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Abstract

Quantum two-level systems based on spin states known as “spin-qubits” are promising

building blocks for the development of quantum technologies. Among different physical

platforms, spin-qubits defined in single-molecule-magnets (SMMs) are promising candi-

dates because their electronic structure can be easily tuned by chemical engineering (i.e.,

the molecular spin Hamiltonian can be easily modified). However, molecular spin qubits

generated in SMMs faces several challenges: fragile quantum coherence, insufficient co-

herent control over spin states and generation of entanglement between the spin-qubits

for quantum information processing applications. To address these challenges and achieve

the coherent manipulation of spin information, we need to understand the relationship

between spin states, molecular motions (vibrations or phonons) and charge polarization

(e.g., that generated by an external E-field). The current Thesis explores the relationship

between spin states, vibrations and polarization from a theoretical perspective. Initially,

we study the interaction between spin states and vibrations (vibronic coupling) as an

important source of spin information dissipation. In particular, a detailed modelling of

vibronic couplings, supported by experimental evidence, is employed to decipher the de-

coherence pathways in different SMMs. Our outcomes reveal that only some molecular

distortions associated to certain vibrational modes are able to strongly couple to spin de-

grees of freedom and, thus, promoting decoherence. Additionally, we also identified that

sparse spectra between spin and phonon states are crucial to preserve quantum super-

positions longer times. Secondly, we present a comprehensive study of coherent control

over spin states using electrical fields in a molecular qubit system that exhibits clock

transitions (HoW10). This coherent control is modelled by evaluating the spin-electric

coupling (SEC); that is, finding a relation between spin states, charge polarization, and

molecular distortions. The strong SEC observed in HoW10 is sufficient to allow selective

addressing of the spins using a local E-field at practical level. Finally, we explore the

possibility of constructing two-qubit entanglement gate in a pair of two dipolar-coupled

clock-qubit (HoW10–HoW10), where electrical field is used to locally control the qubit

states. The work presented in this Thesis advances the understanding of molecular spin

qubits for their potential application in quantum information processing.
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7.6 Puertas eléctricas de dos qubits dentro de un par de moléculas magnéticas
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Chapter1
Introduction and aim of the thesis

1.1 Introduction

With everyday passing, there is an exponential increase in data archives in almost every

field of life. This exponential growth in data not only makes difficult to store but also

elevate the computational complexity for processing the information. Nowadays, classical

computers are used for information processing. Although the number of transistors on

integrated chips are doubling every year according to Moore’s Law, we are about to reach

the limit where further integration of transistors is not feasible. To circumvent this hurdle,

a quantum processor is a promising alternative that uses a quantum two-level system

based on spin states known as “spin-qubit”, exploiting quantum behavior by allowing

superposition between the basis states. It was first proposed by P. Benioff and, later, by

later R. P. Feynman.1,2 This fundamental feature of quantum basis is powerful enough

to solve complex problems in polynomial time. The example was provided by P. Shor in

1994, where he constructed a quantum algorithm able to perform prime factorization of

large integer numbers in polynomial time.3

The development of physical systems which perform quantum information processing

must fulfil the DiVincenzo criteria which list the operational conditions necessary to

demonstrate quantum computing in an experimental device.4 Several approaches have

been adopted so far, prominent proposal includes cold ion traps,5–9 quantum optics,10,11

nitrogen vacancy in diamond,12–15 the use of rare-earth metals in quantum network for

distance communications,16–20 quantum dots,21–23 superconducting qubits.24–30 In all

these approaches, the primary focus is devoted to creation, operation, and performance

bench-marking of qubit in devices. Moreover, for the development of quantum technology,

several companies from both private and public-private partnerships have emerged such

as IBM, Microsoft, Rigetti, Atos, D-wave etc. All these companies exploiting the different

properties of matter ranging from semiconductor, superconductors, to defects in solid for

the development of quantum computing and communication devices.
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In the past three decades, magnetic molecules have gained interest as potential can-

didates for emerging technologies like quantum computation and processing, magnetic

memory storage, spintronics devices, or magnetic resonance imaging, among others.31–34

Towards these applications, two classes of magnetic molecules have emerged, transition

and lanthanide based magnetic molecules. The discovery of single molecule magnet

(SMM) systems in which the magnetic behavior is purely of molecular origin, opens

new avenue for improved magnetic properties.35 This distinctive nature is stemming

from intrinsically large magnetic moment and strong spin-orbit coupling. Futhermore,

the properties of Ln-based SMMs can be tailored by chemical design. In addition, the

possibility that SMMs can be wisely placed on chips as molecular array has shown great

potential for high-density magnetic memory storage, molecular spintronics, and quan-

tum computing.36–38 This steadily rising interest has resulted in hundreds of reported

coordination complexes that present magnetic bistability and an energy barrier for the

magnetization reversal.39–44

We will give more details on SMMs in the next section, but for now let us review the

open questions in their use as molecular spin qubits. A realistic path towards quantum

computing using molecular spin qubits passes through two critical points, A and B:

Either A1) a strong spin-microwave coupling to be able to address individual molecular

spin qubits in chips, which are already scalable or A2) a path for scalability within

Wernsdorfer’s spintronic approach which does already allow coupling to an individual

molecule.45 And B) a precise control of molecular positioning and circuit preparation so

that each single molecule can be put in its precise place without destroying its properties.

Challenge B is a problem for synthetic chemists and electronic engineers, and in the

present work we will focus on the challenge A in particular on goal A1. Since “strong”

coupling is defined in terms of being able to act within the timescale of the coherence

time, the quantum state defined in a SMM face two challenges at fundamental level: 1)

to obtain a more robust quantum coherence even in presence of the inevitable interaction

with the environment (both spin and phonon baths) and 2) to develop new ways of

coherent spin-manipulation for quantum computing applications. Firstly, the interaction

of spin states with a phonon bath, known as spin-phonon coupling (SPC), harness the

spin-superposition. It is a therefore necessary to identify those vibrations or phonon

which play a critical role in the magnetization reversal. In addition, these interactions

should be further explored using a product state between spin and phonon degrees of

freedom (vibronic states) in the presence of different magnetic fields to investigate the

relaxation pathways. For coherent manipulation of spin information, electrical fields

can be confine in shorter length scales than magnetic fields. In this context, magnetic

molecules are an ideal platform because they exhibit polarizable ligand environment, and

can provide strong spin-electrical coupling. Once the environmental interactions are fully
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characterized, the viability of a system for coherent manipulation of spin information can

be exploited.

In this thesis, the above two challenges are thoroughly investigated for future practical

quantum devices with the experimental evidence in Ln-based SMMs.

1.2 From Molecular Magnetism to single molecule

magnets

The field of Molecular Magnetism started in 1980’s, where chemists collaborated with

physicists to design and model magnetic properties in molecular-based compounds.46

In the beginning, the focus was on investigating the magnetic properties of molecules

with single or double magnetic spin centers.47 Later on, the scope was widened towards

chemical design for multi-spin systems with organic radicals as linkers. This leads to the

discovery of novel class of 1D magnetic materials, namely ferrimagnetic chains.48,49 In

turn, this motivated the development of new theoretical models with aim of correlating

distinctive magnetic behavior with structural properties. In some cases, it was observed

that these 1D materials exhibits interesting physical phenomena such as slow magnetic

dynamics50 or strong magneto-chiral dichroism.51 In order to have long-range magnetic

ordering below critical temperature (Tc), inter-chain interactions between different layers

were studied.

In the 1990’s, the focus evolved towards the design of magnetic materials exhibiting

spontaneous magnetization below Tc (molecule-based magnet). Together with organometal-

lic chemistry and a solid-state approaches, many new magnets with different topologies

and dimensionalities52–54 were synthesized with Tc reaching room temperature.55 Thus,

molecular magnetism advanced up to a level where this field of study is not just used as

a tool to correlate the structure and unpaired electrons, but also for the design of novel

crystalline materials exhibiting new physics with useful magnetic properties. After the

initial period with fundamental understanding, the field of molecular magnetism grew

very fast, chemists were designing more and more complex materials while physicist were

interested in the observation of new magnetic phenomena in these materials.56 This re-

sulted in two different types of magnetic materials: the so-called single-molecule magnets

and the multifunctional magnetic materials. SMMs opened a new possibility for observ-

ing quantum effects in magnets at nanoscale. During this time, physicists were looking

at small magnetic particles, all identical to each other, to test quantum theories.

The main challenge was to obtain the assemblies of identical particles. Chemists

through molecular design and coordination chemistry approach, solved this problem by

preparing identical magnetic clusters and to assemble them in a crystalline lattice. In

1993, first magnetic cluster containing twelve manganese ions were synthesized and char-
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acterized, so-called Mn12 acetate. This molecular system showed magnetic hysteresis at

low temperature (below 2 Kelvin) similar to that exhibited by a hard magnet but of

molecular origin.57 This discovery suggested that a single molecule could behave as a

tiny magnet to store information. Soon after, in 1996, the crystal of these molecules

exhibited quantum tunneling of magnetization,58,59 this phenomenon was acknowledged

as one of the 23 milestones in the study of spin, “Milestones in Spin”.

Nowadays, these magnetic molecules are widely investigated in the field of molecular

spintronics and quantum computing with the common goals of creating a new generation

of spintronic devices and spin quantum bits (qubits in short). Spin-based electronics

which aim for electron-based information processing is one of the emerging branches

of molecular magnetism. So far this area was exclusively based on inorganic metals

and semiconductors, however these nano-sized magnetic molecules provided optimal ap-

proach towards spintronic devices because controlled quantum effect in the limit of single

molecule.60,61

The observation of quantum effects in these nanomagnets opens the tantalizing pos-

sibilities for storing not only classical information but also creation, manipulation and

readout of quantum superposition of two spin states |0⟩ and |1⟩. Thus providing the

practical realization of spin qubits, which are in fact the basic units of future quantum

computers. The main goal is far from reality because molecular spins have extremely frag-

ile quantum coherence due to interaction with environmental degree of freedom both spin

and phonon, hence rapidly loosing the stored quantum information. The fragile quantum

coherence, together with scalability –constructing network of long lived spin qubits– and

implementing quantum algorithm are major obstacles for fabrication of quantum devices.

In this context, molecular spin qubit approach can be advantageous to conventional ap-

proaches which are based on extended inorganic lattices. The versatility in coordination

chemistry constitutes a key tool here, since the coordination environment to spins can

be exploited to adjust the decoherence process in spin qubits. In terms of scalability,

the molecular approach stands apart from conventional extended lattice approaches, be-

cause molecules are comparatively easy to replicate in large numbers and arranged via

self-assembly and molecular recognition processes.

It is noted that the integration of molecular spin qubit into a scalable device is still

far away, the current goal is to have robust spin qubit and couplings to external fields

such as electrical and magnetic fields for simple quantum gates operations. As far as

decoherence in spin qubit is concerned, significant advances have been made in terms of

minimizing the interaction of environment with spin degree of freedom or introducing

nuclear-spin free ligands and solvents. The most challenging source of decoherence to

mitigate is the presence of optical and acoustic phonons.62 It has been suggested that

this source of dechorence can be avoided by decoupling spin levels with these phonons or
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completely quenching those phonons which harness spin information.

To date, robust molecular spin qubits have been obtained like vanadium complex63

and vanadyl phthalocyanine complex.64 For the first example, the transverse decoherence

time (T2) is in millisecond range at low temperature, while T2 for the second example is

in microsecond range at room temperature. These decoherence times are three order of

magnitude shorter compared to other spin qubit in inorganic lattices, such as phosphorous

impurities in silicon and diamond nitrogen-vacancy (NV) centers with T2 values close to

seconds at low temperatures and in millisecond range at room temperature.

However, these coherence times were obtained in a diluted sample only, which triggers

another challenge towards scalability. In a fabrication of quantum device, one needs

to have multiple interacting spin qubits, this has been already compromised through

dilution. In addition to this, each spin qubit must be locally controlled and easy to

manipulate for large scale quantum information processing.

A strategy to overcome this hurdle is to engineer spin energy levels of molecular

magnet in such a way that spin spectrum becomes insensitive to magnetic fields. Spin

states in a spin center produces avoided crossing leading to a tunneling gap. At avoided

crossing, net magnetic moment becomes zero and nanomagnet becomes diamagnetic.

This provides an optimal operating point or clock transition (CT), at this magnetic field

the spin-qubit dynamics is protected against dipolar decoherence. This approach was

illustrated for the molecular anion [Ho(W5O18)2]
9− (in short HoW10), which contains a

Ho3+ ion encapsulated in between two polyoxometalate moieties.65 The long coherence

time of T2 up to 8.4 µs at 5K was found at a CT field even in concentrated samples, as

will be discussed below.

1.3 Molecular architecture of important examples of

single molecule magnets

As pointed out above, SMMs are coordination compounds, where metal ions are sur-

rounded by ligands. This framework offers advantages of well-defined and tunable prop-

erties, in particular the electronic structure of individual ions is configured by the ligand

environment. In the formation of SMMs, the critical factors that have been recognised for

a long time are the magnetic anisotropy of individual metal ions and the strength and the

symmetry of the ligand field. Since the discovery of SMMs containing only one metal ion-

phthalocyaninatolanthanide complexes with a “double-decker” structure, [LnPc2]−,66 the

properties of SMM have been further improved due to relatively easy to control the sym-

metry and strength of ligand field. In these complexes, a trivalent lanthanide ion, LnIII, is

encapsulated by two π-conjugated planner ligands (Pc=phthalocyanine dianion; LnIII =

Tb, Dy, Ho, Er, Tm, and Yb). These ligands present four coordinating pyrrole nitrogen
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atoms in a square-planar symmetry. When two tetradentate ligands encapsulate the LnIII

ion, each moiety is twisted ca. 45◦ with respect to the other, generating a D4d ligand-field

symmetry around the lanthanide. These systems showing enhanced properties such as

larger effective energy barriers to reversal of the magnetization (the anisotropy barrier,

Ueff ). The slow relaxation of the magnetization, which experimentally is detected by an

out-of-phase ac magnetic susceptibility and/or magnetic hysteresis below certain temper-

atures, arises mainly from the zero-field splitting of the ground total angular momentum

(J) when it is placed in a ligand field. For certain ligand field symmetries, such split-

ting can stabilize sub-levels with a large |Jz| value, thus achieving an easy axis of the

magnetization. Further improvement was made in Ueff by experimenting with different

chemical strategies, as for example [Dy(OR)2(L)5]
+ with D5h–symmetric SMM,67–69 how-

ever, the magnetic hysteresis properties typically feature zero-field quantum tunnelling of

the magnetization (QTM), which precludes potential applications in information storage.

First promising SMM with long relaxation time and blocking temperature of 60 K was

found in the form
[
Dy(Cttt

p )2
]+

, where Cttt
p = C5H2

tBu3 − 1, 2, 4 and tBu = C(CH3)3.
70,71

It was found that, the key magneto–structural correlation, the [Cp]− ligands provide a

dominant axial crystal field that enhances the magnetic anisotropy of Dy3+, increasing the

anisotropy barrier and the blocking temperature TB at which one can observe magnetic

hysteresis to 60 K. In this case, certain vibrations involving the H atoms directly bonded

to the carbon ring were theoretically characterized as involved in the magnetic relaxation,

in a study that moved the focus beyond the magnetic anisotropy. Following this success,

Layfield further modify the ligand environment to
[
(CpiPr5)DyC∗

p

]+
, a modification which

lead to Tb 80 kelvin, above liquid nitrogen temperature.72 According to the authors, a key

factor for this was substituting the H atoms by bulkier groups, to impede the molecular

vibration that was involved in the spin relaxation in the previous compound. A similar

synthetic strategy resulted in
[
Dy(CpiPr5)2

]+
with TB = 72 K, along with two other

related dysprosocenium-type complexes with a similar behavior.73

The ability of polyoxometalates (POMs) to encapsulate lanthanides with coordina-

tion geometries similar to those of bis(phthalocyaninato) lanthanide complexes means

they were also explored as potential SMMs. The [ErW10O36]
9− was the first example of

POM family which showed SMM behavior.74 That behavior was also reported for differ-

ent lanthanide ions with general formula [Ln(W10O36)]
9−, (LnIII = Tb,Dy,Ho,Er).75 In

POMs, the magnetic memory was comparatively very weak, but they have been charac-

terized as molecular spin qubits: molecules capable of presenting coherent spin echoes in

pulsed Electron Paramagnetic Resonance experiments (EPR).

The polyoxometalate molecular anion [Ho(W5O18)2]
9− (abbreviated to HoW10), with

crystal structure Na9[Y1−xHox(W5O18)2]·35H2O (x = 1%), presents magnetic behavior

arising from the magnetic anisotropy of a Ho3+ ion encapsulated by two polyoxometalate
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moieties in an eight-fold oxygen coordination environment with local slightly distorted

D4d symmetry along their C4 axes (Fig. 1.1a). Specifically, the chemical structure shows

that the skew angle (θ) deviates from the ideal value of 45◦, and that the Ho3+ centre

deviates from the centre position by a distance of d = (h − h′)/2. The latter indicates

that the Ho3+ is closer to one of the two [W5O18]
6− moieties.74,76–78 In the solid state,

the sodium salt of this anion crystallizes in a primitive space group of P 1̄, where each

unit cell contains two HoW10 anions that are inversion-symmetry related. The magnetic

levels of HoW10 can be described by a Hamiltonian including crystal-field, hyperfine and

Zeeman interactions (Eq. 1.1), which are characterised by a total electronic angular mo-

mentum of J = 8 and a nuclear spin of I = 7/2. Bq
k are the crystal field parameters

(CFPs) in extended Steven’s operator (Ôq
k), whereas “A” denotes the isotropic hyperfine

interaction (see Section 2.1 for further details). ge (gN) and µB (µN) correspond to the

electronic (nuclear) gyromagnetic ratio and Bohr magneton, respectively. The tetrag-

onal spin anisotropy (parameterised by terms B4
k) which mixes the MJ = ±4 ground

states and generates a series of anticrossings in the ground spin spectrum, leading to four

electron spin resonance (ESR) clock-transitions (CTs), whose resonance frequencies are

determined by the amplitude of the tetragonal anisotropy. The four CTs correspond to

resonances with different electron–nuclear spin states |MJ ,MI⟩ with MJ = ±4 and of

MI = ±1/2,±3/2,±5/2or ± 7/2 ( Fig. 1.1b).65,79

Ĥ =
∑

k=2,4,6

k∑
q=−k

Bq
kÔ

q
k(J) + Ĵ · A · Î + µBgeB0 · Ĵ − µNgNB0 · Î , (1.1)

Figure 1.1: a) Molecular anion HoW10, b) calculated Zeeman diagrams for the 16 states
of the MJ=±4, I = 7/2 electro-nuclear spin ground manifold vs a B-field applied along
the easy axis of the magnetization (B0z).
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1.4 Environmental fluctuations, Vibronic couplings

and Relaxation times

Coordination compounds which contain single lanthanide ions arouse considerable inter-

est because the magnetic properties are of purely molecular origin. These mononuclear

compounds can present great potential for spin-qubit applications and for spintronic de-

vices.65,80 But they suffer magnetization reversal at slightly high temperature which make

them difficult to use for practical applications. A key performance parameter for these

complexes is the blocking temperature TB- the temperature at which molecular magnet

retain their magnetization.81 In past, low effective energy barrier was considered to be a

the source for magnetic relaxation, so all efforts were drawn to increase the energy barrier.

It was concluded that, the combination of an oblate lanthanide ion (squeezed along axial

direction resulting in an equatorially expanded f -electron charge cloud) with an axial

ligand field will result in higher Ueff values.82 But TB was still close to liquid helium

temperature (4.2 K). It was recently discovered that environmental fluctuations caused

by local vibrations are key driving force for under-barrier magnetic relaxation.83–86 The

success of the dysprosocenium cation
[
Dy(Cttt

p )2
]+

, is that it exhibits magnetic hysteresis

up to 60 K relies on the chemical design of an axial ligand framework that limits molecu-

lar vibrations.87 Moreover, a thorough analysis of the spin-vibrational coupling revealed

that the out-of-plane movement of the Cp-bonded hydrogen atoms played a crucial role

for spin relaxation. Replacing these H atoms by the heavy isopropyl (iPr) and methyl

groups gave rise to the
[
(CpiPr5 )DyC∗

p

]+
complex with the current TB record of 80 K.72

From these successful examples, two main conclusions can be drawn: 1) there should

be an off-resonance with phonon spin states and energies and 2) the couplings between

spin states and local vibrations must be minimized. A practical path to achieve high TB

in Ln- based SMMs is to explore and design multiple ligand environments. A feasible

approach toward this path is to first test them in silico to facilitate the time-consuming

synthetic efforts.

As discussed above the SPCs are the key parameters for driving the magnetic re-

laxation mechanism in these complexes. An approach where both spin and vibrational

states are involved will provide more insight into the effect of SPCs on spin state. If

spin state and molecular vibration are measure in MJ and nj basis respectively, where

j is the phonon number then the product state |Mj, nj⟩ corresponds to a vibronic state.

The interaction between these states is included as off-diagonal terms.88–93 The resulting

Hamiltonian in vibronic basis is shown in eq. 1.2. The nature of these vibronic states can

be altered by magnetic fields since the spin states can suffer Zeeman effect. Therefore,

spin states can approach to the vicinity of new phonons which are far away from zero

magnetic field hence new phonons gain importance. Absorption spectra in the IR range
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can be then computed from the optically-allowed transitions between ground and excited

vibronic states, which are magnetically dependent. This approach is employed on HoW10

anion to characterize the relaxation pathways.

Heff =

[
HS HS−ph

HS−ph HS + IS ⊗ ℏω

]
(1.2)

Further investigation of phonon mediated relaxation has been explored where not only

local vibrations (optical phonon) but also long wave-length phonon (acoustic phonon)

couples to spin spectrum.94 It is crucial to understand the mixing of eigenvectors for

optical-phonon and acoustic-phonon and its relationship with spin state to fully charac-

terize the magnetization reversal.95–98

1.5 Coherent electric field manipulation of spins in

SMMs

Electron spin resonance (ESR) has applications in the manipulation of individual elec-

tron spins for quantum information processing (QIP).99–101 In general, ESR requires two

external magnetic fields: a static field (B0) to split the spin states in energy and an

oscillating field (B1) with the frequency resonant to the splitting energy. In case of B1,

however, spin-manipulation using magnetic field result in undesirable cross talk between

different spin states. On the other hand, E-fields can be confine on shorter length scales,

this helps in controlling and addressing individual spin states. To make use of this,

one requires a strong coupling between spin states and external E-field, also known as

spin-electric couplings (SEC). In this context, magnetic molecules is rising interest be-

cause they exhibit polarizable environments, where the effect of charge distribution can

be characterize to the dipole moment of molecule.102–106 Magnetic molecule investigated

so far with strongest SECs are listed in Table 1.1. Among them, HoW10 exhibits the

record SEC, which arises from intrinsic symmetry breaking, a soft and electrically polar-

izable environment of the spin carriers, and a spin spectrum that is highly sensitive to

distortions.
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Table 1.1: Experimentally observed spin electric cou-

plings (SEC) in different spin (S) complexes exhibiting

different symmetry.

