard ESR
(—B,(t)sinf + B.(t) cosh) S, Parallel ESR
(Sysinf + S, cos 0)2E,(t) EDSR

Table A.2: Spin operators used in the transition-matrix calculations for standard ESR, parallel-
mode ESR, and EDSR, employed to determine the corresponding Rabi frequencies and to
identify the dominant driving mechanism responsible for the Amg; = £2 transitions. The
magnetic and electric field components, {B,, By, B,} and E,, are defined in the cavity reference
frame and were obtained from finite-element simulations.

ponents acquire both parallel and perpendicular projections with respect to By, depending
on the angle 0 from Eq. (this can be inferred by the central bottom panel in the figure).
This implies that B, contributes exclusively to conventional ESR, whereas B, and B, may
drive both ESR and parESR, depending on the cavity’s orientation. A straightforward
calculation shows that the transverse and longitudinal components of the microwave field
in the laboratory frame are given by Bi(t) = (B,(t) cos 6 + B,(t)sin6) &1 + B,(t)j;, and
B! (t) = (—B,(t)sinf + B,(t) cos 0) Z, respectively. Thus, combining all contributions,

the total time-dependent interaction Hamiltonian reads

7t) = HES (0 + 7 ()

t) + HEPSE(¢)
= g (BE(1)S, + BL(1)S.) + RE(t) (5. cos 6 + 5, sin )", (A.12)

where the first two terms describe the magnetic driving (ESR and parESR), while the
third corresponds to [EDSR) with & denoting the ac spin-electric coupling constant (Eq.
. The corresponding effective operators, incorporating both field strengths and spin

operators for each of these driving mechanisms, are summarised in Tab. [A.2]

Using the interaction terms H! (t) listed in this table as well as the average magnetic
and electric fields inside the sample obtained from finite-element simulations (see, for
instance, Fig. 4.12(b)), we calculate the Rabi rates for both EDSR and parESR as
Wrabi = (i|HT(t)|1);) for two spin states |1 ;). As detailed in the main text, the Rabi
frequencies expected from standard ESR are more than three orders of magnitude weaker
for double-quantum transitions and are therefore neglected. Focussing on EDSR and

parESR, we evaluate the ratio wgpsr/Wparesr = 1/5 across all the low-field peaks. This
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result shows that although EDSR contributions are systematically weaker, they remain
within the same order of magnitude as parESR and therefore cannot be disregarded. In

practice, both mechanisms are expected to play a role in driving the observed transitions.

A.5 Chapter 5
A.5.1 ¢Bcr(E) in the Easy-axis Orientation

Here we provide the mathematical details underlying the discussion in Sec. on the
contribution of axial Stevens operators (O%) to the clock-transition 1' field, Ber, in

the easy-axis orientation. The general spin Hamiltonian in this case can be written as

k
H(O=0°) = |gupBoS. + > BOY + Y Y B0 (A.13)

k=2,4,6 k=2,4,6 g=—k

axial non-axial

where the first and second brackets collect the axial and non-axial contributions, re-
spectively. Assuming that the two states |i) and |j) involved in the CT are only weakly
hybridised with the remaining spin states, the Hamiltonian can be reduced to the

two-dimensional subspace they span:

A E® Vet

Here, the diagonal terms E(®7) arise from the axial terms, while the effective coupling
Vel =37 20 B{(i|O%]5) collects the non-axial ones that directly mix the two levels. In
practice, most of these matrix elements vanish, leaving only the operator that couples

the selected pair. For instance, in HoWyg, the only non-zero contribution comes from

B!O! since the CT occurs between the |m; = £4) doublet.

In this simplified two-level framework, the resonance frequency around the CT can

be approximated to leading order as

2 2
D fres X (guBBo+ > 3202) +( > ZBZ@;%) : (A.15)

k=2,4,6 k=2,4,6 ¢£0
and taking its derivative with respect to the static field By gives

afres - g,uBBO + Zk:2,4,6 Blg
aBO hfres .

(A.16)
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Applying the CT condition (0 f.es/0By = 0) yields Ber o« —gﬁ > k=246 B, demon-
strating that the CT field is determined only by the axial crystal-field parameters

in the easy-axis configuration.

In HoW g, only transitions within the ground-state doublet along the easy axis could be
experimentally accessed [175]. In this case, the electric field modulates exclusively the non-
axial B} term, which affects the resonance frequency (Eq. but not the position of the
clock transition, yielding  Bot(E) ~ 0. This explains the absence of an experimentally

observed shift in Ber in Ref. [30] and in the simulations displayed in Fig. [5.6{a).