Spin System SEC (rad s−1/V/m) Symmetry

J=8, I=7/2 HoW10 71.608107 D4d

S=5/2 ZnO · Mn(ii) 20.8108 Td

S=5/2 PbTiO3 : Fe3+ 8.542109 Oh

S=5/2 aMn 4.2713110 C3

J=5/2 YAGCe3 2.4111 C4

S=1 Cr7Mn 2.0112 C1

For the design of practical quantum devices, the spin must be locally controlled to

achieve 1- or 2-qubit operations (In Fig. 1.2a, an example of single-spin array register is

shown). In cases where we need to perform complex operations using multi-layered spin-

register (in Fig. 1.2b), we not only need to control spins locally but also directional control

is necessary. This local and directional control of spin will induce coherent manipulation

of spin information, this requires significant SEC.

Figure 1.2: a) Single array register for quantum-spin, b) multilayered spin-register.

The architectural advantage of quantum devices using E-fields can be further under-

stood from Maxwell’s equations (1.3- 1.6). Conventionally, E-fields can be generated

either by introducing a charge or by changing the B-field (eq. 1.3 and 1.4). On the other

hand, B-fields can be induced by passing a current through loop using eq. 1.6. From

divergence (eq. 1.3), it is evident that a directional or controlled E-field can be generated

but we do not have any magnetic monopole. One can conclude that we will have more
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freedom in designing the geometry of a device using E-field rather than B-field.

∇ · E =
ρ

ϵ0
(1.3)

∇× E = −∂B
∂t

(1.4)

∇ ·B = 0 (1.5)

∇×B = µ0J + µ0ϵ0
∂E

∂t
(1.6)

1.6 Quantum information processing

Entanglement is a quantum phenomenon in which two or more quantum systems are

correlated so that they cannot be described independently from one another. The con-

trolled generation of entanglement is a key requirement for implementing quantum in-

formation processing (QIP). In this regard, a propose system has to be composed of a

collection of ‘N ’ well defined centres. Maximal entanglement in multipartite systems

(N >2) has been generated in photons113,114 or trapped ions.115,116 The ideal multiqubit

architecture would have an array of independently controlled, long-lived qubits, with ad-

justable couplings between each pair of qubits. SMM provide such flexibility that they

can be easily placed as molecular array and the properties for each centre can controlled

through ligand environment. The possibility of two-qubit entanglement generation has

been explored between two magnetic asymmetric centres or in supramolecular dimers by

activated magnetic exchange.117–121 In all these approaches, magnetic exchanges are be-

ing used for communication between distance qubits to generate entanglement, but this

approach induces an always-on interaction between different quantum superpositions,

which makes addressing of single qubit difficult. Apart from this always-on interaction,

the qubit communication is affected by environmental fluctuations destroying the whole

qubit space. So, individual qubit addressing and two-qubit logical gates as independent

physical operations is challenging in practice.

A way forward is finding a system where, the interaction with thermal bath is pro-

tected and addition to this magnetic interaction is minimized. This is recently achieved

via CTs, which protect from magnetic noise.65,122,123 At CT field electronic states be-

have diamagnetically. A recent experimental study showed that one can achieve coherent

control over the spin of HoW10 molecules by using an E-field pulse to manipulate the

CT frequency. This allows to selectively address the spins of identical HoW10 molecules

pointing at different directions.
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1.7 Aim of the Thesis

The aim of the current thesis is to explore the possibility of coherent manipulation of spin

information in molecular spin-qubit based on Ln-SMM for quantum computing applica-

tions. Towards this, several challenges are addressed such as fragile quantum coherence,

coupling of spin with an electrical field and inter-qubit communication. Fragile quan-

tum coherence is addressed in details by spin-phonon couplings, vibronic couplings and

vibronic-phonon coupling. Further, spin dynamic at explicit temperature is explored us-

ing the Redfield relaxation theory. Couplings of spin with an electrical field is thoroughly

investigated in HoW10 with experimental evidence. Finally, a theoretical framework is es-

tablished to determine an optimal operating point– balance between enabled inter-qubit

communication and protected quantum coherence– for generating entangled states using

molecular spin qubits.

Chapter 3: Decoupling spin states with phonon density of states

This chapter includes three works which thoroughly cover different aspects of fragile

coherences in molecular spin qubit.

1. Spin vibrational coupling to merit the performance of SMMs.

2. Vibronic model which exploits the product state between spin and phonon state to

determine the relaxation pathways.

3. A relationship between local vibrations and long-wavelength phonon namely vi-

bronic–phonon coupling.

Chapter 4: Quantum coherent spin-electric control in a molecular nanomagnet at clock

transitions

This chapter is attributed towards the exploration of SEC in an molecular anion

HoW10. The strongest couplings observed in a HoW10 will pave the way towards practical

quantum computation by coherently controlling the spin state superposition.

Chapter 5: Electrical two-qubit gates within a pair of clock-qubit magnetic molecules

In this work, we theoretically demonstrate the possibility of employing E-field pulses

to effect entangling two-qubit quantum gates among two neighbouring CT-protected

molecular spin qubits of HoW10 within a diluted crystal. This involves finding a B-

field constituting a compromise between keeping some of the protection from magnetic

noise and allowing the necessary amount of inter-qubit communication. We start with a

theoretical estimate of the effect of temperature and B-field on the longitudinal (T1) and

transverse (T2) relaxation times of a HoW10 single qubit. Later, we address the qubit-

qubit interaction. With the whole Hamiltonian, we indicate the conditions and procedure

to implement arbitrary 2-qubit manipulations in this system.
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Chapter2
Theoretical Methods

2.1 Crystal field theory for Lanthanides

SMMs have shown great potential for the advancement of emerging technologies like

quantum information processing and storage, spintronics, or magnetic resonance imaging,

among others.31–34 To further improve the performance of SMMs, there is a need for

deciphering the origin of the magnetic relaxation in these molecular systems.

Lanthanide (Ln)-based SMMs exhibit distinctive magnetic nature which is stemming

from the electronic structure and attributed to the aspect that 4f -electrons are mostly

localized in a inner shell which leaves large unquenched orbital momentum (L̂). This large

orbital momentum together with strong relativistic effects give rise to an important spin-

orbit coupling dominating the crystal field from the ligands surrounding the metal ion.

In these SMMs, L̂ dominates the spin momentum (Ŝ) to large extent such that Ŝ is no

longer an observable. Hence, total angular momentum (Ĵ) is the good quantum number to

describe the magnetic properties in Ln-based SMMs. The resulting weak crystal field has

smaller effect in lifting the degeneracy of 4f -orbitals, however such small effect is sufficient

enough to tune the magnetic properties by the proper choice of the ligand environment.

These feature are in contrast to those exhibited by the transition metal based SMMs

where the ligand field dominates the spin-orbit interaction. Table 2.1 compares transition

metal and Ln-based SMMs according to their different interactions; i.e., electron-electron

(Hee), ligand-field (HCF ) and spin-orbit (HSO) interactions. Another relevant aspect of

Ln-based SMMs with low-lying 4f -orbitals is the weak dipole-dipole interactions with

neighboring molecules, which give rise to the fact that the resulting magnetic property is

purely of molecular origin.
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Table 2.1: Hierarchy of different interactions in transi-

tion metal and Ln-based SMMs; i.e., electron-electron

interaction (Hee), spin-orbit (Hso) and ligand-field effect

(HCF ) in weak and strong fields.

Orbital Interaction Region

3dn Hee > HCF > HSO Weak field

HCF > Hee > HSO Strong field

4fn Hee > HSO >> HCF Weak field

Hee > HSO > HCF Strong field

The most stable oxidation state for Ln ions are trivalent (Ln3+) which are character-

ized by fn configurations, where ‘n’ is the number of electrons in the 4f -shell. The energy

scheme of the corresponding electronic levels (2.1) can be understood by considering the

different contributions to the full electronic Hamiltonian (ĤS), eq. 2.1:124

ĤS = Ĥ0 + Ĥee + ĤSO + ĤCF + ĤZeeman + Ĥhyp. (2.1)

First, the electron-electron interaction (Ĥee) added to the one-electron atomic Hamilto-

nian (Ĥ0) of Ln3+ ion splits the lowest energy electron configuration with different orbital

angular momentum (2S+1L) of the order of 104 cm−1 (Fig. 2.1).125 Second, the coupling

between the orbital and spin angular momenta (spin-orbit interaction (ĤSO)) produces

non-degenerate atomic terms characterized by the total angular momentum “J” (2S+1LJ)

with an energy separation of around 103 cm−1. The crystal field of ligands (ĤCF ) splits

each atomic term by 102 cm−1, further producing energy states with different magnetic

quantum numbers MJ . In the presence of an external magnetic field, each MJ multiplet

experiences Zeeman spitting, in the 1-10 cm−1 range. This effect is included by the Zee-

man Hamiltonian (ĤZeeman). Finally, each Zeeman level can further split with a small

energy separation (0.1-1 cm−1) due to the electron-nuclear interaction also known as the

Hyperfine interaction (Ĥhyp.). In Ln-based SMMs, the MJ states arising from the ground

J level are well separated from the excited MJ multiplets. This off-resonance reduces the

undesired interaction with an electronic spin bath making these Ln-based SMMs perfect

candidates for quantum information processing and magnetic storage.
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Figure 2.1: Scheme of the splitting of the energy levels in Ln3+ ions. From stronger (left)
to weaker (right) interactions, electron-electron interaction (Ĥee), spin-orbit coupling
(Ĥso), crystal-field (ĤCF ), Zeeman and Hyperfine interactions.

2.1.1 Spin-orbit coupling

As discussed previously, the most important contribution to the electronic structure is the

interaction between the L̂ and Ŝ magnetic moments (i.e., the spin-orbit (SO) interaction).

The general form of the spin-orbit Hamiltonian (ĤSO) is shown in eq. 2.2. After the SO-

interaction, the resulting energy levels based on total angular momentum (J) can be

described by eq. 2.3, where, ζ is the spin-orbit coupling constant which ranges from 600

to 3000 cm−1 in the case of Lanthanides.

ĤSO =
n∑
i

ζL̂i.Ŝi (2.2)

E2S+1LJ
= ± ζ

2S
[J(J + 1) − L(L+ 1) − S(S + 1)] (2.3)

The total angular momentum J follows summation rules |L− S| ≤ J ≤ |L+ S| and the

sign in the summation follows the Hund’s rules depending on the number of electrons in

the outermost shell (for n < 7, J = L− S whereas for n < 7, J = L+ S).126 In cases of

highly anisotropic ions (e.g., Gd3+ (n = 7)), the orbital angular momentum is completely

quenched being L=0 and S=7/2.

2.1.2 Crystal field Hamiltonian

The crystal field theory is formulated under the weak-field approximation –i.e., the split-

ting of energy levels due to crystal field is weak compared to the spin-orbit interaction

21



energy– this theory was first introduced by Bethe in 1929 to simulate the energy levels for

f -elements.127 Once the Ln3+ ion is placed in a ligand environment, the partially filled

4fn orbitals split creating (2J+1)-fold degeneracy, this ligand field effect can be modelled

by a potential created by the ligands surrounding the Ln3+ ion· The resulting crystal field

effect is an order of magnitude smaller than the spin-orbit coupling. The crystal field

Hamiltonian can be then written in terms of ligand-field potential operators (V̂ (r⃗)).128,129

The V̂ (r⃗) operator represents the electrostatic potential that Ln3+ experiences as a con-

sequence of the coordination with the ligands (Lij) with charges ZLij
at distance RLij

(eq. 2.4). Using Legendre polynomials, one could transform 1/
∣∣∣R⃗Lij

− r⃗i

∣∣∣ into spherical

harmonics (Y q
k (i)).130 The crystal field Hamiltonian in terms of spherical harmonics takes

the form shown in eq. 2.5, where Bq
k and Cq

k are the crystal field parameters and Racah

operators, respectively, of rank k and q = −k → +q.131–133 From eqs. 2.5 and 2.6, the

matrix elements can be deducted using the Wigner–Eckart theorem. This ligand field

formalism was first developed by Racah and, later, summarized by Wybourne.134

ĤCF = −e
n∑

i=1

V̂ (r⃗i) , V̂ (r⃗) =
∑
L

(−Ze)L∣∣∣R⃗L − r⃗i

∣∣∣ (2.4)

ĤCF =
∑
k=0

[
Bk

0C
k
0 (i) +

k∑
q=1

(
Bk

q

(
C−q

k (i) + (−1)qC−q
k (i)

)
+B

′k
q ι̇
(
C−q

k (i) − (−1)qC−q
k (i)

))]
(2.5)

where,

C−q
k (i) =

√
4π

2k + 1
Y q
k (i) (2.6)

In general, it is more convenient to express the ĤCF in terms of the total angular momen-

tum operator (Ĵ). For that, the commutation relations between Y q
k (i) and J (eq. 2.7) can

be used. The resulting crystal field Hamiltonian is shown in eq. 2.8. This formalism was

introduced by Steven, where ak are the Steven coefficients, rk is the radial expectation

value, Aq
k and Bq

k are the crystal field parameters and Ôq
k(Ĵ) are the Steven’s operators.135[

Ĵz, Ŷ
q
k

]
= qŶ q

k ,
[
Ĵ±, Ŷ

q
k

]
=
√
k(k + 1) − q(q ± 1)Ŷ q±1

k (2.7)

HCF (J) =
∑

k=2,4,6

k∑
q=−k

akA
q
k⟨r

k⟩Ôq
k =

∑
k=2,4,6

k∑
q=−k

Bq
kÔ

q
k(J) (2.8)

The conversion between Wybourne and Steven’s operators can be found in ref. 134. Note

that the crystal field parameters Bq
k are central in this thesis since they are going to be
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used for the development of theoretical models for magnetic relaxation dynamics.

2.1.3 Zeeman and Hyperfine interaction Hamiltonians

The Zeeman Hamiltonian (ĤZeeman) describes the interaction of an external magnetic

field (B) with the total angular momentum by:

ĤZeeman = µBgBĴ =

[
Bx By Bz

]

gxx gxy gxz

gyx gyy gyz

gzx gyy gzz




Ĵx

Ĵy

Ĵz

 , (2.9)

where µB is the Bohr magneton and g corresponds to a tensor describing the magnitude

and anisotropy of the magnetic moment of the system, where only the diagonal elements

(i.e., gxx, gyy, gxx) are considered due to symmetry reasons. Based on the strength of these

tensor, the magnetic behavior of a given ion can be determined. In general, we can find

three different situations: 1) isotropic (gxx = gyy = gzz), 2) axial (gxx = gyy ̸= gzz) and 3)

rhombic (gxx ̸= gyy ̸= gzz) systems. An extreme axial system (i.e., gzz >> gxx = gyy),
136

also known as an Ising type of anisotropy, would lead to good molecular magnets.

Finally, each Zeeman level can split into sub-levels due to the hyperfine interaction

originating from the interaction between total angular momentum (J) with the nuclear

spin (I). The Hamiltonian that accounts for this interaction is shown in eq. 2.10, where

‘Ah’ denotes the hyperfine coupling tensor.124

Ĥhyp = Ĵ ⊗ Ah ⊗ Î = Ah
1 ĴxÎx + Ah

2 Ĵy Îy + Ah
3 Ĵz Îz (2.10)
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2.2 Standard computational methods

The electronic structure of Ln-based SMMs can be described by using different compu-

tational techniques at different level of accuracy and computational cost, ranging from

ab-initio multireference methods to semi-empirical ones. The purpose of all these com-

putational methods is to describe the physical behavior of these complexes by including

all the possible interactions at quantum level.

In a system of ‘i’ interacting electrons and ‘A’ ions, the quantum state can be described

by the non observable many-body wavefunction, Ψ(ri, RA), which depends on electronic

(ri) and nuclear coordinates (RA). The energy of the system (E), which is a physical

observable and drives in general all other properties, can be computed by solving the

non-relativistic time-independent Schrödinger (eq. 2.11).

ĤΨ(ri, RA) = EΨ(ri, RA) (2.11)

where, Ĥ is the total Hamiltonian operator, E is the energy corresponding to the Ψ(ri, RA)

wavefunction, which contains all the information of the system. The Hamiltonian opera-

tor contains kinetic (T ) and potential (V ) energy contributions. For composite systems

of ‘i’ interacting electrons and ‘A’ ions, the Hamiltonian operator containing all possible

interactions is described as in eq. 2.12:

Ĥ = T̂e + T̂N + V̂eN + V̂ee + V̂NN

= −
N∑
i=1

1

2
∇2

i −
M∑

A=1

1

2MA

∇2
A −

N∑
i=1

M∑
A=1

e2ZA

riA
+

N∑
i=1

N∑
j>1

e2

rij
+

M∑
A=1

M∑
B>A

e2ZAZB

RAB

(2.12)

where, Te and TN correspond to electronic and nuclear kinetic energies, respectively. VeN

is the attractive electron-nucleus potential energy. Vee and VNN are the repulsive electron-

electron and nucleus–nucleus potential energy, respectively. ∇ is Laplacian operator

describing the derivative with respect to electronic ri and nuclear RA coordinates, e and

ZA are the electronic and nuclear charges.

The exact solution of the non-relativistic time-independent Schrödinger (eq. 2.11) in-

cluding all the possible interactions in the Hamiltonian (eq. 2.12) is essentially impossible,

especially due to the Vee term. Therefore, it is necessary to pose some approximations

to the Hamiltonian operator and the wavefuncion. The first approximation that can be

invoked is the Born-Oppenheimer approximation, which states that electrons are moving

in an electrostatic potential created by ”static” nuclei. This is due to the fact that nu-

clei are much heavier than electrons and, hence, the velocity of electrons is much faster

compared to that of nuclei. The interaction potential between nuclei can be therefore

neglected or treated as a constant value. This approximation leads to a separation of
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the many-body wavefunction as a product of independent nuclear and electronic wave-

functions (eq. 2.13).The Hamiltonian operator acquires a simplified form containing only

electronic terms, Ĥel = T̂e + V̂eN + V̂ee. This leads to the time-independent Schrödinger

equation shown in eq. 2.14. The total energy is finally determine by adding the nuclear

potential energy to the electronic energy contribution (eq. 2.15).

Ψ(ri, RA) = Ψ(ri)Ψ(RA) (2.13)

ĤelΨ(ri, RA) = EelΨ(ri, RA) (2.14)

Etotal = Eel + VNN (2.15)

2.2.1 The Hartree–Fock Method

The Hartree–Fock (HF) method was amongst the first and simplified wavefunction-based

approaches to determine Eel of a molecular system.137,138 In this approach, the wave-

function is written as an antisymmetric product of single-electron wavefunctions known

as spin-orbitals (ψi). That product is widely known as Slater determinant. This single-

reference approach transforms the many-electron Schrödinger equation into a set of mono-

electronic equations where the two-body Hamiltonian is substituted by a one-electron

operator known as the Fock operator (f̂i, eq 2.16). f̂i is decomposed into ĥi, which repre-

sents the core Hamiltonian (kinetic and attractive electrostatic potential for electron i),

and V̂ HF
i , which is the HF potential representing the average repulsive potential of one

electron with the rest N − 1 electrons.

f̂iψi = εiψi , f̂i = ĥi + V̂ HF
i (2.16)

where

V HF
i (r⃗1) =

N∑
j

(
Ĵij(r⃗1) − K̂ij(r⃗1)

)
. (2.17)

Ĵij(r⃗1) and K̂ij(r⃗1) are the Coulombic and exchange operators, respectively (eqs.2.18

and 2.19). The HF energy is written as the sum of the spin-orbital energies (εi) but

subtracting the double counting of the electron-electron interactions (eq. 2.20).

Ĵijψi =

[∫
ψ∗
j (r2)

1

r12
ψj(r2)dr⃗2

]
ψi(r1) (2.18)

K̂ijψi =

[∫
ψ∗
j (r2)

1

r12
ψi(r2)dr⃗2

]
ψj(r1) (2.19)

EHF =
∑
i

εi −
1

2

∑
i

∑
j

(Jij −Kij) (2.20)

The HF method is an iterative process in which an initial set of spin-orbitals is pro-
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vided. In each iteration, a new set of eigen-functions ψi and orbital energies (εi) are

obtained. This process, known as Self-Consistent Field (SCF), is repeated until a pre-

selected convergence is achieved. Note that the spin-orbitals ψi are generally constructed

from a linear combination of a basis set ϕµ (eq. 2.21).

ψi =
∑
µ

cµϕµ (2.21)

One of the main drawbacks of the HF method is that it does not include electron cor-

relation. This lead to the fact that the energy obtained in the HF method is not exact

(eq. 2.22). It is therefore necessary to adopt post-HF methods to capture the electronic

correlation phenomenon and recover correlation energy (Ecor).

Ecor = Eexact − EHF (2.22)

2.2.2 Post-Hartree–Fock Method

It is difficult to obtain an accurate description of electronic states using a method that

only accounts for a single determinant (like the HF method) due to the lack of electron

correlation. To overcome this, several post-HF methods has been developed involving

a large number of configurations, starting from the HF determinant, to accurately pre-

dict wavefunctions and energies. Among these post-HF methods, it should be stressed

the configuration interaction (CI) methods, the approaches based on the Möller-plesset

pertubation theory (MP) and the coupled cluster (CC) models.139–145

For CI-based methods, the correlation energy (Ecor) is captured by considering all pos-

sible configurations (either Slater determinants or configurations state functions (CSFs))

in the total wavefunction (eq. 2.23).

ΨCI = a0ΦHF +
∑
S

aSΦS +
∑
D

aSΦD +
∑
T

aSΦT + .... =
∑
i=0

aiΦi (2.23)

The corresponding energy for the CI-based methods is minimized variationally by deter-

mining the expansion coefficient ai for each configuration. In a full CI method, one needs

to take into account all possible excitations. In real systems with many electrons, the

configurations grows exponentially hence increasing the computational complexity and

cost. To overcome this, one approach is to restrict the CI expansion to single, double or

both excitations (e.g., CIS, CID and CISD variants). Although these CI methods can

be appropriate to obtain reasonable wavefunctions and energies, they fail in those case

where the initial HF wavefunction is not a good reference any more (e.g., in dirradical

systems). One solution to this problem is to optimize not only the CI coefficients but

also the spin-orbitals, which significantly increases the computational cost.
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An effective approach to deal with the above problem is to partition the molecular

orbitals into active and inactive space and considering all the possible excitations in the

active space only. This method is known as the Complete Active Space Self Consis-

tent Field (CASSCF) method.146–148 The active space consists of number of electrons

distributed in a set of active orbitals while inactive space is either doubly occupied or

unoccupied. The selection of active space can be challenging in the case of organic sys-

tems or even in transition metal complexes but in Lanthanides, due to the inner nature

of 4f -orbitals, the selection is relatively easy and the CASSCF method provides accurate

results.

2.3 Ab-initio treatment of crystal/ligand field inter-

actions in Lanthanides

The complex electronic structure of Ln-based complexes arises from the open 4f shell

and large relativistic effects. For an accurate description of the energy levels, one has to

adopt post-HF multi-configurational methods.36,149–154

2.3.1 Complete active space self consistent field (CASSCF)

CASSCF is likely to be the most commonly used variational multi-configurational method

to describe the electronic structure of Ln-based complexes. In CASSCF, molecular or-

bitals (MOs) can be divided in inactive (either doubly occupied or totally empty orbitals)

or active orbitals (partially filled orbitals). In a Ln3+ complex with a 4fn configuration,

seven f -orbitals are chosen as the active space with ‘n’ electrons. The MOs are con-

structed from a set of basis functions (eq. 2.24). Equation 2.25 is the multi-electron

CASSCF wavefunction for state I, where S is the total spin with spin-project Ms = S.

The ΦS
k functions are the configurations (i.e., Slater determinants or CSFs) constructed

from excitations from the active MOs and Ckl corresponds to the expansion CI coeffi-

cients. The upper bound to CASSCF wavefunction is computed through eq. 2.25.

ψi(r) =
∑
µ

cµiϕµ(r) (2.24)

∣∣ΨSS
I

〉
=
∑
k

Ckl

∣∣ΦS
k

〉
(2.25)

E(c, C) =

∣∣ΨSS
l

〉
ĤBO

〈
ΨSS

l

∣∣
⟨ΨSS

l |ΨSS
l ⟩

(2.26)

In CASSCF, a full CI is performed for electrons in the active space Figure 2.2a, where

both the CI and MO coefficients are variationally optimized. At the convergence, the
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gradient of the CASSCF energy with respect to the MO and CI coefficients vanishes.

∂E(cµi, Ckl)

∂cµi
= 0

∂E(cµi, Ckl)

∂Ckl

= 0 (2.27)

In those cases where extra excitations are needed for a better electronic structure

description, the Restrictive Active Space SCF (RASSCF) method can be adopted. In

RASSCF, the active space is categorized in three parts RAS1, RAS2 and RAS3 (Figure

2.2b). RAS2 is treated as the CASSCF active space where a full CI is performed whereas

that a restricted type of excitations (single, double, triple,...) can take place between the

’occupied’ RAS1 and ’virtual’ RAS3 active spaces. Those excitations can be specified by

mentioning the number of holes and electrons in the RAS1 and RAS3 spaces, respectively.

These restrictive excitations reduce the number of configurations and RASSCF can be

a feasible approach although computationally demanding. When no excitations are in-

cluded from RAS1 to RAS3, the RASSCF approach becomes the traditional CASSCF

method. RASSCF and CASSCF methods are implemented in the MOLCAS program

package155,156 and also available in ORCA.157,158

Figure 2.2: A CASSCF and RASSCF orbital partitioning scheme in increasing energy,
a) and b) respectively.

Due to the presence of spin-orbit interactions, state-average CASSCF wavefunctions

are needed which are obtained by identifying the different spin-multiplicities and their

configuration functions (CFs). The CFs are determined through Russell–Saunders cou-

pling scheme,159 where states are described by multiplet 2S+1LJ . In spectroscopy, L= 0,

1, 2, 3, 4, 5, 6, 7, 8 corresponds to letters S, P, D, F, G, H, I, K, L.160,161 Table 2.2 shows
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CFs for Dy3+ Ho3+ with different spin multiplicities. For Dy3+, the ground spin-multiplet

is defined by the term 6H with 21 CFs,

Table 2.2: Allowed spectroscopic terms and configurations functions of Dy+3 and Ho+3

for 2S+1 multiplicities.

Ln3+ 2S+1 Spectroscopic terms CFs

2 2P 4,2D5,2 F 7,2G6,2H7,2 I5,2K5,2 L3,2M2,2N1,2O1 490

Dy3+ 4 4S1,4 P 2,4D3,4 F 4,4G4,4H3,4 I3,4K2,4 L1,4M1 224

6 6P 1,6 F 1,6H1 21

1 1S2,1D4,1 F 1,1G4,1H2,1 I3,1K1,1 L2,1N1 196

Ho3+ 3 3P 3,3D2,3 F 4,3G3,3H4,3 I2,3K2,3 L1,3M1 210

5 5S1,5D1,5 F 1,5G1,5 I1 35

Dynamical correlation can be included to CASSCF by means of perturbation theo-

ries. One practical way is through the Multistate Complete-Active-Space Second-Order

Perturbation Theory (MS-CASPT2) method which uses Möller–Plesset zero-order Hamil-

tonian formalism to improve ground and excited state energies.141,162 Nevertheless, MS-

CASPT2, due to the presence of huge number configurations, increases the computational

cost exponentially.

2.3.2 Restricted Active Space State Interaction (RASSI)

In Ln-based complexes, the origin of properties like magnetism, anisotropic tensor (g-

tensor) stem from the energy levels scheme. The most important contribution to the

spin energy levels is the spin-orbit coupling (SOC). One practical approach to compute

the SOC is the Restricted Active Space State Interaction (RASSI) approximation which

uses the CASSCF146,163 or MS-CASPT2 wavefunctions together with the spin-free for-

malism, also known as Graphical Unitary Group Approach ( GUGA).164,165 In a real

scenario, where Ŝ may interact with another L̂ of another electron by a spin-orbit cou-

pling, the resulting Hamiltonian can be described by the Breit-Pauli spin-orbit coupling

Hamiltonian:

ĤSO
BP =

e2ℏ
2m2c2

[
Nel∑
i

Nα∑
α

Zα

(
r⃗iα
r3iα

× p⃗i

)
· Si +

Nel∑
j ̸=i

(
r⃗ij
r3ij

× p⃗i

)
· (Si + 2Sj)

]
=
∑
i

ĤSO(i) +
∑
ij

ĤSO(i, j) (2.28)
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Zα is the effective charge of the αth nucleus, whereas rij and riα correspond to the

electron-electron and electron-nucleus distances, respectively. pi denotes the momentum

operator for electrons. It is to be noted that considering these two interactions makes

the evaluation of the SOC computationally complicated. To dealt with this, Hess and

coworker proposed atomic mean field approximation in which two electrons contribution

to spin-orbit interaction is averaged over the valence shell.166,167 The integrals needed for

these interactions are available in MOLCAS using atomic mean field integrals (AMFI).

This approach significantly decreases the computational cost with little compromise on

accuracy.

The obtained RASSI-SO eigenstates are used to compute the magnetic properties and

crystal field parameters using pseudo-spin Hamiltonian approach for ground multiplet

implemented within the SINGLE-ANISO module of MOLCAS software program.146,168

For most part of this thesis, the following computational scheme (SCF (UHF) →
CASSCF (RASSCF) → CASSCF-SO (RASSI-SO) → SINGLE-ANISO) has been adopted

to investigate the vibronic couplings, spin dynamics and spin-electric couplings of the se-

lected Ln-based single molecule magnets.

2.3.3 Density functional theory (DFT)

An alternative approach to the wavefunction-based methods able to incorporate elec-

tronic correlation is the popular density functional theory (DFT). Hohenberg and Kohn

proposed two fundamental theorems that established the basis of the modern DFT frame-

work:

1. The external potential (Vext) applied on a system is a unique functional of the

electron density (ρ(r)).

2. The functional FHK [ρ] that provides the ground state energy will give the lowest

energy if and only if the input density corresponds to the true ground state density.

From these theorems, it can be concluded that energy and electronic density are connected

through a unique functional and the energy can be therefore obtained directly from the

electronic density.

⟨E⟩ = FHK [ρ] (2.29)

In DFT, once the energy functional is known one can obtain the density of ground state

using variational principle. Kohn and Sham proposed the practical DFT equations (Eq

2.30) where they included the exchange-correlation interaction by means of an exchange-

correlation functional (EXC). Eq 2.30 is similar in form to those for the HF method

but including the correlation interaction between electrons which was missing in the HF
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formulation.[
−1

2
∇2

i +
∑
A

ZA

|RA − r|
+
∑
j

∫
|ψj(j)|2

ri − rj
drj +

∂EXC [ρ]

∂ρ

]
ψi(ri) = εiψi(ri) (2.30)

In the past two decades, there have been intense efforts to develop different and accu-

rate exchange-correlation density functionals. The simplest functionals are those which

depend only on local density but these functionals are not very accurate. A signifi-

cant improvement was achieved with the incorporation of the density gradient to the

exchange-correlation energy EXC [ρ(r),∇ρ(r)]. This is known as the general gradient ap-

proximation (GGA). The Perdew–Burke–Ernzerhof (PBE) functional is still one of the

most popular GGA funcionals after many years.169 Further improvement was made with

the development of hybrid functionals, where an exact portion of exchange was added

to density functional expression. The most widely used hybrid functionals are the PBE0

(which is an extension of PBE) and B3LYP functionals.170,171

2.4 Semi-empirical Method

Although multi-reference methods provide accurate description for magnetic properties of

Ln-based complexes, the computational cost can grow exponentially for realistic system

of molecular size. In this spirit, semi-empirical methods have been developed such as

lone-pair covalent effective charge (LPEC), angular orbital overlap model (AOM), radial

effective charge (REC) model.172–175

2.4.1 Radial effective charge model

In the REC model , the ligand is modeled through an effective point charge situated

between the lanthanoid and the coordinated atom at a distance Ri from the magnetic

center, which is smaller than the real metal-ligand distance (ri). To account for the effect

of covalent electron sharing, a radial displacement vector (Dr) is defined, in which the

polar coordinate r of each coordinated atom is collectively varied, Ri = ri −Dr, and at

the same time the charge value (Zi) is scanned in order to achieve a minimum deviation

between calculated and experimental data, whereas θi and ϕi remain constant (see Fig.

2.3). In order to obtain the REC parameters (Dr and Zi) of the target compound, we need

to vary both of them until a satisfactory fitting of a given property –either experimental

(e.g. spectroscopic energy levels or magnetic properties) or calculated (e.g. via ab initio

calculations or spectroscopically-determined CFPs)– is achieved. In the case of lanthanide
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Figure 2.3: Electronic pair of a ligand X oriented towards the nucleus of a trivalent
lanthanide cation. The effective charge is located between the lanthanide and the donor
atom at Reff = ri −Dr.

complexes, a fit of the ground-J multiplet energy levels will always be the desired option.

E =
1

n

n∑
i=1

[Pfit,i − Pref,i]
2

[Pref,i]
2 (2.31)

where Pref is the relevant property to fit and Pfit is the best fit to Pref , respectively, and

n is the number of points included in the fit.

2.5 Relaxation in single molecule magnets (SMM)

The magnetism in SMMs can be characterized by monitoring its magnetic behavior in

time. At zero field, the ground multiplet 2S+1LJ , shown in Fig. 2.4a splits giving rise to

2J+1 state, the energy difference from ground to highest energy level is known as energy

barrier (anisotropy barrier, ∆). At zero external magnetic field, the population on each

MJ - state can be described by Boltzmann distribution (pi = e−Ei/kBT/
∑MJ

i=1 e
−Ei/kBT ),

which is in range (0 > pi > 1) at a given temperature. When an external magnetic field

is applied, the degeneracy of the ground states is lifted and modifying the anisotropy bar-

rier, Fig. 2.4b. If the system initially has its magnetic moments parallel to the applied

magnetic field, when the field is inverted in direction, the initial state becomes more ener-

getic (magnetic moments antiparallel to the field) and the less energetic/equilibrium state

has the magnetic moments parallel to the field. The system will attempt to transition

to the latter lower-energy state. This is known as magnetic relaxation, and is charac-

terised by how long it takes the system to relax, described by the relaxation time, τ . The

system under investigation requires slow relaxation time and high temperature to use

for practical applications. The origin of relaxation can occur through interaction of spin

with other spins or either through lattice phonon, prior is known as spin-spin relaxation

and later is spin-phonon relaxation. For a better performance SMMs, it is important

to decipher different phonon mediated relaxation routes. Phonon-mediated relaxation

can take place through mechanism depending on the temperature. At low temperatures,

when energy of the phonon matches with the energy gap of two spin levels, spin will

tunnel the barrier and this mechanism is characterized as direct process and the τ can be
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Figure 2.4: a)- Qualitative depiction of the energy barrier, ∆, also known as anisotropy
barrier. µ is the magnetic moment pointing in the direction of the arrow for each state.
b) Degeneracy lift of the doublets when an external magnetic field Ĥ, is applied. The
states to the left are turned more energetic since the field and the magnetic moment in
those states are antiparallel. The states to the right are less energetic because the field
and the magnetic moments are parallel.

directly proportional to the temperature, i.e. τ = AT where A is pre-constant determined

empirically. At the lowest temperatures of a few Kelvin, the dominant relaxation mech-

anism is usually quantum tunnelling of the magnetisation (QTM), which is governed by

environmental factors, such as the presence of nuclear spins and dipolar couplings. QTM

between magnetic ground states is naturally temperature independent. This is mainly

governed by the presence of transverse anisotropy in the system. At higher temperature,

more then one phonon are accessible and can drive the relaxation process. In cases where

one phonon is involved, spin is promoted to excited states step by step and finally reaches

to other side of the barrier by emitting one-phonon, this process is known as Orbach pro-

cess, this process resembles to Arrhenius-like processes where reactant must surpass the

energy barrier. In this process, τ−1 has exponential dependency τ−1
0 e∆/kBT , where ∆ is

barrier height. In cases, where two phonon is involved known as Raman process, in this

process spin transition between two states is direct but through an intermediate state. In

Raman process the relaxation time is characterized as τ−1 = CT n+7, where n is zero for

integer J and ±2 for half integerJ . The overall relaxation process is obtained by fitting

the temperature dependent relaxation rates using eq. 2.32.

τ−1 = AT + CT n + τ−1
QTM + τ−1

0 e∆/kBT (2.32)

In all phonon mediated relaxation processes described above two factors plays important

role, energy difference between phonon and spin-energy levels and spin-phonon couplings.

Lattice vibrations are determined through first principle method DFT and spin energy

levels are determined through ab-initio method. with the information of both, one could

determine the spin-phonon couplings by following the spin-energy levels on vibrational

coordinate.
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2.5.1 Spin phonon couplings

The interaction of the electronic spins with the nuclear degrees of freedom (phonons)

known as spin-phonon couplings (SPCs) or spin-vibrational couplings, is a source of deco-

herence in molecular qubits and for magnetic relaxation. Spin, phonons and spin-phonon

Hamiltonians are defined in eq. 2.33, 2.35 and 2.35 respectively. The spin Hamiltonian

is equivalent to the CF Hamiltonian defined for lowest multiplet in Lanthanides.

ĤS =
∑

k=2,4,6

k∑
q=−k

Bq
kÔ

q
k(J) (2.33)

Ĥph =
∑
α

ℏωα(nα + 1/2) (2.34)

ĤS−ph =
∑

k=2,4,6

k∑
q=−k

(
∂Bq

k

∂qα

)
0

q̂αÔ
q
k(J) (2.35)

where Bq
k and Ôq

k(J) correspond to the crystal field parameter and the Stevens opera-

tor respectively, J = {−MJ , ... + MJ} is total angular momentum defined in MJ basis.

ωα denotes the frequency for mode α whereas nα corresponds to the phonon level. q̂α

denotes the dimensionless phonon coordinate and the term
(

∂Bq
k

∂qα

)
0

is the SPC constant

for a given phonon-α. To evaluate this coupling term, we start by computing the zero-

point energy displacements; i.e., qα =
√
ℏωα/kα where kα is the spring mass constant

for a given phonon-α. We then distort the equilibrium molecular geometry q⃗eq within

a limit of −qα → +qα along the displacement vectors n⃗x,y,z for each mode-α using:

q⃗dist,α = q⃗eq + qjn⃗x,y,z. For each distorted geometry q⃗dist,α, we performed ab-initio elec-

tronic structure calculations (CASSCF-SO) and extracted the CFPs (Bk
q ) in Steven’s

operator definition. The obtained CFPs are fitted with second order polynomials to

evaluate the first-order SPC for a given phonon, i.e.,
(

∂Bq
k

∂qα

)
0
. We can also define the

overall vibronic coupling strength Sj for a given vibration by concentrating the effect of

individual CFPs as follows:176

Sj =

√√√√1

3

∑
k

1

2k + 1

k∑
q=−k

|
(
∂Bq

k

∂Qj

)
0

|2 (2.36)

2.6 Modelling the magnetic relaxation: Redfield the-

ory

Molecular spin-qubit defined in Lanthnide based single molecule magnet exhibit fragile

quantum coherence owing to the inevitable interaction with the environment spin and

phonon baths. These interaction are quantified as spin-phonon couplings described in
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previous sections. For any quantum computing operation, one need to extract infor-

mation of lifetime of qubit. These relaxation times are characterized as transverse and

longitudinal relaxation time. It has been observed that SPC are weak and relaxation for

phonon bath is much faster then spin-dynamics, In this scenario Redfield theory is best

way to describe the relaxation dynamics of qubit in the presence of phonon.

In interaction picture, the spin-phonon Hamiltonian is described in eq. 2.37. For

convenience, we write spin-phonon Hamiltonian in a more compact way. The dynamics

of the total system (electronic spin states + the phonon bath) can be described by the

time evolution of density operator ρ̂. In interaction picture, this is defined as in eq. 2.38,

which integrating in time 0 → t leads to eq. 2.39. By inserting Eq.2.39 in Eq. 2.38 and

taking trace over phonon bath, this leads to eq. 2.40. At this point, we have to make

some approximations. First, the coupling between the system (electronic spin states) and

phonons is weak and can be treated as a perturbation. Second, the process is Markovian

meaning phonon bath relaxation is much faster than the time scale for the spin dynamics.

These approximation can be enumerated as,

1. ρ̂(t) ≈ ρ̂s(t) ⊗ ρ̂Beq (weak-couplings, Born-approximation)

2. ρ̂s(s) → ρ̂s(t), t′ = t− s (Markov-approximation)

After casting these approximations, the time evolution of the reduced system is shown in

eq. 2.41.

ĤS−ph =
∑
α

(
∂ĤS

∂q̂α

)
0

q̂α =
∑
α

V̂ αq̂α (2.37)

dρ̂(t)

dt
= − ι̇

ℏ

[
ĤS−ph(t), ρ̂(t)

]
(2.38)

ρ̂(t) = ρ̂(0) − ι̇

ℏ

∫ t

0

ds
[
ĤS−ph(t), ρ̂(s)

]
(2.39)

d

dt
ρ̂s(t) = − 1

ℏ2

∫ t

0

dstrB

[
ĤS−ph(t),

[
ĤS−ph(s), ρ̂(s)

]]
(2.40)

d

dt
ρ̂s(t) = − 1

ℏ2

∫ ∞

0

dt′trB

[
ĤS−ph(t),

[
ĤS−ph(t− t′), ρ̂s(t) ⊗ ρ̂Beq

]]
(2.41)

By substituting the definition of ĤS−ph from Eq. 2.37, simpliefied version is shown in

eq. 2.42. Further simplification is performed by means of expanding the commutations

relations leads to eq. 2.43, which expressed in eigenstates of ĤS in eq. 2.44. where,

ρsab = ⟨b| ρ̂s |a⟩ is a reduced system density matrix element and ωab = (Eb −Ea)/ℏ, being

Eb and Ea eigenvalue energies of the spin Hamiltonian. Explicit time dependencies for

the spin-phonon coupling can be described by going back to the Schrödinger picture
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V α
ab(t) = ⟨a| eι̇HStV̂ αe−ι̇HSt |b⟩, see eq. 2.45.

d

dt
ρ̂s(t) = − 1

ℏ2

∫ ∞

0

dt′trB
∑
α

[
V̂ α(t)q̂αq(t),

[
V̂ α(t− t′)q̂α(t− t′), ρ̂s(t) ⊗ ρ̂Beq

]]
(2.42)

d

dt
ρ̂s(t) = − 1

ℏ2

∫ ∞

0

dt′
∑
α

{
[
V̂ α(t)V̂ α(t− t′)ρ̂S(t) − V̂ α(t)ρ̂s(t)V̂ α(t− t′)

]
trB
(
q̂α(t)q̂α(t− t′)ρ̂Beq

)
−[

V̂ α(t− t′)ρ̂s(t)V̂ α(t) − ρ̂s(t)V̂ α(t)V̂ α(t− t′)
]
trB
(
q̂α(t− t′)q̂α(t)ρ̂Beq

)}
(2.43)

dρsab(t)

dt
+ ι̇ωabρ

s
ab = − 1

ℏ2

∫ ∞

0

dt′
∑
α

{
[V α

ac(t)V
α
cd(t− t′)ρsdb(t) − V α

ac(t)V
α
db(t− t′)ρscd(t)] trB

(
q̂α(t)q̂α(t− t′)ρ̂Beq

)
−

[V α
ac(t− t′)V α

db(t)ρ
s
cd(t) − V α

cd(t)V
α
db(t− t′)ρsac(t)] trB

(
q̂α(t− t′)q̂α(t)ρ̂Beq

)}
(2.44)

dρsab(t)

dt
+ ι̇ωabρ

s
ab = − 1

ℏ2
∑
α

{∑
j

δbdV
α
ajV

α
jc

∫ ∞

0

dt′e−ι̇ωjct
′
trB
(
q̂αq(t)q̂α(t− t′)ρ̂Beq

)
− V α

acV
α
db

∫ ∞

0

dt′e−ι̇ωdbt
′
trB
(
q̂α(t)q̂α(t− t′)ρ̂Beq

)
− V α

acV
α
db

∫ ∞

0

dt′e−ι̇ωact′trB
(
q̂α(t− t′)q̂α(t)ρ̂Beq

)
+
∑
j

δcaV
α
djV

α
jb

∫ ∞

0

dt′e−ι̇ωdjt
′
trB
(
q̂α(t− t′)q̂α(t)ρ̂Beq

)}
(2.45)

The Fourier transformation of the bath correlation function can be written as∫ ∞

0

dt′e−ι̇ωijt
′
trB (q̂α(t)q̂α(t− t′)ρ̂eqB ) =

1

2

∫ ∞

0

dt′e−ι̇ωijt
′
trB

[
eι̇ωαt′ â†αâα + e−ι̇ωαt′ âαâ

†
α

]
=

1

2

∫ ∞

0

dt′e−ι̇(ωij−ωα)t′n̄α +
1

2

∫ ∞

0

dt′e−ι̇(ωij+ωα)t′(n̄α + 1)

(2.46)

where, n̄α = trB
[
â†α, âα

]
is average phonon number. By using the definition of

∫∞
0
dt′e−ι̇ωt′ =
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πδ(ω), Eq. 2.45 becomes:

dρsab(t)

dt
+ ι̇ωabρ

s
ab = − π

2ℏ2
∑
α

{∑
j

δbdV
α
ajV

α
jcG(ωjc, ωα) − V α

acV
α
dbG(ωdb, ωα)

− V α
acV

α
dbG(ωca, ωα) +

∑
j

δcaV
α
djV

α
jbG(ωjd, ωα)

}
(2.47)

where G(ω) denotes the phonon spectral density, which contains the information of the

temperature dependence of spin-dynamics carried by molecular vibrations. Within the

harmonic approximation, where phonons are undamped, this is described by dirac-delta

function,177,178

G(ωij, ωα) = δ(ωij − ωα)n̄α + δ(ωij + ωα)(n̄α + 1) (2.48)

The spin-phonon coupling constant expressed in eigenvectors in Eq. 2.47 can be conve-

niently written in MJ basis as follows:

V α
ab =

∑
κ

∑
λ

⟨a|κ⟩ ⟨κ| V̂ α |λ⟩ ⟨λ|b⟩ (2.49)

Note that the matrix elements in MJ basis (i.e., |κ⟩ ≡ |MJ⟩) are the ones directly evalu-

ated by the ab initio CASSCF calculations since the spin Hamiltonian ĤS has been built

in these basis. Finally, Eq. 2.47 can be written in a more compact and general way:

dρsab(t)

dt
= −ι̇ωabρ

s
ab −

∑
c,d

Rab,cdρ
s
cd(t) (2.50)

where, Rab,cd corresponds to the full tetradic Redfield tensor, and a expression for the

phonon spectral density G(ω). For the latter, we are using, instead of Eq. 2.49, the

expression proposed by Lunghi et al.,84,179–181 which is more appropriate for real molecular

systems since it incorporates anharmonicity. This spectral density reads as:

G(ωij, ωα) =
1

π

[
∆α

∆2
α + (ωij − ωα)2

n̄α +
∆α

∆2
α + (ωij + ωα)2

(n̄α + 1)

]
(2.51)

where, n̄α = 1
eβℏωα−1

, is the Bose-Einstein population at a temperature T and β = 1/kBT .