For any orientation with @ # 0° (including the hard plane), the simplified two-level picture
no longer applies. In this case, the Zeeman interaction involves the transverse operator
S, which couples different |my) states rather than preserving them. Consequently, the
eigenstates become mixed superpositions, and both axial and non-axial crystal-field terms
contribute to the level structure and to the position of the clock transition. In this
regime, electric-field modulations of non-axial parameters can therefore also influence

Ber, in contrast to the previous case (Fig. [5.6(b)).

A.5.2 Extended Figures
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Figure A.10: (Simulations) Resonance frequency of extrinsic clock transitions as a function
of the tilt angle # between the static field By and the molecular axis. Inset: Representative
energy-level diagram of an S = 1 system at 6 = 10°, with the clock transition highlighted (red
circle).
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Figure A.11: (Simulations) Energy-level diagram (top) and corresponding resonance
frequencies of the highlighted states (bottom) for GdWjo along the easy axis. Two CTs
are observed (magnetic fields and frequencies indicated), but both occur below 2 GHz, implying
that their experimental investigation would require larger, low-frequency resonators.
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B.1 Magnetic Resonance and Spin-Electric Coupling
Simulations

@ g = gupBo(S,cos 0 + S, sinf) + DSZ + - (b)
From literature or fitting; ﬁpert. ( E) —

Eqg.1.10 A P ~
7 D(E)S? + A(E)S - T+ BX(E)OF ...
From SEC model

v

| Calculate Eigenvalue/Eigenstate |

A 4

|8f5im — |ﬁunpert.(E — 0) _ ﬁpert.(E)||

v

| Fermi Golden Rule and Thermal Population |
Eq. 1.27

A\ 4

| Compare with experimental data |

v

| Plot Intensity vs By

Figure B.1: (a) ESR spectra are simulated from the spin Hamiltonian, which defines the energy
levels (eigenvalues) and eigenstates. Transition probabilities are then computed using Fermi’s
golden rule and weighted by the Boltzmann populations; repeating this procedure across a
range of By yields the field dependence of the allowed transitions, from which the ESR spectrum
is constructed. (b) Electric-field-induced frequency shifts are obtained analogously, but with
Hamiltonian parameters expressed as field-dependent quantities, e.g., D(E). The simulated
5™ are given by the difference between eigenvalues of the E-field-perturbed and unperturbed
Hamiltonians and compared directly with experiment. In both cases, the Hamiltonian form
and parametrisation of the spin-electric coupling are chosen based on physical insight and prior
studies, ensuring consistency with the relevant microscopic mechanisms.
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B.2 Search Algorithm for Chapter 5

&D (E) 6fsim —
|H‘unpert. _ H‘pert.(E)l

0f116f12 8f13 6f1a
8216822 6f23 6f2a
8f31 832 0f33 634
8B (E) 8f41 8faz Ofzs Ofaa

minimise

No | | Yes

Re-centre the search around | Output §B# (E) and 8D (E) I
8By min and 8Dpin

Figure B.2: Schematic representation of the search algorithm used to find the resonance
frequency shifts § f in GAWq, as shown in Fig. in the main text.

This section outlines the procedure used to calculate the resonance-frequency shifts § f
and the corresponding spin-parameter variations shown in Fig. c,d) in the main text.
A schematic of the search algorithm is presented in Fig.

The calculation begins by evaluating J f as the absolute difference between the resonance
frequencies obtained from (i) the unperturbed Hamiltonian in Eq. with parameters de-
termined experimentally from orientation-dependent ESR spectra, and (ii) the electrically
modulated Hamiltonian, obtained by varying the anisotropy terms §D(E) and B} (E).
The explored parameter space (illustrated by the darker grid in the top panel of the

schematic) was chosen to be physically reasonable and consistent with previous studies .
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The next step is to identify the parameter shifts that best reproduce the experimental
SEC data. For this, we define the cost function

P(OB},6D) =Y o7 [ofi7 = 6 £, (B.1)

where the sum runs over all measured peaks (i = 1,...,8; five in the hard-plane and
three in the easy-axis orientations), and o; is the standard error of the experimental § f;™*".

This weighted sum quantifies the mismatch between experiment and simulation.

The (linear) search algorithm scans the chosen parameter space to find the pair (5Bimin,

0Dpyin) that minimises I'. If the minimum cost [y, lies below a target threshold e,
these values are taken as the optimal parameter shifts, and the corresponding § f5™

is computed using D(E) = D(0) + § Dy and Bi(E) = B}(0) + 6B} If Tin > €,

4,min"

4

the search is repeated with a parameter space re-centred at (0B .,

dDyin), iterating

until the convergence criterion is met.
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