∆α is the Lorentzian vibrational linewidth. Temperature dependence of spectral line-

width can be defined as:

∆2
α =

∂ ⟨Hvib,α⟩
∂β

=
(ℏωα)2eβℏωα

(eβℏωα − 1)2
(2.52)

where, β = 1/kBT , kB is the boltzman constant.
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2.7 Vibronic coupling model

SPC is an important and necessary interaction (previously described) to describe the spin

dynamics, but it also interesting to explore how the molecular vibrations can energetically

tune the spin states. To quantify the effect of SPC on spin-states in the presence of nearby

phonons or vibrations, it is better to work with vibronic states. From a theoretical point

of view, a vibronic state can be constructed as a product of spin and vibration states in

the presence of SPC, the resulting state include all the information of system. The nature

of these vibronic states can be altered by magnetic fields since the spin states can suffer

Zeeman effect. Therefore, spin states can approach to the vicinity of new phonons which

are far away from zero magnetic field hence new phonons gain importance. Absorption

spectra in the IR range can be then computed from the optically-allowed transitions be-

tween ground and excited vibronic states, which are magnetically dependent. In Fig. 2.5,

a schematic view of the vibronic coupling model for a simple case of two spin-energy levels

(|MJ = ±4⟩ and |MJ = ±7⟩) and one vibration with two levels (|a0⟩ and |a1⟩). The pure

spin-energy transition is assumed to be infrared-silent (Fig. 2.5a) whereas the optically-

active transition is purely vibrational (Fig. 2.5b). In the model, the problem between

IR optical transitions where electronic and vibration excitations are close in energy can

be written in a basis of vibronic states as a product of electronic and vibrational states

(Fig. 2.5c). In that situation (no vibronic coupling), only the vibronic transition between

|MJ = ±4⟩ |a0⟩ and |MJ = ±4⟩ |a1⟩ is optically-allowed (i.e., a pure vibrational excita-

tion) and the transition between |MJ = ±4⟩ |a0⟩ and |MJ = ±7⟩ |a0⟩ is IR-silent (i.e., a

pure spin-energy excitation). Once the vibronic coupling is introduced in the model (Fig.

2.5d), there exists a energy splitting of the |MJ = ±7⟩ |a0⟩ and |MJ = ±4⟩ |a1⟩ states as

well as a wave function mixing. The consequences of such mixing is an IR intensity bor-

rowing where now both excited vibronic states are IR-optically accessible. Let us start

by laying out the model in absence of a magnetic field. The effective Hamiltonian can be

described by:

Ĥeff = ĤS ⊗ Iph + IS ⊗ Ĥph + ĤS−ph (2.53)

where ĤS, Ĥph and ĤS−ph correspond to the spin system (crystal field), the phonon

(bath) and the spin-phonon Hamiltonian defined in eq. 2.33, 2.35 and 2.35 respectively.

In equation 2.53, ĤS and Ĥph are already defined in |MJ , nj⟩ using Kronecker product.

To define ĤS−ph in |MJ , nj⟩ basis, we assumed a weak coupling regime - vibrations are
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Figure 2.5: Schematic view of a simplified vibronic coupling model, (a) zero field
splitting between the two |MJ = ±4⟩ and |MJ = ±7⟩ spin levels; (b) Infrared-active
vibrational transition between the eigenfunctions |a0⟩ (ground-state) and |a1⟩ (first
excited state) for a selected phonon a, a small energy separation of δ between ex-
cited |MJ = ±7⟩ and excited vibrational state-|a1⟩; (c) vibronic transitions in the ab-
sence of vibronic coupling described as a product of |MJ⟩ |a⟩; and (d) IR-active vi-
bronic transitions in the presence of vibronic couplings. After the introduction of
vibronic-couplings, different |MJ⟩ |a⟩ will see shift in energy and now more transi-
tion are optically accessible. The intensity for such transition can be computed
by projecting the eigenfunctions of excited |MJ⟩ |a1⟩ to |MJ⟩ |a0⟩ (red and blue-
arrow for strong and weak infrared-active transition). Note:

∣∣ψS−vib,MJ=(±4,0)

〉
=

|MJ = ±4⟩ |a0⟩,
∣∣ψS−vib,MJ=(±7,0)

〉
= CMJ=±7

1 |MJ = ±7⟩ |a0⟩ + CMJ=±4
2 |MJ = ±4⟩ |a1⟩

and
∣∣ψS−vib,MJ=(±4,1)

〉
= C

MJ=(±4,1)
1 |MJ = ±7⟩ |a0⟩ − C

MJ=(±4,1)
2 |MJ = ±4⟩ |a1⟩. To ac-

count for the infrared-allowed vibronic transitions, one can use the infrared intensities
computed at DFT level for the pure vibrational transitions. (e) Once the magnetic field
is turned on, intensity for optically-accessible transitions will start gaining and loosing
due to admixing of different |MJ⟩

∣∣a(0,1)〉.
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un-effected by electronic levels - so the matrix element for ĤS−ph will take the form:

〈
M ′

J , nj ± 1
∣∣∣ĤS−ph

∣∣∣MJ , nj

〉
=

〈
M ′

J , nj ± 1

∣∣∣∣∣ ∑
k=2,4,6

q=+k∑
q=−k

Q̂j

(
∂Bq

k

∂Qj

)
0

Ôq
k(J)

∣∣∣∣∣MJ , nj

〉

=

〈
M ′

J

∣∣∣∣∣ ∑
k=2,4,6

q=+k∑
q=−k

(
∂Bq

k

∂Qj

)
0

Ôq
k(J)

∣∣∣∣∣MJ

〉
⊗
〈
nj ± 1

∣∣∣Q̂j

∣∣∣nj

〉
(2.54)

In equation 2.54, the first term corresponds to a pure electronic-coupling term whereas

the second one involves a phonon excitation. Electronic-coupling term is equivalent to

first order SPCs described in previous section, while phonon-term for single excitation

takes the form of eq. 2.55.

〈
nj ± 1

∣∣∣Q̂j

∣∣∣nj

〉
=

 0 1√
2

1√
2

0

 (2.55)

The effective Hamiltonian described in eq. 2.53 in a matrix form and including only a

single vibration can be written as:

Heff =

 HS HS−ph

HS−ph HS + IS ⊗ ℏω

 (2.56)

For two vibrations, the ‘Heff ’ will be described as:

Heff =


HS HS−ph1 HS−ph2

HS−ph1 HS + IS ⊗ ℏω1 0

HS−ph2 0 HS + IS ⊗ ℏω2

 (2.57)

The vibronic eigenfunctions
∣∣ψS−ph,(MJ ,j,nj)

〉
upon which effective Hamiltonian ‘Heff ’ op-

erates will be described by series of spin-levels |MJ⟩ and vibrational wavefunctions
∣∣∣χ(j)

nj

〉
:

∣∣ψS−ph,(MJ ,j,nj)

〉
=

MJ=+J∑
MJ=−J

∑
j

nj=1∑
nj=0

CMJ ,j,nj
|MJ⟩Πj

∣∣∣χ(j)
nj

〉
(2.58)
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Once the vibronic eigenfunctions
∣∣ψS−ph,(MJ ,j,nj)

〉
are known (diagonalization of Ĥeff ),

IR spectrum for B = 0 can be computed as:

α(ω) ∼
∑
k

∣∣〈ψS−ph,(M ′
J ,j,nj=1)

∣∣ µ̂ ∣∣ψS−ph,(MJ ,j,nj=0)

〉∣∣2 δ(Ek − ω) (2.59)

where the transition dipole moment matrix can be written as:

∣∣〈ψS−ph,(M ′
J ,j,nj=1)

∣∣ µ̂ ∣∣ψS−ph,(MJ ,j,nj=0)

〉∣∣2 =
M=+J∑
MJ=−J

∑
j

C2
M ′

JMJ ,j,⟨1|0⟩

∣∣∣〈χ(j)
1

∣∣∣ µ̂ ∣∣∣χ(j)
0

〉∣∣∣2
=

M=+J∑
MJ=−J

∑
j

C2
M ′

JMJ ,j,⟨1|0⟩A
(j) (2.60)

A(j) is the IR absorption coefficient. Note that in the transition dipole-moment expression

2.60, optically spin-energy transitions between different MJ states are assumed to be

forbidden, which is reasonable due to the extremely small transition dipole moments

between different MJ levels. Note that the present model relies on the following two

main assumptions:

1. The vibrational wavefuntions
∣∣∣χ(j)

nj

〉
for all the spin energy levels are equivalent for

our purposes.

2. The intensities of the IR spectrum are irrespective of the spin energy level.

In the presence of magnetic field (B ̸= 0), the ĤS in eq. 2.53 includes the Zeeman term.

ĤS,B =
∑

k=2,4,6

k∑
q=−k

Bq
kÔ

q
k(J) + µβgisoB · Ĵ (2.61)

where, giso is the isotropic g-tensor, µβ is Bohr’s magneton and B is the applied magnetic

field.

2.8 Spin electric couplings

To quantify the spin electric couplings (SECs), we established a relation between the

change in the dipole moment and spin energy levels. As the dipole moment depends on

the electronic cloud distribution, it will be directly affected by an induced E-field. To

quantify the change of dipole-moment, we used vibrational normal mode basis, as they

are orthogonal, and we know that each molecular perturbation can be decomposed of

linear combination of normal basis. A central assumption in our methodology is that the

rise in potential energy (Uα = 1
2
κq2) due to the displacement of the atomic positions –in

the form of a harmonic oscillator– is exactly matched by the stabilization of the potential
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energy (UE = −p⃗ · E⃗) due to the change in the molecular electric dipole in presence of

an external electric field. In absence of E-field, spin energy-levels in Ln-based complexes

can be characterized by time-independent crystal-field Hamiltonian ĤCF (J),

ĤCF (J) =
∑

k=2,4,6

k∑
q=−k

Bq
kÔ

q
k(J) (2.62)

where Bq
k and Ôq

k(J) correspond to the crystal field parameter and the Stevens operator

of rank ‘k’ respectively and ‘J ’ is total angular momentum. From Eq. 2.62, it is evident

that external E-field will modify the crystal-field parameters; i.e., ‘Bq
k → Bq

k(Q⃗(E))’

and Hamiltonian takes the form ĤCF (J) → ĤCF (J, Q⃗(E)), where Q⃗(E) accounts for the

perturbative displacement caused by the change in the electronic cloud as a consequence

of the E-field.

To numerically simulate this effect, we firstly distort the molecular geometry along the

displacement vector for each normal mode “α”. The distortions are quantified by zero-

point displacement for each normal mode, i.e., qα = ±
√

ℏω/κα, here κi is the spring mass

constant, which can be easily extract from DFT calculations. At each distorted geometry,

we compute the dipole moment ‘pα’ by single-point calculations in the presence of the

environment described as a point-charge approximation. The obtained ‘pα’ is then used

in E(qα) = −Uα/|∆pα| to quantify how much distortion qα is produced in each normal

mode ‘α’ by an induced E-field. The effective total distortion will be a linear combination

of orthogonal basis defined in the normal mode basis:

Q⃗(E) =
∑
α

qα(E) = q1(E) + q2(E) + . . .+ q3N−6(E) (2.63)

, where qα(E) is the distortion induced at a given electrical field for the normal mode

“α”, which can be further expressed in terms of normal vector as:

q⃗α = qα


n⃗x,α

n⃗y,α

n⃗z,α

 (2.64)

n⃗x,y,z,α are the normal vector coordinates in x, y and z direction. Lastly, the effective

total distortion (Q⃗(E)) for given E-field is added to the equilibrium molecular geometry

to re-compute the spin-energy levels at the CASSCF level.
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2.8.1 Calculation of the angular dependency

As a first theoretical estimate of the angular dependency of the transition frequency at

the clock transition, we started from equation 2.65, where θ is the angle between applied

electrical field and the dipole moment.

Un = −∆pE cos θ (2.65)

Now, the effective distortion can be obtained by the changing the angle θ between the

applied voltage and the dipole moment.

Q⃗eff (V (θ)) =
∑
n

Q(eff,n)(V (θ)) = Q(eff,1)(V (θ))+Q(eff,2)(V (θ))+....+Q(eff,3N−6)(V (θ))

(2.66)

2.9 Entanglement generation using molecular spin-

qubits

For a system of two coupled spin qubits, namely an electron spin S = 1/2 and a nuclear

spin I = 1/2, the Zeeman product states are shown in eq. 2.67. To achieve entanglement,

a Hadamard transformation Ĥ is first applied on one spin followed by a controlled NOT

(CNOT) operation, assuming that we start from a pure state |↑↓⟩ (eq. 2.68), by changing

the initial state, four maximally entangled states can be generated in Bell basis (eq. 2.69).

|msmI⟩ = |↑↑⟩ , |↑↓⟩ , |↓↑⟩ , |↓↓⟩ (2.67)

|↑↓⟩ H−→ 1

2
(|↑↓⟩ + |↓↓⟩) CNOT−−−−→ 1

2
(|↑↑⟩ + |↓↓⟩) (2.68)

∣∣ϕ±〉 1

2
(|↑↑⟩ ± |↓↓⟩) ,

∣∣Ψ±〉 1

2
(|↓↑⟩ ± |↑↓⟩) (2.69)

These transformations can be principally realized by applying selective pulse sequences to

the allowed transitions. In the following, the qubit notations |msmI⟩ = |↑↑⟩ , |↑↓⟩ , |↓↑⟩ and |↓↓⟩
represents for the state labelings |1⟩, |2⟩, |3⟩ and |4⟩. For a system with electronic spin,

S = 1/2 and nuclear spin I = 1/2, the four eigenstates are described in eq. 2.70.

|mJmI⟩ = |1⟩ , |2⟩ , |3⟩ , |4⟩ = |−1/2 − 1/2⟩ , |−1/2 + 1/2⟩ , |+1/2 − 1/2⟩ , |+1/2 + 1/2⟩
(2.70)

The energy level scheme is illustrated in Fig. 2.6a, the quantum states can be coherently

controlled by applying selective microwave (EPR) and radio frequency (rf, NMR) pulses

with rotation angle β, which are in practice implemented by arbitrary waveform gener-

ators. At first, preparation of a pseudopure initial state is a prerequisite for achieving a
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high degree of entanglement. This can be realized as follows as shown in Fig. 2.6b (ini-

tialization). To reach the pseudopure state of |1⟩ as an example, a microwave pulse with

β = arccos(−1/3) = 109.5o at the electronic spin transition for mI = −1/2 (|2⟩ ↔ |4⟩)
can be applied and followed by a π/2 rf pulse at the |3⟩ ↔ |4⟩ nuclear spin transition in or-

der to equalize the populations of states |3⟩ ↔ |4⟩. In the next step, the pseudoentangled

state Ψ± can be generated using the pulse sequence shown in Fig. 2.6b (entanglement).

A π/2 pulse at the |1⟩ ↔ |2⟩ nuclear spin transition is applied which has a similar effect

as the Hadamard transformation. The CNOT gate can then be implemented by a π pulse

at the |2⟩ ↔ |4⟩ electron spin transition. Since the entangled state is not directly observ-

able, a transformation to an observable state by applying an entangled state detector is

necessary, which consists of the pulse sequence with the same angles as in the preparation

of entanglement (see inverse transformation in Fig. 2.6b ).

Figure 2.6: a) The four quantum states of a two spin (electronic and nuclear) system.
The blue and red arrows denote the allowed transitions of electronic (EPR) and nuclear
(NMR) spin, respectively. The brown arrows indicate the forbidden transition that belong
to the entangled states. b) Pulse sequence for preparation and detection of the pseudo
entangled state. The left part refers to the initialization of this two spin system to
prepare the pseudopure state. The middle part represents the preparation and detection
of the entangled state. The FID after the selective EPR pulse (right hand side) serves as a
monitor signal. The angles ϕ1 and ϕ2 of the tomography sequence are varied in increments
and are used for separating signals of entangled states from those of individual spins.
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Chapter3
Decoupling spin-states with phonon

density of states

Spin-phonon couplings or vibronic couplings play dominant role to the spin relaxation

process in SMMs and molecular spin qubits. Direct evidence of these couplings is crucial

to understand and control the spin dynamics in these nanomagnets, which represent the

limit of miniaturization for quantum devices. In this chapter, we have focused on the

vibronic coupling in different SMMs from a theoretical perspective. Initially (Section

3.3.1), we describe a theoretical vibronic model that has been proposed to understand

the magnetic-field dependence of the IR spectrum of HoW10 and identify decoherence

pathways in a research project carried out in collaboration with the group led by Prof.

Janice L. Musfeldt (University of Tennessee). Later (Section 3.3.2), a vibronic-phonon

model –admixing of eigenvectors within optical phonon and acoustic phonon– on HoW10

to fully characterize the phonon bath182 is discussed. Finally (Section 3.3.3), a com-

putational scheme combining ab initio electronic structure calculations and an effective

electrostatic approach is developed to be able to identify the key vibrational modes in

Dy-based SMMs in an affordable manner.183

3.1 Introduction

Since the discovery of slow magnetic relaxation in monometallic single-molecule mag-

nets (SMMs), the field of molecular magnetism has made remarkable progress, transition

metal-based-magnet to lanthanide-based-magnet, with applications in magnetic memory

storage to quantum information procession (QIP).30,35,39,184,185 The origin of magnetic

properties in these molecules resulting from spin Hamiltonian at molecular level rather

than interactions across different magnetic domains. This provides unprecedented advan-

tages because the properties of spin Hamiltonian can be tailored chemically by modifying

the coordination environment surrounding the metal-ion in SMMs. However, the phys-
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ical properties at large harnessed by inevitable interactions of spin Hamiltonian with

environment (spin and phonon bath).179,180,186–188

The performance of SMMs for magnetic memory storage is merit by high effective

energy barrier and blocking temperature, the temperature at which SMM retains its

magnetization.40,189 In QIP applications, the key performance parameter is the presence

of long quantum coherences in the ground state, the superposition in the ground state

defined as molecular spin qubit. In both cases, it has been suggested that to further

enhance the performances, the strategy is to decouple spin energy levels with phonon

states. Following this scheme, a significant improvement has been made in coordination

environment centering dysprosocenium cation, [Dy(Cpttt)2]
+ complex, exhibiting mag-

netic hysteresis up to 60 K.71 Pursuing this success, further improvement was made in

terms of designing coordination environment in a such way to limit those vibration which

couple strongly to spin-states, this resulted in record blocking temperature of 80 kelvin,

above liquid nitrogen in [Dy(CpiPr5)DyCp∗]+ complex.72 Also following similar scheme of

decoupling spin states from phonon, a significant advancement has been made in increas-

ing the phase-memory time (TM) for spin qubit in SMMs, where spin-phonon couplings

were limited by modifying the coordination environment.190 The prominent examples in-

clude: two vanadium(IV) complexes, namely (i) [V(C8S8)3]
2−, which shows a record TM

of 0.7 ms191 and (ii) VOPc, with TM up to 1 µs at room temperature,64 (iii) a Cu2+ com-

plex, [P(Ph4)]2[Cu(mnt2)] (mnt2−=maleonitriledithiolate), that preserves coherence up to

room temperature63 when diluted in Ni2+, and (iv) a Ln3+-based molecular nanomagnet,

HoW10, whose spin qubit dynamics are protected against magnetic noise at optimal op-

erating points known as atomic clock transitions.65 Although the spin-phonon couplings

provide useful insight to engineer coordination environment, however, to further improve

the performance of SMMs, vibronic relaxation pathways and couplings within different

branches of phonon needed to be explored. Former can be investigated through track-

ing the evolution of a virbronic state in the presence of magnetic field, experimentally

this can be observed through combining the Far-infra red spectroscopy with magnetic

field.89–91,93 For latter, to fully characterize the effective communication with spin-states,

vibronic-phonon couplings needed to be explored.94,192,193

In this chapter, we have investigated theoretically the vibronic relaxation pathways to

fully characterize the decoherence mechanism in HoW10. Far infrared spectroscopy and

high magnetic field techniques are employed to locate the magnetically induce transitions

assisted by phonons (Fig. 3.1).92 To seek insight into these transitions, we employed

a vibronic model including a Hamiltonian with spin, phonon and spin-phonon interac-

tions. Furthermore, a vibronic-phonon model is employed on HoW10, which is based on

analyzing the anti-crossing between eigenvectors of optical phonon (local vibrations) and

acoustic phonon (lattice vibration), this is to fully characterize the phonon bath. Lastly,
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a computationally affordable scheme that combines ab initio electronic structure calcu-

lations and an effective electrostatic approach with the objective of identifying the key

vibrational modes that are responsible for the spin relaxation. We apply our methodology

to the prominent [Dy(CpiPr5)DyCp∗]+ cationic complex72 and compare the coupling of

spin energy levels and molecular vibrations with those reported by using ab initio multi-

configurational calculations. Finally, a series of synthetically viable dysprosocenium-type

SMMs taking advantage of the predictive power of the employed approach is explored.

The analysis of these derivatives can furthermore provide insights into general molecular

engineering strategies for high-temperature SMMs.

Figure 3.1: Far Infrared spectroscopy and high magnetic field to depict decoherence
pathways in HoW10.

3.2 Methodology

3.2.1 Ab initio calculations

HoW10: The time-independent electronic structure of [Ho(W5O18)2]
9− was computed

using the multiconfigurational Complete Active Space Self-Consistent Field Spin-Orbit

(CASSCF-SO) method as implemented in the OpenMOLCAS program package (version

18.09).194 The molecular geometry was extracted from the single-crystal X-ray structure.

Scalar relativistic effects were taken into account with the Douglas–Kroll–Hess transfor-

mation using the relativistically contracted atomic natural orbital ANO-RCC basis set

with VDZP quality for all atoms. The active space consisted of 10 electrons on the 7
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f -orbitals of Ho3+ ion. The molecular orbitals were optimized at the CASSCF level in a

state-average (SA) over 35 quintets of the ground state term (L = 6 for Ho3+). The wave

functions obtained at CASSCF were then mixed by spin-orbit coupling by means of the

RASSI approach. The crystal field parameters (CFPs) used for the system Hamiltonian

were calculated using SINGLE ANISO module implemented in OpenMOLCAS.147

Dy-based cationic complexes : All ab-initio multiconfigurational calculations to evalu-

ate the MJ energy levels for the ground 6H15/2 state of Dy-based cationic complexes

(Dy − 5∗, [Dy(CpiPr5)2]
+ ,
[
Dy(CpI5)2

]+
, and

[
Dy(FEiPr3)2

]+
) were performed by using

the Multistate Complete Active Space Second-Order Perturbation (MS-CASPT2) theory

with the OpenMOLCAS program package.194 To validate our level of theory against

the previously reported results, the MS-CASPT2 calculations for Dy − 5∗ were carried

out using the X-ray geometry195 while for the rest of the cationic complexes DFT-based

optimized geometries were employed (see below for further details). Scalar relativistic

effects were accounted for with the Douglas-Kroll-Hess transformation196–198 using the

ANO-RCC-VDZP basis set for all atoms. The active space consisted of nine electrons

on the seven f-orbitals of Dy+3 ion. The molecular orbitals were optimized at the Com-

plete Active Space Self-Consistent Field (CASSCF) level in a state-average (SA) over

the corresponding (2L+1) = 11 components of the ground state term (L = 5 for Dy+3).

The SA-CASSCF wavefunctions and energies were corrected at the MS-CASPT2 level by

using a real and imaginary component of the IPEA shift of 0.0 and 0.1 Hartree, respec-

tively.147 The wave functions obtained at MS-CASPT2 were then mixed by spin-orbit

coupling by means of the RASSI approach. Finally, crystal field parameters (CFPs)

and the static magnetic properties (g-tensors) were computed using the SINGLE ANISO

module implemented in OpenMOLCAS.199 CFPs are collected in the irreducible tensor

operator (ITO) and the new Iwahara–Chibotaru definition. Operators for these CFPs

are properly defined in ref.146

3.2.2 DFT calculations

HoW10: The structural optimization of the crystallographic coordinates (in vacuum) and

the vibrational modes calculations were carried out at DFT level using the Gaussian16

package in its revision A.03.200 Vibrational frequency calculations were performed using

both the fully optimized structure and the X-ray crystal structure with no optimization.

The PBE0 hybrid exchange-correlation functional was used for both optimization and

frequency calculations in combination with Stuttgart RSC ANO basis set with effective

core potential (ECP) for the Ho3+ cation. CRENBL basis set have been used for W with

corresponding ECP potential and 6-31G(d,p) basis set had been used for oxygen. An

‘ultra-fine’ integration grid and ‘very tight’ SCF convergence criterion were applied. Dis-

persion effects were taken into account using the empirical GD3BJ dispersion correction.
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Dy-based cationic complexes : Geometry optimization and vibrational frequency calcu-

lations were carried out with density functional theory (DFT) in Gaussian16 package in

its revision A.03.200 In order to facilitate the convergence of self-consistent field (SCF)

for all Dy-based complexes, we replaced Dy(III) by Y(III), because both atoms have the

same ionic radii. The PBE0 hybrid exchange functional was used for the optimization of

all the Dy-based complexes in combination with the cc-pVDZ basis set for non-metallic

atoms and Stuttgart RSC 1997 effective core potential (ECP) for yttrium, which treated

28 core electrons as an effective potential and the remaining valence electron with the

corresponding cc-pVDZ basis set. An “ultra-fine” integration grid and “very tight” SCF

convergence criterion were utilized. For the calculation of vibrational frequencies, we

used the isotopic mass of 162.5 Da (most abundant atomic mass for Dy) instead of the

yttrium mass to obtain accurate spring constant and displacement vectors.

3.2.3 Spin vibrational couplings

The interaction of the electronic spins with the nuclear degrees of freedom (phonons) also

known as spin-phonon couplings (SPC) is a source of decoherence in molecular qubits.

Spin, phonons and spin-phonon Hamiltonians are defined below. (Note that the spin

Hamiltonian is equivalent to the CF Hamiltonian previously described.)

ĤS =
∑

k=2,4,6

k∑
q=−k

Bq
kÔ

q
k(J) (3.1)

Ĥph =
∑
α

ℏωα(nα + 1/2) (3.2)

ĤS−ph =
∑

k=2,4,6

k∑
q=−k

(
∂Bq

k

∂qα

)
0

q̂αÔ
q
k(J) (3.3)

ωα denotes the frequency for mode α whereas nα corresponds to the phonon level. q̂α

denotes the a dimensional phonon coordinate and the term
(

∂Bq
k

∂qα

)
0

is the SPC constant

for a given phonon-α.

Spin vibrational couplings in HoW10 : To evaluate the coupling term, we start by com-

puting the zero-point energy displacements; i.e., qα =
√

ℏωα/kα where kα is the spring

mass constant for a given phonon-α. We then distort the equilibrium molecular geometry

q⃗eq within a limit of −qα → +qα along the displacement vectors n⃗x,y,z for each mode-α

using: q⃗dist,α = q⃗eq + qjn⃗x,y,z. For each distorted geometry q⃗dist,α, we performed ab-initio

electronic structure calculations (CASSCF-SO) and extracted the CFPs (Bk
q ) in Steven’s

operator definition. The obtained CFPs are fitted with second order polynomials to eval-

uate the first-order SPC for a given phonon, i.e.,
(

∂Bq
k

∂qα

)
0
.

Spin vibrational couplings in Dy-based cationic complexes : In the REC model,175 the
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ligand effect is modelled by substituting each atom of the coordination sphere through

an effective point charge situated between the lanthanoid ion, in this case Dy+3 , and the

coordinating atom at a distance Ri from the magnetic center, which is smaller than the

real metal-ligand distance (ri). To account for the effect of covalent electron sharing, a

radial displacement vector (Dr) is defined, in which the polar coordinate r of each coor-

dinated atom is collectively varied, Ri = ri −Dr, and at the same time the charge value

(Zi) is scanned to achieve a minimum deviation between calculated and experimental

data, whereas θi and ϕi remain constant. In the fitting procedures, we define the relative

error E as:

E =
1

n

n∑
i=1

(Ecalc,i − Efit,i)

E2
calc,i

(3.4)

where Ecalc and Efit are the calculated (ab initio MS-CASPT2) and fitted (REC model)

energy levels, respectively, and n is the number of points. As a preliminary step, we fit-

ted the spin energy levels calculated by Guo et al.77 to obtain the REC parameters that

simulate the ligands effect. Then, we varied them slightly in order to improve the agree-

ment with the first excited state obtaining Dr = 1.3126 Å and Zi = 0.08326 (in elemental

charge units), with a relative error of E = 5.78×10−3 , using the fully relaxed DFT struc-

ture. Subsequently, such REC corrections were applied to all the distorted geometries to

determine the CFPs for each case and calculate the spin vibrational couplings.

3.2.4 Vibronic-phonon couplings

Let us say we want to model the effect on a local excitation of a phonon field µαβ, where

α = x is the unit vector of the phonon amplitude and β = x is the unit vector of the

phonon propagation direction. For simplicity we can take as an example the longitudinal

phonon µxx along x. Assuming that the phonon has a long-wavelength compared with

our local excitation, we can just employ a homogeneous lattice contraction by a fraction b

along crystallographic direction x to mimic the effect of a longitudinal phonon along the

same coordinate. The distorted molecular coordinates dα can be defined by considering,

for each atom, the equilibrium coordinates eα and the distortion b, which is proportional

to the position eβ along the propagation vector β:

dα = eα + b · eβ (3.5)

The application of a longitudinal phonon µxx to an atom with equilibrium coordinates

(ex, ey, ez) results in the distorted coordinates (ex + b · ex, ey, ez). As an example for

transverse phonon let us take µxz, which results in the distorted coordinates (ex + b ·
ez, ey, ez) (see Fig. 3.2). Three longitudinal phonons µxx, µyy, µzz and six transverse

phonons µxy, µxz, µyx, µyz, µzx, µzy can be constructed in this way. Locally, each of the
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three longitudinal phonons acts like a uniaxial strain, while each of the six transverse

ones acts as a shear strain. This permits an exploration of the long-wavelength part

of the phonon spectrum employing just 9 model phonons. Figure 3.2 illustrates the

relation between phonon amplitude and atomic position for the example of a transverse

phonon µzx, as well as the qualitative effect of such a phonon on the molecular anion

[Ho(W5O18)2]
9−, where we take as a criterion that the long axis of the molecule defines the

x axis. To facilitate comparisons one can impose a normalizing condition to the phonon

Figure 3.2: Left: Long-wavelength transverse phonon µzx, with phonon amplitude along z
and propagating along x (phonon amplitude greatly exagerated to facilitate visualization).
Assuming the molecule fits in the width of the red line, each atom suffers a strain bz
along the phonon amplitude direction z that is directly proportional to its position ux
along the propagation direction x. Right: Relative effect of transverse phonon µzx on
[Ho(W5O18)2]

9− with respect to the central Ho3+ ion. Color code: Ho (green), W (gray)
and O (red).

displacements so that the product µ⃗αβ ·µ⃗αβ = 1 for any α,β. The vibronic-phonon coupling

S(µn,αβ) is simply calculated as the scalar product between the normalized displacement

vectors defining each normal mode n⃗ and each of the idealized phonons µ⃗αβ, in absolute

value:

S(µn,αβ) = |n⃗ · µ⃗αβ| (3.6)

In practice, we are estimating the intensity of anticrossings between optical and acoustic

phonon branches. This could be experimentally characterized using 4D-INS as previously

shown.94
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3.3 Results and discussion

3.3.1 Vibronic model

In this section, we discuss a theoretical vibronic model developed to explain the depen-

dence of the experimental IR spectrum of HoW10 with the magnetic field. As said above,

this research work has been performed in collaboration with the group led by Prof. Jan-

ice L. Musfeldt (University of Tennessee). We only discuss the necessary experimental

information to understand and highlight the relevance of the theoretical part. For further

experimental details, the reader can check the original article (Article 5 in section 7.6).

The low energy crystal field levels or spin-energy spectrum for HoW10 with total

angular momentum J=8, determined at ab-initio level is shown in Fig. 3.3 left. From the

wavefunction composition, It is noted that the ground state is MJ = ±4 with tunneling

splitting of 0.3 cm−1. And the first and second excited state MJ = ±3 and MJ = ±5 are

at 26 and 50 cm−1 respectively, which are consistent with via inelastic neutron scattering

experiment.201

In Fig. 3.3 right, infra-red vibrational spectrum is shown for crystalline and optimized

geometry at DFT level and experimentally observed absorption spectrum. The calculated

IR spectrum were blue shifted around 40 cm−1. This difference can be attributed to im-

precision of vibrational frequency calculations. The geometry was optimized in gas phase,

with no counterions, nor water molecules nor neighboring polyoxometalates and although

the molecular vibrations are in a rough approximation due to intramolecular interactions,

neglecting all intermolecular interactions naturally influences vibrational frequencies. As

usual in the case of very heavy molecules such as polyoxometalates, and in particular

lanthanide complexes, geometry relaxation in the presence of environment is challenging

and was not feasible in this case. Nevertheless, comparison with the experiment shows

that the obtained pattern for absorption spectrum is quite satisfactory, save from the blue

shift. From theoretical results, we were able to categorize each vibrational excitation by

analyzing the displacement vectors obtained at DFT level. For instance, dominant peak

observed at 365 cm−1 (in theory at 416 cm−1) as rocking and bending motions of HoO4.

This rocking motion is accompanied by minor distortions of the (W5O18)
6− cages. Com-

plete mode assignment is provided in supporting information of ref. Also, it can be seen

that there is no vibrational excitation in the range of 250 to 330 cm−1, the absence of

spectral features of phonon density in this region indicates the decoherence due to high

frequency phonons are protected.

In Fig. 3.4, we have accumulated several features i.e., IR intensities to each vibrational

excitation (Fig. 3.4a), spin-vibrational couplings to each vibration j (Fig. 3.4b), In Fig.

3.4c, we have shown evolution of spin states with magnetic field, herein we also show

the IR × Sj to highlight the frequency regions which are not only IR active but also
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Figure 3.3: Left: Calculated crystal field levels of the in HoW10, Right: Harmonic vi-
brational frequencies for HoW10. IR intensities with Gaussian-convoluted FWHM of 10
cm−1 for optimized structure are in light blue, while the Gaussian-convoluted FWHM of
10 cm−1 for the crystal structure is shown in dark blue. The experimental spectrum is in
red for comparison.

exhibits significant spin-vibrational couplings. In Fig. 3.4d, we have shown the absorption

difference spectra with respect to zero-magnetic field.

The magneto-infrared response shown in Fig. 3.4d is simulated through vibronic

model described above in methodology section. It can be noted that there are two region

of notable effect, which can induce decoherence in spin-qubit, a low frequency region 90

to 110 cm−1, and high frequency region 390 to 440 cm−1. There is a wide break in the

absorption difference spectrum between 200 and 390 cm−1. The microscopic origin of

these spectral changes with magnetic field is due to mixing of vibronic function in the

presence of vibronic couplings. Note that as the experiments are carried out at 4 K in

all our simulations the transition originate in the ground state. The low frequency region

in Fig. 3.4d shows complex behavior both in simulation and in experiment ref.,92 this

complexity can be explained by high-density of MJ states in that region which experience

several anti-crossing (Fig. 3.4c), further these MJ ’s interact with nearby phonon as they

pass across various resonance frequencies. This complex nature of vibronic eigenfunctions

further translate into absorption spectra.

In high frequency region, which corresponds to the most systematic set of experimen-

tal features. Here, the calculated absorption difference spectra evolve in a very simple

manner, in good agreement with the experimental results. In particular, the calculations

reproduce the gradual saturation of the absorption difference with increasing field. We

show the high- frequency region- 390-450 cm−1 where we predict two infrared-active vi-

bronic transition at 417.53 and 418.38 cm−1 at 0 Tesla. The vibronic couplings strength

for these two transitions are 0.116 and 0.111 cm−1 respectively. In this region, MJ level
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Figure 3.4: (a) Infrared intensities calculated at DFT level and (b) vibronic coupling
strength Sj calculated at CASSCF-SO level for each vibrational frequency. (c) Double
y-axis plot of calculated crystal field levels as a function of magnetic field and vibrational
mode intensities times the vibronic coupling coefficient (Sj). (d) Simulated magneto-
infrared spectra of the building block anion [Ho(W5O18)2]

9− between 5 and 35 T.

|±7⟩ is predicted to be energetically close (315 cm−1). Therefore, the vibronic wavefunc-

tions for the ground and excited state involved in the IR-active transitions are composed

of |±4,±3,±7⟩ levels. The computed infrared absorption intensity in Fig. 3.5a are com-
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puted by following vibronic wavefunctions:

α(ω = 417.53cm−1, 0T ) =∣∣∣∣∣
〈

35.91%(±4, 1)7%(−3, 1)0.2%(−7, 0)

∣∣∣∣∣35.43%(±4, 0)7%(−3, 0)0.33%(−7, 0)

〉∣∣∣∣∣
2

× Aj

(3.7)

α(ω = 418.38cm−1, 0T ) =∣∣∣∣∣
〈

35.42%(±4, 1)7%(−3, 1)0.2%(−7, 0)

∣∣∣∣∣35.90%(±4, 0)7%(−3, 0)0.33%(−7, 0)

〉∣∣∣∣∣
2

× Aj

(3.8)

As the magnetic field is further increased the vibronic wave-function composition changes

linearly due to |−7, 0⟩ and also |−8, 0⟩. For continuum spectrum, Gaussian convolution

of 0.1 cm−1 is performed, see figure 3.5b. In figure 3.5c, difference between 0 T and

5 T are shown. The IR absorption differences up to 35 T are shown in Figure 3.5d.

This region (390-450 cm−1) is IR active, the obtained absorption difference pattern is

similar to experimentally registered at 320 to 400 cm−1. In Fig. 3.6, we show vibronic

coupling strength (Sj) and waterfall for region 390-450 cm−1 to show the energy shift in

absorption spectra with increasing magnetic field. As one can see that the shift in energy

with increasing magnetic field is small. This attributed to small mixing in vibronic

wavefunction described above.

3.3.2 Vibronic-phonon couplings

Figure 3.7 shows the coupling of each molecular normal mode of vibration to our 9 model

phonons. Since S(µn,αβ) = 1 is the theoretical maximum for a normal mode that has the

exact displacement vector as one of the idealized phonons we defined, it is immediate to

see that many vibrations couple significantly to at least a type of phonon, with values

0.1 < S(µn,αβ) < 0.2. Additionally, vibrations n = 4, 5, 6 (24, 30, 43 cm −1) couple

strongly with the three phonons propagating along the molecular axis µxx, µyx, µzx. At

the same time one can notice that the spectrum is much more sparse compared to the

one depicting vibronic coupling strength. Note that the values are influenced by the

reference frame choice defining the phonons, but that for symmetry reasons all qualitative

conclusions are independent of that choice. In particular, vibrations that are orthogonal

to all 9 phonons in a given reference frame will consistently be orthogonal for any other

reference frame.

Inspecting the numbers in some detail we find that for mode n = 1 all vibronic-phonon

couplings S(µ1,αβ) are of the order of 0.01 or smaller. This means that, even if at low

temperature the lowest frequency vibrational mode was found in a previous work to be
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Figure 3.5: For frequency range 410-425 cm−1 calculated absorption intensity using vi-
bronic model , (a)- Calculated absorption intensity at magnetic field (H) 0 and 5 Tesla,
(b)- convolution of absorption intensities, (c)- absorption difference with with respect
with respect to 0 Tesla and (d) absorption difference up to 35 Tesla.

Figure 3.6: (a) Vibronic coupling coefficient for frequency range 390-450 cm−1 (region-
iii). (b)- Waterfall plot of simulated magneto-infrared spectra at various magnet fields.
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the one that couples with the spin subsystem and governs the relaxation,92 it cannot

communicate directly with the phonon bath. Thus, an extra step is required to complete

the relaxation pathway, probably via the anharmonicity of the molecular vibrations which

breaks their exact orthogonality and allows energy transfer between them.
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Figure 3.7: Plots of vibronic-phonon coupling vs normal mode energy, overlayed with vi-
bronic coupling of each mode. Rows correspond to the direction of the phonon amplitude
of the distortion, columns correspond to the direction of the phonon propagation. The
long axis of the molecule defines the x axis. Longitudinal phonons µxx, µyy, µzz are thus
in the diagonal, and transverse phonons µxy, µxz, µyx, µyz, µzx, µzy in their corresponding
extradiagonal locations.
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3.3.3 Molecular design of SMMs through decoupling of spin-

states from molecular vibrations

Considering the nature of the key molecular vibrations responsible for the magnetic re-

laxation in Dy − 5∗, we explore a set of rational structural modifications to decouple the

spin and vibration states and thereby mitigate the undesired fast magnetic relaxation.

The three structural modifications (Figure 3.8) consist of (i) peripheral substitution of

all the Cp rings by iPr groups resulting in [Dy(CpiPr5)2]
+; (ii) full functionalization of

the Cp rings by iodine atoms instead of alkyl chains giving rise to the
[
Dy(CpI5)2

]+
com-

plex, and finally, (iii) ligand π-extension with fluorene (FE) units partially substituted

by terminal iPr groups, as in
[
Dy(FEiPr3)2

]+
. While

[
Dy(CpiPr5)2

]+
has been experi-

mentally studied,73 the other two novel dysprosocenium-type complexes,
[
Dy(CpI5)2

]+
and

[
Dy(FEiPr3)2

]+
, have not been synthesized to the best of our knowledge. At least

in the case of the periodinated complex (halogenated metallocenes), experimental evi-

dence supports the possibility of its plausible synthesis.202,203 The three
[
Dy(CpiPr5)2

]+
,

Figure 3.8: Spin energy levels (red) and spin-vibrational couplings (black) computed for[
Dy(CpiPr5)2

]+
(a),

[
Dy(CpI5)2

]+
(b), and

[
Dy(FEiPr3)2

]+
(c).[

Dy(CpI5)2
]+

, and
[
Dy(FEiPr3)2

]+
complexes were initially optimized at the DFT level.

For these complexes, a deviation of the ligand–metal–ligand linearity with α(Cp–Dy–Cp)
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angles in the 150-162◦ range is found, in line with other experimentally characterized

Dy-based complexes.72,73,87 While detrimental to the linearity of the crystal field, this

structural deviation is not completely preventable a priori by molecular design. There-

fore, the chemical modification efforts need to be subtler and focus on the relation be-

tween the crystal field energy levels and the vibrational modes for a more effective de-

sign (vide supra). Interestingly, MS-CASPT2 calculations on the previously optimized

structures reproduce, in the case of
[
Dy(CpiPr5)2

]+
, and predict, for

[
Dy(CpI5)2

]+
and[

Dy(FEiPr3)2
]+

, a magnetic behavior that is qualitatively similar to that found for other

known dysprosocenium complexes, both in terms of energies and wave functions as well

as in the distribution of the Lande g-factors of the different Kramers doublets.

We can now turn our attention to the spin energy levels and the respective SVCs

calculated for
[
Dy(CpiPr5)2

]+
,
[
Dy(CpI5)2

]+
, and

[
Dy(FEiPr3)2

]+
by following the same

computational protocol as for Dy − 5∗. The replacement of the methyl groups in one Cp

ring by iPr groups in
[
Dy(CpiPr5)2

]+
causes a narrowing energy gap (ca. 60 cm−1) for the

first two excited spin level doublets (MJ = ± 13/2 and ± 11/2) compared to Dy − 5∗,

while for the higher MJ doublets similar energy gaps are found for both Dy − 5∗ and[
Dy(CpI5)2

]+
complexes. In terms of molecular vibrations and similarly to Dy − 5∗,

only a few vibrations involving Cp motions present significant SVC values. However,

in
[
Dy(CpI5)2

]+
, the vibrations at 593 and 597 cm−1 with SVC strengths of 2.38 × 105

and 3.52 × 105cm−2A−2 are closer in resonance with the MJ = ± 13/2 Kramers doublet

(25 cm−1) than those active for Dy − 5∗ with an energy separation of around 45 cm−1.

This SVC pattern, the crystal field splitting, and the orientation of g-factor for 6 H15/2

states can partially explain why
[
Dy(CpI5)2

]+
provides a TB value (72 K) lower than

that reported for Dy − 5∗ (80 K). For
[
Dy(CpI5)2

]+
, two interesting opposite effects oc-

cur; on the one hand, the SVC values are much higher than those predicted for Dy-5*

and
[
Dy(CpI5)2

]+
, which would be detrimental for magnetic relaxation, but on the other

hand the active molecular vibrations are off-resonance with respect to the spin energy

levels. For instance, vibrations computed at 709 and 726 cm−1 with high SVCs are en-

ergetically separated from the MJ = ± 13/2 Kramers doublet by 57 cm−1. This later

effect would limit the vibronically induced magnetic relaxation. Finally, the π-extension

of the ligands with fluorene units for
[
Dy(FEiPr3)2

]+
has turned out to be a negative

strategy because
[
Dy(FEiPr3)2

]+
presents a dense non-negligible SVC spectra near in res-

onance with the spin energy levels which would promote an efficient magnetic relaxation.

Among the three candidates, our outcomes therefore reveal that the
[
Dy(CpI5)2

]+
com-

plex can be considered a SMM candidate with the potential to show magnetic hysteresis

at temperatures higher than 80 K.
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3.4 Conclusion

We simulated far infrared spectra in the presence of high magnetic field using lattice dy-

namics and vibronic model to explore the interaction of charge, structure and magnetism

and gain insight into the relaxation pathways in HoW10- a model qubit system with

atomic clock transitions. We found two strong magneto-infrared regions near 63 cm−1

and 370 cm−1, prior region corresponds to mixing of crystal field level MJ = ±5 (and

very likely the MJ = ±2 levels) with nearby phonons such as asymmetric HoO8 stretching

with cage tilting while later corresponds to interaction of MJ = ±7 with various HoO8

rocking and stretching modes.

To unveil the energy dissipation in spin-spectrum to thermal bath from optical phonon

and acoustic phonon, we developed a vibronic-phonon model considering the anticrossings

between low-lying optical branches and acoustic phonons in HoW10. We found that

the first vibrational mode, which presents significant vibronic coupling and had been

attributed to play a crucial role in spin-lattice relaxation does not couple significantly to

long-wavelength lattice phonons, neither longitudinal nor transverse, thus revealing that

further intramolecular energy transfer via anharmonic vibrations is involved in the spin

relaxation process.

These finding advances the understanding, how to model next generation of molecular

spin qubits for quantum technologies.

The concept of spin-vibrational couplings is further extended towards molecular mag-

netism for high density magnetic storage application. A computational efficient approach

combines ab initio and effective charge electrostatic calculations to identify the key molec-

ular vibrations responsible for the magnetic relaxation in lanthanide-based single ion

magnets and thus be able to establish some valuable structure-property guidelines for a

more optimized rational design. From our outcomes, we can suggest some design strate-

gies for potential SMMs with high blocking temperature: (1) the choice of molecules that

are simple and rigid in the vicinity of the metal to provide sparse molecular vibrations

in the low-energy region and (2) the use of ligands that maximize ligand-field splitting

to achieve energetically well-separated low-lying spin energy levels, thereby minimizing

energetic resonances between the available vibrations and the excitations required for

barrier crossing.

3.5 Contribution of the author

In this chapter, two (2) published research works are included to emphasize the impor-

tance of SPCs and vibronic-phonon couplings in the magnetic relaxation of SMMs. In

both manuscripts, the author of this thesis is a leading author.
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Insights on the coupling between vibronically
active molecular vibrations and lattice phonons in
molecular nanomagnets†

Aman Ullah, José J. Baldoví, Alejandro Gaita-Ariño * and Eugenio Coronado

Spin–lattice relaxation is a key open problem to understand the spin dynamics of single-molecule

magnets and molecular spin qubits. While modelling the coupling between spin states and local vibrations

allows to determine the more relevant molecular vibrations for spin relaxation, this is not sufficient to

explain how energy is dissipated towards the thermal bath. Herein, we employ a simple and efficient

model to examine the coupling of local vibrational modes with long-wavelength longitudinal and trans-

verse phonons in the clock-like spin qubit [Ho(W5O18)2]
9−. We find that in crystals of this polyoxometalate

the vibrational mode previously found to be vibronically active at low temperature does not couple signifi-

cantly to lattice phonons. This means that further intramolecular energy transfer via anharmonic vibrations

is necessary for spin relaxation in this system. Finally, we discuss implications for the spin–phonon coup-

ling of [Ho(W5O18)2]
9− deposited on a MgO (001) substrate, offering a simple methodology that can be

extrapolated to estimate the effects on spin relaxation of different surfaces, including 2D materials.

Introduction

Molecular magnetism is a field that has seen remarkable pro-
gress over the last three decades. This has resulted in a rich
bibliography that covers hundreds of coordination complexes
and requires specialized data science tools to properly visual-
ize the experimental results.1–4 Starting from single-molecule
magnets (SMMs) based on transition metal clusters,5 the dis-
covery of the so-called single-ion magnets (SIMs), mainly
based on lanthanides, allowed the obtention of improved mag-
netic properties, which stem from the intrinsically large mag-
netic moment and spin–orbit coupling of rare earth ions.6,7

Eventually, the SIM strategy lead to the design of coordination
spheres resulting in record potential energy barriers and hys-
teresis temperatures above liquid nitrogen.8–10 This was poss-
ible, at least in part, because this path provides a more intui-
tive picture to model and rationalize the magnetic anisotropy
of a single magnetic ion and its coordination
environment.11–13 While new avenues are still being explored
to design and achieve higher potential energy barriers,
most theoretical research now focuses on decoupling spin
states from molecular vibrations using first principles

calculations.14,15 Indeed, the step that allowed rising the hys-
teresis temperature from 60 K to 80 K involved precisely a judi-
cious modification of the ligands, not to rise the barrier but to
eliminate a vibronically active vibrational mode, i.e. a mode
that coupled significantly to spin states.9,16,17 It has been
shown in different ways that spin states in magnetic molecules
couple most strongly with local vibrations,16,18,19 rather than
with lattice phonons as is the case for other magnetic solids.20

Moreover, the details of the spin relaxation mechanism in
systems with the highest hysteresis temperatures are being
actively investigated, in terms of whether Orbach or Raman are
the dominant processes.21,22 However, there is still an open
question in determining how local vibrations couple with
lattice phonons to allow for the energy to flow from the spins
of the molecule to the thermal bath of the solid. More gener-
ally, understanding the coupling between spin states, mole-
cular vibrations and lattice phonons will also help to under-
stand the dynamics of molecular ferroelectrics23 and hybrid
molecular solid-state materials.

A recent work combining 4D Inelastic Neutron Scattering
(4D-INS) with DFT calculations has demonstrated that explicit
analysis of phonon eigenvectors is necessary to properly esti-
mate spin–phonon coupling. This involves not only localized
molecular vibrations, related to optical phonon, but also
extended lattice vibrations, also known as acoustic phonons.24

The participation of low-lying optical phonons, i.e. molecular
vibrations, in spin relaxation is more obvious, since the distor-
tions couple strongly with the spin Hamiltonian. Less obvious,

†Electronic supplementary information (ESI) available: Supplementary tables
including vibronic and vibronic-phonon coupling for 110 normal modes. See
DOI: 10.1039/D1DT01832A

Instituto de Ciencia Molecular, Universitat de València, Catedrático José Beltrán

Martínez, 2, Paterna 46980, Spain. E-mail: gaita@uv.es
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but also crucial, is the consideration of anticrossings between
low-lying optical branches and acoustic phonons. These can
be experimentally detected only by measuring phonon disper-
sions and it is well-known that can cause a decrease on the
phonon lifetimes.25–27 The mixing of optical and acoustic
phonon eigenvectors due to these anticrossings results in an
effective communication of the spin states with the thermal
bath, thus enhancing magnetic relaxation in molecular nano-
magnets and reducing T1 in molecular spin qubits.28

In order to advance towards a solution, it seems adequate
to start from a model molecular nanomagnet that has been
extensively studied in the past few years. For that, we focus our
attention on [Ho(W5O18)2]

9−, a polyoxometalate system that
displays so-called Atomic Clock Transitions, which protect
qubit states from magnetic noise. This allows for coherent
operation at high concentrations.29 Over the years, the spin
energy level structure of this system has been widely character-
ized, both from the experimental and theoretical points of
view.30–34 In particular, recent studies have been able to deter-
mine the couplings between spin states and molecular
vibrations or distortions. In particular, a theoretical character-
ization at CASSCF level has been employed to rationalize
experiments of quantum coherent electrical control of spins35

and magneto-infrared spectroscopy.36 In Liu et al.,35 the mole-
cular structure was distorted by applying an external electric
field, and the coupling of this distortion with the Crystal Field
Hamiltonian was modeled by expanding it in the basis of
normal modes of vibration. A first principles model was able
to reproduce the experimentally determined effect of the elec-
tric field on the tunneling gap. In Blockmon et al.,36 modelling
of vibronic coupling allowed us to reproduce the observed
dependence of the infrared spectra atrising magnetic fields.
Starting from these successful schemes for the vibronic coup-
ling in Na9[Ho(W5O18)2]·35H2O, herein we develop a theore-
tical model to explore the missing link between local
vibrations and the thermal bath, namely vibronic–phonon
coupling.

Results and discussion
Modelling vibronic–phonon coupling

Previous analyses in [Ho(W5O18)2]
9− have identified the more

crucial vibronically active vibrations.36 Specific MJ spin energy
levels couple to various HoO8 rocking and stretching modes.
This includes asymmetric HoO8 stretching with cage tilting,
and, in particular, the vibrational mode n = 1, presenting the
lowest vibrational frequency ν = 8.6 cm−1 (Fig. 1). This mode
can be approximated as a torsion along the near-C4 molecular
axis, where the upper moiety rotates clockwise while the lower
one rotates anti-clockwise. At the low temperature range, rele-
vant for the clock transition experiments, this vibration is
involved in the thermal dependence of the spin–lattice relax-
ation rate T1.

36 The vibronic coupling Sn for a dense spectrum
of vibronically active vibrations, as calculated in that work, is
represented in Fig. 1. The key question is therefore whether all

these vibrational modes, and in particular n = 1, couple
directly to phonons.

A conceptual cornerstone of the model employed in the
present work is the fact that we deal with phonons of long-
wavelength, which we assume to (i) not depend on the mole-
cular details and (ii) couple only weakly to spin states. To
model this kind of phonons one can employ the same
approach described previously in the context of strong and
weak interacting two level systems in disordered solids.37 This
is based on the generally accepted idea that it is often a con-
venient approximation to distinguish between “longitudinal”
and “transverse” acoustic phonons, although in practice they
are not pure.24

Let us say we want to model the effect on a local excitation
of a phonon field μαβ, where α = x is the unit vector of the
phonon amplitude and β = x is the unit vector of the phonon
propagation direction. For simplicity we can take as an
example the longitudinal phonon μxx along x. Assuming that
the phonon has a long-wavelength compared with our local
excitation, we can just employ a homogeneous lattice contrac-
tion by a fraction b along crystallographic direction x tomimic
the effect of a longitudinal phonon along the same coordinate.
The distorted molecular coordinates dα can be defined by con-
sidering, for each atom, the equilibrium coordinates eα and
the distortion b, which is proportional to the position eβ along
the propagation vector β:

dα ¼ eα þ b � eβ ð1Þ

The application of a longitudinal phonon μxx to an atom
with equilibrium coordinates (ex,ey,ez) results in the distorted
coordinates (ex + b·ex,ey,ez). As an example for transverse
phonon let us take μxz, which results in the distorted coordi-
nates (ex + b·ez,ey,ez) (see Fig. 2). Three longitudinal phonons
μxx,μyy,μzz and six transverse phonons μxy,μxz,μyx,μyz,μzx,μzy can
be constructed in this way. Locally, each of the three longitudi-
nal phonons acts like a uniaxial strain, while each of the six
transverse ones acts as a shear strain. This permits an explora-
tion of the long-wavelength part of the phonon spectrum

Fig. 1 (a) Structure of the molecular anion [Ho(W5O18)2]
9−, superim-

posed with vectors indicating the atomic displacements for normal
mode n = 1 and the (x,y,z) reference frame. (b) Vibronic coupling Sn vs.
vibrational frequency for molecular normal modes in [Ho(W5O18)2]

9−.
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employing just 9 model phonons. Fig. 2 illustrates the relation
between phonon amplitude and atomic position for the
example of a transverse phonon μzx, as well as the qualitative
effect of such a phonon on the molecular anion [Ho
(W5O18)2]

9−, where we take as a criterion that the long axis of
the molecule defines the x axis.

To facilitate comparisons one can impose a normalizing
condition to the phonon displacements so that the product
~μαβ �~μαβ ¼ 1 for any α,β. The vibronic–phonon coupling S(μn,αβ)
is simply calculated as the scalar product between the normal-
ized displacement vectors defining each normal mode ~n and
each of the idealized phonons~μαβ, in absolute value:

S μn;αβ
� � ¼ ~n �~μαβ

�� �� ð2Þ
In practice, we are estimating the intensity of anticrossings

between optical and acoustic phonon branches. This could be
experimentally characterized using 4D-INS as previously
shown.24

Application to [Ho(W5O18)2]
9−

Fig. 3 shows the coupling of each molecular normal mode of
vibration to our 9 model phonons (for full details, see ESI†).
Since S(μn,αβ) = 1 is the theoretical maximum for a normal
mode that has the exact displacement vector as one of the
idealized phonons we defined, it is immediate to see that
many vibrations couple significantly to at least a type of
phonon, with values 0.1 < S(μn,αβ) < 0.2. Additionally,
vibrations n = 4, 5, 6 (24, 30, 43 cm−1) couple strongly with the
three phonons propagating along the molecular axis
μxx,μyx,μzx. At the same time one can notice that the spectrum
is much more sparse compared to the one depicting vibronic
coupling strength in Fig. 1. Note that the values are influenced
by the reference frame choice defining the phonons, but that
for symmetry reasons all qualitative conclusions are indepen-
dent of that choice. In particular, vibrations that are orthog-
onal to all 9 phonons in a given reference frame will consist-
ently be orthogonal for any other reference frame.

Inspecting the numbers in some detail (see ESI†) we find
that for mode n = 1 all vibronic–phonon couplings S(μ1,αβ) are
of the order of 0.01 or smaller. This means that, even if at low
temperature the lowest frequency vibrational mode was found
in a previous work to be the one that couples with the spin
subsystem and governs the relaxation,36 it cannot communi-
cate directly with the phonon bath. Thus, an extra step is
required to complete the relaxation pathway, probably via the
anharmonicity of the molecular vibrations which breaks their
exact orthogonality and allows energy transfer between them.

In the original ac susceptometry experimental measure-
ments on [Ho(W5O18)2]

9−, a strongly frequency-dependent
shoulder was observed in χ″, situated at ca. 5 K (for a frequency
of 10.000 Hz), which tended to disappear when the frequency
was reduced, and a divergence at lower temperatures.31 This
behavior closely resembled that of the SMM Er derivative when
studied at low frequencies. This relatively poor but non-negli-
gible SMM behavior, gradually lost above 5 K due to processes
that start to dominate around 3 K, is consistent with our
present theoretical findings.

In the calculations, it is also noticeable that there is a
window between 220 and 320 cm−1 with practically no coup-
ling between local vibrations and phonons. The molecular
design of systems where this window is at low energies would
be a novel way of forcing a phonon bottleneck that would
facilitate long relaxation times. This idea of minimizing vibro-
nic–phonon coupling for vibrations accessible at low tempera-
ture is of course complementary to the well-known strategy of
avoiding vibronic coupling for the same energy range.

It would now be possible to map known phonon spectra of
relevant surfaces onto our 9 phonon scheme and obtain useful
insights. In particular, for illustration purposes let us focus on
MgO(001), which was employed to decouple Ho atoms from
the underlying Ag substrate in the first single atom magnet
experiments.38 Recent studies in this system have already eluci-
dated the role of localized vibrational modes in its spin relax-
ation.39 Calculations on a thin slab model40 identified surface
phonons in the region of 150 cm−1, corresponding to out-of
plane and in-plane shear vibrations. If we define x as the
vector normal to the MgO surface, these out-of plane and in-
plane shear vibrations would correspond to phonons of the
kind μxz,μxy and μyz,μzy respectively. Our analysis evidences that
it would be an advantageous environment for [Ho(W5O18)2]

9−

anions, since the first molecular vibrations which are signifi-
cantly coupled to this kind of phonons would be n = 5 at
25–30 cm−1. Regarding the orientation of the molecule on the
surface, due to the stronger coupling of molecular normal
modes with the three phonons propagating along the mole-
cular axis, it would be desirable to orient the molecular axis
perpendicular to the surface. A possible approach for this
purpose is the covalent functionalization of the molecular
nanomagnet using a grafting functional group. Indeed, it has
been reported that in [Ho{Mo5O13(OMe)4NNC6H4-p-NO2}2]

3−,41

the molybdenum analogue to [Ho(W5O18)2]
9−, the magnetic

ion presents an equivalent coordination sphere in a chemically
identical structure, except for the presence of two apical –NO2

−

Fig. 2 Left: Long-wavelength transverse phonon μzx, with phonon
amplitude along z and propagating along x (phonon amplitude greatly
exagerated to facilitate visualization). Assuming the molecule fits in the
width of the red line, each atom suffers a strain bz along the phonon
amplitude direction z that is directly proportional to its position ux along
the propagation direction x. Right: Relative effect of transverse phonon
μzx on [Ho(W5O18)2]

9− with respect to the central Ho3+ ion. Color code:
Ho (green), W (gray) and O (red).
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grafting groups that can be chemically tuned to control the
orientation of the molecule in different substrates. Although
challenging, alternative chemical strategies such as the use of
α-cyclodextrins rings, which have been experimentally com-
bined with polyoxopalladates,42 or rotaxanes that can form
surface-attached rotaxanes on gold substrates,43 can be pro-
posed in order to stabilize an off-plane orientation of the mole-
cular axis, which would minimize vibronic–phonon coupling in
this molecule, as we have estimated in this work. More gener-
ally, this kind of efficient calculation could offer a set of prelimi-
nary guidelines in order to reduce the coupling between vibroni-
cally active molecular vibrations and surface phonons when the
magnetic molecules are deposited onto bidimensional sub-
strates, such as graphene44 or transition metal dichalcogenides
in which charge density waves are also present.45

Conclusions

Considerable progress has been made in the modelling of spin–
lattice relaxation in molecular spin qubits and molecular nano-
magnets. However, most of the state-of-the-art models are still
essentially zero-dimensional and thus fundamentally unable of
describing the energy dissipation to the thermal bath, and only
extremelly challenging combinations of state of the art experi-
ments and theory can explicitly unveil these mechanisms.24 We

have employed a model to offer an estimate of the coupling
between local vibrational modes and long-wavelength phonons
to the clock-like spin qubit Na9HoW10O36·xH2O. We found that
the first vibrational mode, which presents significant vibronic
coupling and had been attributed to play a crucial role in spin–
lattice relaxation does not couple significantly to long-wave-
length lattice phonons, neither longitudinal nor transverse,
thus revealing that further intramolecular energy transfer via
anharmonic vibrations is involved in the spin relaxation
process. As a more general insight, this simple model provides
information on the relation of molecular vibrations vis-à-vis
long-wave phonons. This can be obtained from a very efficient
calculation and even in some cases from visual inspection and
can be of interest in the design of more robust molecular nano-
magnets and spin qubits. This can be especially valuable for
the case of single molecules deposited on well-known surfaces,
where experiments are challenging and can benefit from theore-
tical insights.
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Fig. 3 Plots of vibronic–phonon coupling vs. normal mode energy, overlayed with vibronic coupling of each mode. Rows correspond to the direc-
tion of the phonon amplitude of the distortion, columns correspond to the direction of the phonon propagation. The long axis of the molecule
defines the x axis. Longitudinal phonons μxx,μyy,μzz are thus in the diagonal, and transverse phonons μxy,μxz,μyx,μyz,μzx,μzy in their corresponding extra-
diagonal locations.
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Supplementary Tables

Table S1: Frequencies (cm−1), vibronic coupling (Sn (cm−1) at CASSCF level for opti-
mized geometry for each normal mode (n) and vibronic-phonon couplings S(µn,xx), S(µn,xy),
S(µn,xz).

Modes (n) Frequencies

(cm−1)

Sn (cm−1) S (n, µxx) S (n, µxy) S (n, µxz)

1 8.62 0.085 0.01 0.01 0.01

2 17.94 0.176 0.14 0.03 0.01

3 18.43 0.119 0.03 0.04 0.01

4 24.33 0.247 0.00 0.13 0.01

5 29.97 0.220 0.01 0.01 0.13

6 43.22 0.123 0.91 0.01 0.01

7 54.02 0.150 0.26 0.03 0.00

8 58.39 0.180 0.01 0.01 0.03

9 67.12 0.145 0.17 0.01 0.00

10 70.95 0.130 0.04 0.05 0.01

11 99.61 0.125 0.01 0.07 0.01

12 106.52 0.151 0.02 0.01 0.07

13 106.78 0.051 0.01 0.01 0.04

14 107.26 0.132 0.00 0.06 0.01

15 108.76 0.167 0.01 0.00 0.00

16 114.68 0.067 0.01 0.00 0.00

17 114.71 0.080 0.01 0.00 0.00

18 140.11 0.109 0.01 0.01 0.00

19 140.76 0.040 0.04 0.00 0.01

20 141.19 0.038 0.00 0.01 0.04

21 142.11 0.129 0.01 0.04 0.00
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Table S1: Continued from previous page

Modes (n) Frequencies

(cm−1)

Sn (cm−1) S (n, µxx) S (n, µxy) S (n, µxz)

22 143.98 0.123 0.09 0.01 0.00

23 144.75 0.039 0.02 0.06 0.00

24 157.60 0.020 0.00 0.00 0.02

25 158.17 0.081 0.00 0.02 0.23

26 159.14 0.096 0.00 0.28 0.02

27 159.88 0.042 0.00 0.08 0.03

28 160.56 0.039 0.00 0.03 0.12

29 161.30 0.079 0.01 0.06 0.08

30 167.76 0.094 0.00 0.00 0.00

31 167.77 0.083 0.01 0.02 0.00

32 184.62 0.122 0.00 0.00 0.01

33 184.73 0.122 0.00 0.01 0.00

34 193.02 0.038 0.01 0.01 0.01

35 202.14 0.095 0.15 0.00 0.00

36 216.40 0.027 0.02 0.02 0.01

37 216.89 0.066 0.00 0.02 0.03

38 218.12 0.088 0.00 0.00 0.06

39 218.13 0.099 0.01 0.02 0.06

40 218.22 0.126 0.01 0.11 0.08

41 218.24 0.117 0.00 0.11 0.07

42 219.96 0.057 0.01 0.01 0.02

43 220.00 0.054 0.00 0.14 0.02

44 220.07 0.115 0.00 0.01 0.18

45 220.47 0.111 0.03 0.05 0.02
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Table S1: Continued from previous page

Modes (n) Frequencies

(cm−1)

Sn (cm−1) S (n, µxx) S (n, µxy) S (n, µxz)

46 223.18 0.079 0.05 0.08 0.01

47 224.41 0.072 0.05 0.04 0.01

48 230.85 0.034 0.01 0.01 0.00

49 231.24 0.031 0.01 0.01 0.02

50 231.75 0.036 0.00 0.02 0.02

51 232.10 0.036 0.01 0.02 0.00

52 235.13 0.019 0.00 0.00 0.01

53 235.33 0.029 0.01 0.00 0.00

54 257.49 0.097 0.00 0.00 0.00

55 257.49 0.108 0.01 0.00 0.00

56 289.55 0.030 0.00 0.00 0.00

57 291.07 0.025 0.00 0.00 0.00

58 329.19 0.091 0.00 0.00 0.02

59 329.25 0.125 0.00 0.02 0.01

60 337.26 0.101 0.00 0.02 0.02

61 337.36 0.143 0.00 0.02 0.04

62 337.40 0.099 0.00 0.03 0.00

63 337.72 0.101 0.00 0.02 0.01

64 351.19 0.101 0.00 0.08 0.03

65 354.95 0.147 0.00 0.07 0.21

66 355.21 0.148 0.00 0.20 0.08

67 359.02 0.064 0.01 0.00 0.00

68 360.26 0.032 0.02 0.01 0.00

69 363.49 0.085 0.00 0.04 0.02
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Table S1: Continued from previous page

Modes (n) Frequencies

(cm−1)

Sn (cm−1) S (n, µxx) S (n, µxy) S (n, µxz)

70 399.03 0.041 0.02 0.05 0.06

71 399.78 0.067 0.01 0.07 0.05

72 399.80 0.053 0.02 0.01 0.03

73 404.19 0.083 0.30 0.00 0.00

74 414.55 0.141 0.01 0.26 0.03

75 414.92 0.126 0.00 0.04 0.27

76 416.67 0.116 0.00 0.07 0.18

77 416.90 0.111 0.04 0.14 0.06

78 417.53 0.131 0.02 0.10 0.06

79 417.69 0.120 0.02 0.06 0.04

80 429.95 0.091 0.00 0.03 0.00

81 431.15 0.065 0.35 0.01 0.00

82 435.19 0.083 0.01 0.01 0.17

83 436.31 0.046 0.03 0.05 0.05

84 436.72 0.078 0.07 0.15 0.03

85 437.91 0.056 0.15 0.08 0.00

86 479.05 0.084 0.00 0.21 0.01

87 479.34 0.070 0.00 0.01 0.21

88 480.96 0.037 0.01 0.01 0.00

89 481.29 0.038 0.00 0.00 0.03

90 489.34 0.055 0.00 0.02 0.01

91 489.38 0.054 0.00 0.00 0.02

92 514.29 0.028 0.00 0.00 0.00

93 515.09 0.031 0.01 0.00 0.01
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Table S1: Continued from previous page

Modes (n) Frequencies

(cm−1)

Sn (cm−1) S (n, µxx) S (n, µxy) S (n, µxz)

94 515.25 0.029 0.02 0.00 0.01

95 516.21 0.076 0.12 0.00 0.00

96 520.31 0.113 0.00 0.01 0.01

97 521.09 0.102 0.01 0.01 0.01

98 528.07 0.086 0.04 0.01 0.00

99 529.22 0.079 0.01 0.00 0.01

100 530.46 0.069 0.09 0.00 0.00

101 531.81 0.080 0.19 0.01 0.00

102 535.59 0.091 0.00 0.00 0.01

103 536.21 0.097 0.05 0.02 0.00

104 554.98 0.020 0.00 0.00 0.00

105 555.04 0.018 0.00 0.00 0.00

106 578.43 0.031 0.01 0.14 0.01

107 579.04 0.042 0.01 0.06 0.11

108 579.13 0.027 0.02 0.14 0.01

109 579.49 0.033 0.00 0.02 0.18

110 671.58 0.235 0.00 0.25 0.01

Table S2: For normal mode n, vibronic-phonon couplings S(µn,yx), S(µn,yy), S(µn,yz),
S(µn,zx), S(µn,zy), S(µn,zz).

Modes (n) S (n, µyx) S (n, µyy) S (n, µyz) S (n, µzx) S (n, µzy) S (n, µzz)

1 0.03 0.01 0.00 0.04 0.00 0.00

2 0.13 0.03 0.00 0.02 0.01 0.04

3 0.21 0.01 0.02 0.04 0.02 0.01

S-6



Table S2: Continued from previous page

Modes (n) S (n, µyx) S (n, µyy) S (n, µyz) S (n, µzx) S (n, µzy) S (n, µzz)

4 0.65 0.05 0.01 0.05 0.01 0.05

5 0.06 0.01 0.04 0.69 0.05 0.01

6 0.06 0.00 0.01 0.00 0.00 0.06

7 0.14 0.31 0.02 0.01 0.02 0.25

8 0.02 0.03 0.33 0.11 0.34 0.02

9 0.05 0.20 0.01 0.01 0.01 0.28

10 0.03 0.03 0.07 0.01 0.08 0.03

11 0.32 0.00 0.01 0.04 0.01 0.00

12 0.04 0.01 0.01 0.41 0.01 0.01

13 0.06 0.01 0.01 0.27 0.01 0.01

14 0.43 0.00 0.00 0.05 0.02 0.00

15 0.08 0.07 0.06 0.01 0.08 0.07

16 0.03 0.13 0.15 0.00 0.14 0.13

17 0.01 0.10 0.10 0.03 0.08 0.08

18 0.12 0.02 0.02 0.00 0.02 0.02

19 0.01 0.12 0.01 0.00 0.00 0.14

20 0.01 0.00 0.01 0.18 0.00 0.00

21 0.17 0.05 0.04 0.02 0.01 0.06

22 0.03 0.38 0.00 0.00 0.01 0.37

23 0.02 0.05 0.08 0.04 0.01 0.03

24 0.01 0.00 0.45 0.02 0.45 0.01

25 0.02 0.00 0.03 0.20 0.04 0.01

26 0.23 0.01 0.06 0.01 0.04 0.01

27 0.06 0.05 0.14 0.02 0.11 0.03

28 0.02 0.01 0.17 0.09 0.18 0.00
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Table S2: Continued from previous page

Modes (n) S (n, µyx) S (n, µyy) S (n, µyz) S (n, µzx) S (n, µzy) S (n, µzz)

29 0.03 0.03 0.15 0.07 0.21 0.01

30 0.01 0.35 0.19 0.01 0.19 0.35

31 0.02 0.19 0.38 0.01 0.33 0.19

32 0.00 0.00 0.01 0.01 0.01 0.00

33 0.01 0.03 0.01 0.00 0.00 0.01

34 0.02 0.01 0.00 0.00 0.00 0.01

35 0.00 0.17 0.02 0.00 0.01 0.19

36 0.01 0.04 0.02 0.00 0.01 0.06

37 0.03 0.01 0.09 0.01 0.08 0.04

38 0.00 0.15 0.17 0.03 0.16 0.16

39 0.00 0.18 0.12 0.03 0.12 0.17

40 0.04 0.04 0.05 0.03 0.05 0.05

41 0.06 0.06 0.09 0.02 0.09 0.03

42 0.02 0.05 0.01 0.02 0.01 0.01

43 0.16 0.02 0.01 0.02 0.01 0.03

44 0.01 0.01 0.02 0.20 0.02 0.00

45 0.06 0.10 0.03 0.01 0.05 0.06

46 0.09 0.10 0.01 0.01 0.02 0.09

47 0.07 0.07 0.02 0.01 0.04 0.10

48 0.00 0.01 0.01 0.01 0.00 0.00

49 0.00 0.00 0.00 0.02 0.00 0.01

50 0.00 0.01 0.00 0.02 0.02 0.01

51 0.04 0.00 0.01 0.00 0.01 0.01

52 0.00 0.00 0.18 0.00 0.18 0.00

53 0.01 0.00 0.11 0.00 0.11 0.00
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Table S2: Continued from previous page

Modes (n) S (n, µyx) S (n, µyy) S (n, µyz) S (n, µzx) S (n, µzy) S (n, µzz)

54 0.00 0.01 0.00 0.00 0.01 0.01

55 0.02 0.00 0.01 0.01 0.01 0.00

56 0.00 0.00 0.02 0.00 0.01 0.00

57 0.01 0.00 0.00 0.00 0.00 0.00

58 0.00 0.01 0.10 0.02 0.10 0.01

59 0.03 0.10 0.01 0.01 0.02 0.10

60 0.03 0.01 0.01 0.03 0.00 0.00

61 0.02 0.00 0.00 0.05 0.00 0.00

62 0.05 0.00 0.00 0.01 0.00 0.00

63 0.01 0.00 0.01 0.04 0.01 0.01

64 0.14 0.01 0.00 0.06 0.00 0.00

65 0.12 0.00 0.01 0.39 0.01 0.00

66 0.37 0.00 0.01 0.15 0.00 0.00

67 0.01 0.05 0.00 0.00 0.01 0.05

68 0.02 0.05 0.00 0.01 0.00 0.06

69 0.08 0.02 0.01 0.04 0.02 0.02

70 0.02 0.02 0.04 0.02 0.03 0.03

71 0.03 0.02 0.02 0.02 0.02 0.03

72 0.00 0.01 0.01 0.00 0.00 0.03

73 0.00 0.12 0.00 0.00 0.00 0.11

74 0.02 0.10 0.00 0.00 0.00 0.09

75 0.00 0.01 0.09 0.01 0.09 0.01

76 0.00 0.02 0.06 0.00 0.06 0.01

77 0.01 0.00 0.03 0.01 0.03 0.01

78 0.01 0.16 0.05 0.01 0.05 0.17
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Table S2: Continued from previous page

Modes (n) S (n, µyx) S (n, µyy) S (n, µyz) S (n, µzx) S (n, µzy) S (n, µzz)

79 0.02 0.05 0.16 0.01 0.16 0.05

80 0.12 0.01 0.00 0.00 0.01 0.01

81 0.01 0.05 0.01 0.00 0.01 0.06

82 0.01 0.00 0.01 0.31 0.02 0.00

83 0.09 0.01 0.01 0.07 0.01 0.00

84 0.25 0.02 0.01 0.04 0.01 0.00

85 0.12 0.01 0.00 0.01 0.00 0.03

86 0.06 0.01 0.00 0.00 0.00 0.01

87 0.00 0.00 0.01 0.05 0.01 0.00

88 0.01 0.01 0.00 0.00 0.00 0.02

89 0.00 0.00 0.01 0.00 0.01 0.00

90 0.01 0.06 0.00 0.00 0.00 0.06

91 0.00 0.00 0.06 0.01 0.06 0.00

92 0.00 0.00 0.01 0.00 0.01 0.01

93 0.00 0.02 0.04 0.00 0.05 0.02

94 0.00 0.04 0.02 0.01 0.03 0.04

95 0.00 0.24 0.00 0.00 0.01 0.23

96 0.02 0.04 0.04 0.01 0.03 0.04

97 0.01 0.03 0.04 0.01 0.04 0.05

98 0.01 0.04 0.00 0.00 0.00 0.04

99 0.00 0.01 0.00 0.01 0.00 0.01

100 0.01 0.06 0.00 0.00 0.00 0.08

101 0.00 0.13 0.00 0.00 0.00 0.14

102 0.00 0.00 0.05 0.00 0.05 0.01

103 0.00 0.08 0.01 0.00 0.00 0.02
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Table S2: Continued from previous page

Modes (n) S (n, µyx) S (n, µyy) S (n, µyz) S (n, µzx) S (n, µzy) S (n, µzz)

104 0.00 0.25 0.01 0.00 0.01 0.25

105 0.00 0.00 0.25 0.00 0.25 0.01

106 0.10 0.00 0.00 0.01 0.00 0.00

107 0.05 0.00 0.01 0.08 0.01 0.01

108 0.09 0.01 0.00 0.01 0.00 0.01

109 0.01 0.00 0.01 0.13 0.01 0.00

110 0.20 0.02 0.01 0.01 0.00 0.02
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*S Supporting Information

ABSTRACT: Molecular nanomagnets hold great promise for spintronics and quantum
technologies, provided that their spin memory can be preserved above liquid-nitrogen
temperatures. In the past few years, the magnetic hysteresis records observed for two
related dysprosocenium-type complexes have highlighted the potential of molecular
engineering to decouple vibrational excitations from spin states and thereby enhance
magnetic memory. Herein, we study the spin-vibrational coupling in [(CpiPr5)Dy-
(Cp*)]+ (CpiPr5 = pentaisopropylcyclopentadienyl, Cp* = pentamethylcyclopenta-
dienyl), which currently holds the hysteresis record (80 K), by means of a
computationally affordable methodology that combines first-principles electronic
structure calculations with a phenomenological ligand field model. Our analysis is in
good agreement with the previously reported state-of-the-art ab initio calculations, with
the advantage of drastically reducing the computation time. We then apply the
proposed methodology to three alternative dysprosocenium-type complexes, extracting
physical insights that demonstrate the usefulness of this strategy to efficiently engineer
and screen magnetic molecules with the potential of retaining spin information at higher temperatures.

Since the discovery of slow relaxation of the magnetization
and magnetic hysteresis in a bis(phthalocyaninato)-

terbium complex in 2003,1 lanthanide-based molecular nano-
magnets have fascinated an interdisciplinary community of
researchers because of their extraordinarily rich physical
phenomena and potential applications in high-density
magnetic memory storage, molecular spintronics, and quantum
computing.2−5 This steadily rising interest has resulted in
hundreds of reported coordination complexes that present
magnetic bistability and an energy barrier for the magnet-
ization reversal,6−9 although their practical use is still a far-off
dream because of the rapid loss of spin memory.
In order to improve the performance of these magnetic

entities, commonly known as single-ion magnets (SIMs), the
most pressing question is still fundamental in nature; namely,
which are the chemical features that regulate the spin
relaxation in these systems? While the effective energy barrier
(Ueff) has progressively been enhanced during the past decade
reaching values of ca. 2200 K, the temperature at which SIMs
retain their magnetization (i.e., blocking temperature (TB)) has
been substantially raised only very recently. The combination
of an oblate lanthanide ion (squeezed along axial direction)
with an axial ligand field has proven to be key to achieve higher
Ueff values.

10 However, a high Ueff barrier does not guarantee a
high TB because of the vibronically induced spin relaxation
mechanisms, irrespective of the energy barrier, that can be

active.11−13 Indeed, the success of the dysprosocenium cation
[Dy(Cpttt)2]

+, where Cpttt = C5H2
tBu3-1,2,4 and tBu =

C(CH3)3, exhibiting magnetic hysteresis up to 60 K relies on
the chemical design of an axial ligand framework that limits
molecular vibrations.14 Moreover, a thorough analysis of the
spin−vibrational coupling revealed that the out-of-plane
movement of the Cp-bonded hydrogen atoms played a crucial
role for spin relaxation. Replacing these H atoms with the
heavy isopropyl (iPr) and methyl groups gave rise to the
[(CpiPr5)DyCp*]+ complex (Figure 1c) with the current TB
record of 80 K.15 Almost simultaneously, a similar synthetic
strategy resulted in [Dy(CpiPr5)2]

+ (Figure 1b) with TB = 72 K,
along with two other related dysprosocenium-type complexes
with a similar behavior.16

Based on these successful examples and the current
theoretical understanding of spin−vibronic relaxation mecha-
nisms, two ligand design principles can be drawn: (1) avoid the
resonances between the spin transitions involving different MJ
states and the vibrational frequencies and (2) minimize the
coupling between the MJ states and vibrational modes. A
rational and practical path to achieve high-temperature
operational SIMs is to design and explore spin relaxation in
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multiple candidate complexes by testing them in silico as an
alternative to time-consuming synthetic efforts. In principle,
high-level ab initio electronic structure calculations can be
performed to predict spin−vibrational couplings.14,15,17 Never-
theless, while these calculations can offer a posteriori advice of
what to avoid in the subsequent experimental round of efforts,
the high computational requirements make them impractical
for an a priori screening of potential SIM candidates. Thus, a
general predictive framework with feasible computational costs
is an imperative necessity in order to guide the synthesis of
new high-performing SIMs.
In this Letter, we demonstrate a computationally affordable

scheme that combines electronic structure calculations and an
effective electrostatic approach with the objective of identifying
the key vibrational modes that are responsible for the spin
relaxation. We apply our methodology to the prominent
[(CpiPr5)DyCp*]+ cationic complex and compare the coupling
of spin energy levels and molecular vibrations with those
reported by using ab initio multiconfigurational calculations.
Finally, a series of synthetically viable dysprosocenium-type
SIMs taking advantage of the predictive power of the employed
approach is explored. The analysis of these derivatives can
furthermore provide insights into general molecular engineer-
ing strategies for high-temperature SIMs.
Computational Scheme and Validation. The proposed

computational methodology to efficiently assess the spin−
vibrational coupling (SVC) essentially consists of three steps.
First, we perform high-level ab initio multiconfigurational
calculations at a reference geometry (e.g., crystal structure).
This provides an accurate set of spin energy levels that are
employed to parametrize a computationally inexpensive ligand
field Hamiltonian within the radial effective charge (REC)
model,18 implemented in the SIMPRE code.19 This electro-
static approach has been shown to reliably reproduce the
splitting of the ground J state of lanthanide ions in different
complexes, as well as make useful predictions for similar
compounds with small structural variations.20 Second, we
optimize the geometry and calculate the vibrational frequencies
by means of density functional theory (DFT). This permits us
to generate a series of distorted molecular geometries along
each normal mode. Finally, we compute the spin energy levels
for all the distorted geometries using the REC model. This
process, which is computationally very demanding when
performed purely by means of ab initio multiconfigurational
calculations,14,15,21 is here computationally affordable and
permits us to obtain an SVC parameter that quantifies the
average change in the crystal field parameters (CFPs) by each
vibrational mode. In particular, we define here SVC as the sum

of the squares of the first derivatives of each CFP (in Iwahara−
Chibotaru notation)22,23 along the respective normal mode
coordinate. Because CFPs are dependent on the reference
frame, we adopt the convention of choosing the easy axis of
magnetization as our z axis to facilitate comparison between
different cases (see the Supporting Information for all technical
details).
As a way of benchmarking our strategy, we apply the

methodology proposed herein to the record-setting [(CpiPr5)-
DyCp*]+ complex (further abbreviated as Dy-5*) in order to
check whether the reported conclusions can also be
reproduced with our approach. The energies for the ground
J manifold for Dy-5*, which in the case of Dy3+ corresponds to
the 6H15/2 term, were first computed at the previously reported
crystal structure using the multistate complete active space
second-order perturbation theory (MS-CASPT2) and, sub-
sequently, fitted using the REC model (see the Supporting
Information for further details, Section S2). The calculated
ground multiplet energy levels, which are similar to the
energies reported by Guo et al.15 (Figure 2 and Table S3), are

well reproduced using an effective charge of 0.08326 (in
elemental charge units) and a radial displacement (Dr) of
1.3126 Å in the REC model. Additionally, the Lande ́ g-factor of
the full set of 8 Kramers doublets at MS-CASPT2 are also in
good agreement with the previously reported results (Table
S4). For the three levels of theory (Figure 2), the ground state
is a well-isolated MJ = ± 15/2 Kramers doublet with practically
the same energy difference of around 675 cm−1 between the

Figure 1. Chemical structures and blocking temperatures (TB) of some related dysprosocenium SIMs: [Dy(Cpttt)2]
+ (a), [Dy(CpiPr5)2]

+ (b), and
[(CpiPr5)DyCp*]+ (c).

Figure 2. Energy spectra of Kramers doublets for the 6H15/2 term of
the Dy-5* complex predicted by Guo et al.,15 by our MS-CASPT2
calculations, and fitted by the REC model.
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ground and first excited (MJ = ± 13/2) doublets. The only
significant discrepancies between the REC method employed
in the present work and the XMS-CASPT2 calculations in ref
15 appear in the highest-energy region (above ca. 1500 cm−1),
which are not relevant for the SVC analysis (vide supra).
The SVC was computed for each vibrational mode following

the methodology described in Section S3 of the Supporting
Information. We calculated the CFPs at the equilibrium
geometry and for each distortion of the coordination
environment as a function of vibrational coordinate Qn for
each normal mode n. The variation of each CFP was fitted into
a second-order polynomial and evaluated versus Qn, allowing
us to identify which are the key vibrational modes that couple
to the energy levels. Results are displayed in Figure 3. From
237 normal modes, only a few vibrations below 1000 cm−1

have significant SVC values (Figure 3 and Table S10) and
therefore contribute to vibronically mediated magnetic
relaxation. Among these, the normal modes at 625 and 635
cm−1, which correspond to out-of-plane bending of the Cp
moieties (Figure S7), exhibit the largest SVC values of 6.63 ×
105 and 2.45 × 105 cm−2 Å−2, respectively. The other low-
frequency vibrations (below 600 cm−1) with relevant SVC
values can be also associated with motions in the Cp rings
(Table S9 and Figure S8). Our relative SVC values are in good
agreement with those reported by Guo et al.;15 that is, both
computational schemes predict the largest SVC for the same
vibrational modes, as well as similar vibrational frequencies
(Figures 3, S7, and S8 and Table S9). This agreement indicates
that our new computational scheme can be used to efficiently
identify the molecular vibrations responsible for magnetic
relaxation in lanthanide-based SIMs.

In Silico Molecular Engineering. Considering the nature of the
key molecular vibrations responsible for the magnetic
relaxation in Dy-5*, we explore a set of rational structural
modifications to decouple the spin and vibration states and
thereby mitigate the undesired fast magnetic relaxation. The
three structural modifications (Figure 4) consist of (i)
peripheral substitution of all the Cp rings by iPr groups
resulting in [Dy(CpiPr5)2]

+; (ii) full functionalization of the Cp
rings by iodine atoms instead of alkyl chains giving rise to the
[Dy(CpI5)2]

+ complex, and finally, (iii) ligand π-extension with
fluorene (FE) units partially substituted by terminal iPr groups,
as in [Dy(FEiPr3)2]

+. While [Dy(CpiPr5)2]
+ has been exper-

imentally studied,16 the other two novel dysprosocenium-type
complexes, [Dy(CpI5)2]

+ and [Dy(FEiPr3)2]
+, have not been

synthesized to the best of our knowledge. At least in the case of
the periodinated complex (halogenated metallocenes), exper-
imental evidence supports the possibility of its plausible
synthesis.24,25

The three [Dy(CpiPr5)2]
+, [Dy(CpI5)2]

+, and [Dy(FEiPr3)2]
+

complexes were initially optimized at the DFT level (Figures 4,
S9, S15, and S21). For these complexes, a deviation of the
ligand−metal−ligand linearity with α(Cp−Dy−Cp) angles in
the 150−162° range is found, in line with other experimentally
characterized Dy-based complexes.14−16 While detrimental to
the linearity of the crystal field, this structural deviation is not
completely preventable a priori by molecular design. There-
fore, the chemical modification efforts need to be subtler and
focus on the relation between the crystal field energy levels and
the vibrational modes for a more effective design (vide supra).
Interestingly, MS-CASPT2 calculations on the previously
optimized structures reproduce, in the case of [Dy(CpiPr5)2]

+,

Figure 3. Spin-vibrational couplings (black lines) calculated for all normal modes of Dy-5* by using the REC model (a) and those reported by Guo
et al. (b). The energies of the excited MJ states (dashed red lines); convoluted SVCs are represented by the finite-width Gaussian function (green
line) with fwhm of 12 cm−1.
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and predict, for [Dy(CpI5)2]
+ and [Dy(FEiPr3)2]

+, a magnetic
behavior that is qualitatively similar to that found for other
known dysprosocenium complexes, both in terms of energies
and wave functions as well as in the distribution of the Lande
g-factors of the different Kramers doublets (see details in
Tables S15, S24, and S33).
We can now turn our attention to the spin energy levels and

the respective SVCs calculated for [Dy(CpiPr5)2]
+, [Dy-

(CpI5)2]
+, and [Dy(FEiPr3)2]

+ by following the same computa-
tional protocol as for Dy-5* (Figure 4). The replacement of
the methyl groups in one Cp ring by iPr groups in
[Dy(CpiPr5)2]

+ causes a narrowing energy gap (ca. 60 cm−1)
for the first two excited spin level doublets (MJ = ± 13/2 and
±11/2) compared to Dy-5*, while for the higher MJ doublets
similar energy gaps are found for both Dy-5* and [Dy-
(CpiPr5)2]

+ complexes (Figures 3 and 4a and Table S14). In
terms of molecular vibrations and similarly to Dy-5*, only a
few vibrations involving Cp motions present significant SVC
values (Figures 4a and S14). However, in [Dy(CpiPr5)2]

+, the
vibrations at 593 and 597 cm−1 with SVC strengths of 2.38 ×
105 and 3.52 × 105 cm−2 Å−2 are closer in resonance with the
MJ = ± 13/2 Kramers doublet (∼25 cm−1) than those active
for Dy-5* with an energy separation of around 45 cm−1

(Figure 3). This SVC pattern, the crystal field splitting, and
the orientation of g-factor for 6H15/2 states can partially explain
why [Dy(CpiPr5)2]

+ provides a TB value (72 K) lower than that
reported for Dy-5* (80 K). For [Dy(CpI5)2]

+ (Figure 4b), two

interesting opposite effects occur; on the one hand, the SVC
values are much higher than those predicted for Dy-5* and
[Dy(CpiPr5)2]

+, which would be detrimental for magnetic
relaxation, but on the other hand the active molecular
vibrations are off-resonance with respect to the spin energy
levels. For instance, vibrations computed at 709 and 726 cm−1

with high SVCs are energetically separated from the MJ =
±13/2 Kramers doublet by 57 cm−1. This later effect would
limit the vibronically induced magnetic relaxation. Finally, the
π-extension of the ligands with fluorene units for [Dy-
(FEiPr3)2]

+ has turned out to be a negative strategy because
[Dy(FEiPr3)2]

+ presents a dense non-negligible SVC spectra
near in resonance with the spin energy levels which would
promote an efficient magnetic relaxation. Among the three
candidates, our outcomes therefore reveal that the [Dy-
(CpI5)2]

+ complex can be considered a SIM candidate with the
potential to show magnetic hysteresis at temperatures higher
than 80 K.
Here we are relying on a simplified computational approach

that can nevertheless be employed as a qualitative guide tool.
For our purposes, the relevant molecular vibrations are those
that at the same time present (i) significant SVCs and (ii)
energies in the adequate window, namely in near-resonance
with allowed transitions between different MJ eigenstates. In
the case of dysprosocenium SIMs, this tends to be in the 100−
800 cm−1 energy window (Table S38), which in principle can
promote transitions between subsequent spin energy levels at

Figure 4. Spin energy levels (red) and spin-vibrational couplings (black) computed for [Dy(CpiPr5)2]
+ (a), [Dy(CpI5)2]

+ (b), and [Dy(FEiPr3)2]
+

(c).
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the same side of the barrier. Because of the relatively high
energy gaps between MJ eigenstates, only local intramolecular
vibrations are expected to hold enough energy to promote
relaxation and long-wavelength phonons can be discarded. In
fact, a recent theoretical study on subpicosecond dynamics of
spin energy levels by some of us demonstrated that long-
wavelength phonons and low-frequency vibrations (below 10
cm−1) do not modulate significantly the spin dynamics on a
rather generic (no-symmetry, non-Kramers) lanthanide-based
complex.26 However, the energy is eventually dissipated from
the molecular vibrational excitations to crystal modes. Thus, a
full understanding of the relaxation process would require
taking into account the lattice vibrational modes that accept
the spin energy. While the required methodology has not yet
been derived in this context, physically this is merely the
coupling between a local and a non-local vibration, which can
also be seen as the propagation of a local vibration.
In summary, we have demonstrated a computationally

efficient approach that combines ab initio and effective charge
electrostatic calculations to identify the key molecular
vibrations responsible for the magnetic relaxation in
lanthanide-based single ion magnets and thus be able to
establish some valuable structure−property guidelines for a
more optimized rational design. Our efficient approximation
has been successfully validated in the case of Dy-5*, which
holds the record for magnetic hysteresis above liquid-nitrogen
temperatures. On the basis of our validated results, we have in
silico explored different chemically viable dysprosocenium-type
complexes to avoid vibrational-induced magnetic relaxation.
Among the targeted compounds, [Dy(CpI5)2]

+ may be
considered as a good candidate for a high-temperature
operational SIM because of the absence of vibrational
frequencies in resonance with the low-energy MJ Kramers
doublet. From our outcomes, we can suggest some design
strategies for potential SIMs with high TB: (1) the choice of
molecules that are simple and rigid in the vicinity of the metal
to provide sparse molecular vibrations in the low-energy region
(<1000 cm−1 but especially <500 cm−1) and (2) the use of
ligands that maximize ligand-field splitting to achieve energeti-
cally well-separated low-lying spin energy levels, thereby
minimizing energetic resonances between the available
vibrations and the excitations required for barrier crossing
(Figure S27 and Tables S38−S40). Although substituted
cyclopentadienyl ligands currently fulfill these two require-
ments, there is surely room for improvement, either within
these chemical families or in others.
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S1 Ab-initio Multiconfigurational and DFT Calculations. 

Generalities. Properties of lanthanide-based, especially dysprosium-based, single-ion magnets 
(SIMs) are originated from the electronic structure, which can be understood by considering 
different contributions to the full electron Hamiltonian (Figure S1). First, the electron–electron 
interaction (Hee) added to the one-electron atomic Hamiltonian (H0) of Dy3+ ion splits the lowest 
energy sextet electron configuration with different orbital angular momentum (6H, 6F, and 6P). 
Second, the coupling between the orbital angular momentum and electron spin (spin-orbit 
interaction (Hso)) produces non-degenerate atomic terms characterized by the total angular 
momentum J (6H15/2, 6H13/2, 6H11/2, …). Finally, in the crystal field of the ligands (HCF) coordinated 
to Dy3+ ion, each atomic term splits further producing energy states with different magnetic 
quantum numbers MJ. In ions with half-integer spin, the degenerate states with MJ and –MJ are 
forming the so-called Kramers doublets (KD). In lanthanide-based SIMs, the MJ states arising from 
the ground J multiplet are well separated from the MJ states of the excited J multiplets. In 
particular, for Dy3+, the first excited multiplet 6H13/2 lies approximately 3000 cm–1 above the 6H15/2 
ground term, while the typical crystal field strength is in the order of 100 cm–1. This would justify 
the focus on the MJ components of the ground 6H15/2 term. 

 

 

Figure S1. Scheme of the splitting of energy levels in Dy3+ from stronger to weaker perturbations. 

 

The energies of the MJ states arising from 6H15/2 can be computed by ab-initio1 and semi-empirical 
techniques, such as phenomenological crystal field models.2,3 In ab-initio methods, the different 
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(H0+Hee+HCF) contributions are computed for an entire Dy-based complex using the complete 
active space self-consistent field (CASSCF) method in combination with multireference 
perturbation theory (MS-CASPT2) by averaging over (2L+1) = 11 quasidegenerate electronic 
states, where L = 5 is the angular momentum of the 6H15/2 term. The spin-orbit coupling (Hso) can 
be perturbatively computed by the Restricted Active Space State Interaction (RASSI) method as 
implemented in OpenMOLCAS. 

Computational Details. All ab-initio multiconfigurational calculations to evaluate the MJ energy 
levels for the ground 6H15/2 state of Dy-based cationic complexes (Dy-5*, [Dy(CpiPr5)2]+, 
[Dy(CpI5)2]+, and [Dy(FEiPr3)2]+) were performed by using the Multistate Complete Active Space 
Second-Order Perturbation (MS-CASPT2) theory with the OpenMOLCAS program package.4 To 
validate our level of theory against the previously reported results, the MS-CASPT2 calculations 
for Dy-5* were carried out using the X-ray geometry5 while for the rest of the cationic complexes 
DFT-based optimized geometries were employed (see below for further details). Scalar relativistic 
effects were accounted for with the Douglas–Kroll–Hess transformation6–8 using the ANO-RCC-
VDZP basis set for all atoms. The active space consisted of nine electrons on the seven f-orbitals 
of Dy+3 ion. The molecular orbitals were optimized at the Complete Active Space Self-Consistent 
Field (CASSCF) level in a state-average (SA) over the corresponding (2L+1) = 11 components of 
the ground state term (L = 5 for Dy+3). The SA-CASSCF wavefunctions and energies were 
corrected at the MS-CASPT2 level by using a real and imaginary component of the IPEA shift of 
0.0 and 0.1 Hartree, respectively.1 The wave functions obtained at MS-CASPT2 were then mixed 
by spin-orbit coupling by means of the RASSI approach. Finally, crystal field parameters (CFPs) 
and the static magnetic properties (g-tensors) were computed using the SINGLE_ANISO module 
implemented in OpenMOLCAS.9,10 CFPs are collected in the irreducible tensor operator (ITO) 
and the new Iwahara–Chibotaru definition. Operators for these CFPs are properly defined in ref. 
11. 

Geometry optimization and vibrational frequency calculations were carried out with density 
functional theory (DFT) in Gaussian16 package in its revision A.03. In order to facilitate the 
convergence of self-consistent field (SCF) for all Dy-based complexes, we replaced Dy(III) by 
Y(III), because both atoms have the same ionic radii. The PBE0 hybrid exchange functional was 
used for the optimization of all the Dy-based complexes in combination with the cc-pVDZ basis 
set for non-metallic atoms and Stuttgart RSC 1997 effective core potential (ECP) for yttrium, 
which treated 28 core electrons as an effective potential and the remaining valence electron with 
the corresponding cc-pVDZ basis set. An “ultra-fine” integration grid and “very tight” SCF 
convergence criterion were utilized. For the calculation of vibrational frequencies, we used the 
isotopic mass of 162.5 Da (most abundant atomic mass for Dy) instead of the yttrium mass to 
obtain accurate spring constant and displacement vectors. 
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S2. Radial Effective Charge (REC) Model 

The Radial Effective Charge (REC) model is an electrostatic semi-empirical model commonly 
used in molecular magnetism to provide an estimation of the crystal field parameters (CFPs) of a 
given f-block coordination compound. From the determined CFPs, the model gives the ground-J 
multiplet energy levels and the corresponding wave functions, which are linear combinations of 
the different MJ = −J,…,+J microstates. These calculations start using the crystallographic atomic 
coordinates of the first coordination sphere as an input (simpre.dat file) in the portable fortran77 

software code SIMPRE.3,12 The code parameterizes the electric field effect produced by the 
surrounding ligands, acting over the central ion, by using the following Crystal Field Hamiltonian 
expressed in terms of the Extended Stevens Operators (ESOs):13,14 

 
2,4,6 2,4,6

ˆ ˆ( ) (1 )
k k

q q q k q

k k k k k k

k q k k q k

H J B O a A r O   (1) 

where k is the order (also called rank or degree) and q is the operator range, which varies between 

k and –k, of the Stevens operator equivalents ˆ q

k
O  as defined by Ryabov in terms of the angular 

momentum operators J± and Jz,15 where the components ˆ ( )q

k
O c  and ˆ ( )q

kO s  correspond to the ESOs 

with q  0 and q < 0, respectively.16 Note that all the Stevens CF parameters q

kB  are real whereas 

the matrix elements of ˆ q

k
O  (q < 0) are imaginary. ak are the ,  and  Stevens coefficients17 for k 

= 2, 4, 6, respectively, which are tabulated and depend on the number of f electrons. k are the 

Sternheimer shielding parameters18 of the 4f electronic shell, and k
r  are the expectation values 

of the radius. 

In SIMPRE, the q

kA  CFPs are determined by the following relations:   
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where Ri, i and i are the effective polar coordinates of the point charges, and Zi is the effective 
point charge, associated to the i-th donor atom with the lanthanoid at the origin. N is the number 
of ligands; e is the electron charge, pkq are the prefactors of the spherical harmonics and Zkq is the 
tesseral harmonics expressed in terms of the polar coordinates for the i-th donor atom.  
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In the REC model,16 the ligand effect is modelled by substituting each atom of the coordination 
sphere through an effective point charge situated between the lanthanoid ion, in this case Dy3+, 
and the coordinating atom at a distance Ri from the magnetic center, which is smaller than the real 
metal-ligand distance (ri). To account for the effect of covalent electron sharing, a radial 
displacement vector (Dr) is defined, in which the polar coordinate r of each coordinated atom is 
collectively varied, Ri = ri-Dr, and at the same time the charge value (Zi) is scanned in order to 
achieve a minimum deviation between calculated and experimental data, whereas i and i remain 
constant. In the fitting procedures, we define the relative error E as:     

 
 2

, ,

2
1 ,

1 n
calc i fit i

i calc i

E E
E

n E


    (5) 

whereEcalc and Efit are the calculated (ab initio MS-CASPT2) and fitted (REC model) energy 
levels, respectively, and n is the number of points. As a preliminary step, we fitted the spin energy 
levels calculated by Guo et al.5 to obtain the REC parameters that simulate the ligands effect. Then, 
we varied them slightly in order to improve the agreement with the first excited state obtaining Dr 
= 1.3126 Å and Zi = 0.08326 (in elemental charge units), with a relative error of E = 5.78·× 10−3, 
using the fully relaxed DFT structure. Subsequently, such REC corrections were applied to all the 
distorted geometries in order to determine the CFPs for each case and calculate the spin-vibrational 
couplings.  
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S3. Spin-Vibrational Couplings (SVCs) 

In SIMs, the splitting of electronic energy levels is caused by the crystal field generated by the 
ligands coordinated to the metal center. According to Eq. 1, the crystal field Hamiltonian 
dependent on the nuclear coordinates at the equilibrium geometry is defined as: 

 0 0( ) ( )
q

q
kk

kq

H Q B Q O  (6) 

The equilibrium CFPs are determined by using the REC model implemented in SIMPRE at the 
optimized geometries. Here, we assume the weak-coupling regime where transitions between spin 
energy levels are caused by periodic perturbing Hamiltonian due to harmonic molecular vibrations. 
Therefore, the crystal field Hamiltonian can be expressed as a function of the vibrational 
coordinates (

nQ ) for each normal mode n as follows: 

 ( ) ( )
q

q
kn k n

kq

H Q B Q O  (7) 

In the weak-coupling regime, the transition probabilities between two electronic states  and '  

can be computed from the Fermi golden rule (Eq. 8) which depends on two factors: the square of 

the coupling matrix element 
2

' H  and the density of states ( )E . In particular, for 

vibrational-induced transitions, the general Fermi golden rule (Eq. 8) can be replaced by Eq. 9 

where the general coupling matrix element is substituted by a spin-vibrational coupling SVC ( )nH Q  

term.19–22 

 
2

2

2
( ' ) ' ( )P H E   (8) 

 
2
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2
( ' ) ( ) ( )nP H Q E   (9) 

Then, the first order contribution to magnetic relaxation by couplings of spin energy levels by 
means of molecular vibrations can be quantified by the variation of the matrix element 

' ( )nH Q  with respect to the vibrational coordinates as follows: 

 SVC

2,4,6

' ( )
( )

q k
n

n n

n q k k n

H Q
H Q Q

Q
  (10) 

Substituting ( )nH Q (Eq. 6) in the SVC ( )nH Q  expression (Eq. 10) and the spin-vibrational coupling 

Hamiltonian in the transition probability expression (Eq. 9), the transition probability becomes 
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proportional to 
2

,

( ) /q

k n n

k q

B Q Q . To calculate 
nQ  coordinates, we distorted the equilibrium 

coordinate 0Q  along the vibrational normal modes displacement vectors ( kQ ) as in Eq. 11 

 0n k kQ Q a Q , (11) 

where 
ka  is a scalar multiplier. At maximum displacement, harmonic oscillators possess minimum 

kinetic energy and maximum potential energy. To compute
ka , we firstly computed the zero-point 

energy of each vibrational normal mode using classical harmonic potential energy equation, 

 2
,0

1 1
( )

2 2n k kE k a Q , (12)  

where k is the spring constant obtained from DFT calculations. In the next step, we adjusted 
ka  in 

a such way that it gives energy slightly above zero-point potential energy and the method remains 
in the harmonic regime. We set intermediate coordinates between

ka to 
ka  with appropriate 

step sizes according to Eq. 11 to follow the vibrational path for each normal mode n.23 At each 
distorted geometry, we calculate CFPs by the REC model giving us the evolution of these CFP 
parameters along each vibrational coordinate. Note that a transformation from the Extended 

Stevens Operator notation ( q

kB ) to the Iwahara–Chibotaru definition ( kqB ) is performed for 

comparison purposes with the Guo et al.5 findings. Finally, we fit the CFP evolution for each 
normal mode to a second-order polynomial and the square of its first derivative is used to evaluate 

the 
2

,

( ) /q

k n n

k q

B Q Q  coupling term. By adopting this method for each normal mode, we were 

able to identify the vibrational normal modes with high spin–vibrational couplings, which could 
be responsible for magnetic relaxation and decoherence. 
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S4. Results for Dy-5* 

S4.1: Crystal Field Parameters. Tables S1 and S2 collect the crystal field parameters calculated 
using the ITO and Iwahara−Chibotaru definitions at the MS-CASPT2 level for the previously-
reported crystal structure of Dy-5*.5 MS-CASPT2 CFPs in the ITO definition were employed for 
the parameterization of the REC model. With an effective charge of 0.08326 (in elemental charge 
units) and a radial displacement of 1.3126 Å, we were able to obtain spin energy levels in good 
agreement with our MS-CASPT2 outcomes and with the previously-reported ab-initio calculations 
performed by Guo et al.5 (Table S3). 

 

Table S2. Crystal field parameters calculated for Dy-5* at MS-CASPT2 using the ITO definition. 

k q B(k,q) C(k,q) 
2 0 –9.5188159 0.0000000 
2 1 0.0026096 –0.3383743 
2 2 0.1885677 –0.3724593 
4 0 –0.0091438 0.0000000 
4 1 0.0000872 –0.0002710 
4 2 –0.0014082 –0.0002643 
4 3 0.0002986 –0.0001693 
4 4 0.0012816 –0.0011198 
6 0 –0.0000495 0.0000000 
6 1 –0.0000003 0.0000189 
6 2 0.0000464 –0.0000210 
6 3 0.0000045 –0.0000037 
6 4 –0.0000047 0.0000250 
6 5 –0.0000052 0.0000138 
6 6 0.0000049 0.0000077 
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Table S3. Crystal field parameters calculated for Dy-5* at MS-CASPT2 using the 
Iwahara−Chibotaru definition.  
 

k q Re(Bkq) Im(Bkq) |Bkq| 
2 –2 20.835 –7.261 22.064 
2 –1 –1.605 –0.406 1.656 
2 0 –999.822 0.000 999.822 
2 1 1.605 –0.406 1.656 
2 2 20.835 7.261 22.064 
4 –4 9.309 10.318 13.897 
4 –3 2.051 1.406 2.487 
4 –2 –6.626 –9.844 11.866 
4 –1 –0.728 2.494 2.598 
4 0 –149.776 0.000 149.776 
4 1 0.728 2.494 2.598 
4 2 –6.626 9.844 11.866 
4 3 –2.051 1.406 2.487 
4 4 9.309 –10.318 13.897 
6 –6 –4.207 –0.774 4.277 
6 –5 –5.085 –4.105 6.535 
6 –4 –11.280 –1.888 11.437 
6 –3 3.265 0.956 3.402 
6 –2 21.735 8.172 23.221 
6 –1 –4.234 8.211 9.239 
6 0 –43.698 0.000 43.698 
6 1 4.234 8.211 9.239 
6 2 21.735 –8.172 23.221 
6 3 –3.265 0.956 3.402 
6 4 –11.280 1.888 11.437 
6 5 5.085 –4.105 6.535 
6 6 –4.207 0.774 4.277 
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Table S3. Relative energy (∆E) of the spin levels of Kramers doublets (KD) in cm–1 for 6H15/2 term 
of Dy-5* calculated at different levels. 

KD ∆Ea ∆Eb ∆Ec 

MJ =   15/2 0 0 0 

MJ =   13/2 672 677 678 

MJ =   11/2 1061 1107 1051 

MJ =   9/2 1304 1300 1304 

MJ =   7/2 1524 1421 1517 

MJ =   5/2 1736 1542 1704 

MJ =   3/2 1903 1652 1844 

MJ =   1/2 2104 1785 1952 
a Values taken from Ref. 5. b KDs predicted at MS-CASPT2. c KDs calculated with the REC 

model. 
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S4.2: Magnetic Response. In this section, the magnetic properties of the Dy-5* complex were 
computed in order to validate our method. Table S4 displays the g tensor component and the gz 
angle for the ground state multiplet KDs. The main component of the g-tensor for the ground KD 
is axial through the centroids of the two cyclopentadienyl ligands. This axial behavior determines 
that quantum tunneling of magnetization (QTM) is blocked at zero field and, therefore, magnetic 
hysteresis can emerge. Angle deviation for all next KDs (2 to 8) is determined by projection to the 
ground multiplet, providing us which KD states contributes more to the magnetic relaxation. In 
Dy-5*, the highest angle deviation with respect to the ground KD is predicted for MJ = 5 / 2 , 3/ 2
, and 1/ 2  doublets which are almost orthogonal with values close to 90º. The calculated transition 
intensities indicate that, firstly, as expected for quasi-pure MJ values, the transitions on the same 
side of the barrier mostly occur between consecutive KDs differing by ±1 in MJ (Table S6). On 
the other hand, the transitions that allow a direct barrier crossing are strongly forbidden for the 
lowest KDs and start to appear in the 5th KD, and especially from the 6th KD onwards (Table S5). 
This means that an Orbach-type mechanism involves in this case the absorption of 4 resonant 
energy quanta, and this would be the limiting step for the relaxation. From Table S6, the 
considerable transition across the barrier starts from 6th KD and determines the Ueff = 1542 cm–1. 
For a quick analysis, Figure S2 shows the strongest transitions on same and opposite side of the 
barrier. For Dy-5*, there exists a good agreement with the outcomes already reported (both 
experimentally and theoretically) by Guo et al.5 The variation of the magnetic susceptibility with 
temperature using both ab-initio and the REC methods for Dy-5* were also computed (Figure S3). 
Both approaches predicted the same magnetic saturation with temperature. 

 

Table S4. Kramers doublets (KD), g-tensor components (gx, gy, and gz) and the gz angle in degree 
calculated for the 6H15/2 spin energy levels of Dy-5* at the MS-CASPT2.  

KD ΔE (cm–1) gx gy gz gz angle 

MJ = 15 / 2  0 0.00 0.00 19.99 - 

MJ = 13/ 2  678 0.00 0.00 16.93 2.75 

MJ = 11/ 2  1108 0.04 0.04 14.26 4.82 

MJ = 9 / 2  1300 0.07 0.13 11.74 0.87 

MJ = 7 / 2  1422 1.36 1.61 9.32 167.72 

MJ = 5 / 2  1543 6.26 4.18 1.53 81.42 

MJ = 3/ 2  1652 2.76 4.48 11.95 89.27 

MJ = 1/ 2  1785 0.46 1.75 17.78 89.80 
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Table S5. Transition magnetic moments (expressed in Bohr magneton μβ) of Dy-5* for transitions 
to the opposite side of the barrier (±n to m). 

MJ 15 / 2  13 / 2  11/ 2  9 / 2  7 / 2  5 / 2  3 / 2  1/ 2  

15/ 2  0.000 0.000 0.000 0.000 0.003 0.003 0.007 0.002 

13/ 2  0.000 0.000 0.001 0.006 0.006 0.016 0.004 0.020 

11/ 2  0.000 0.001 0.013 0.018 0.025 0.038 0.092 0.053 

9 / 2  0.000 0.006 0.018 0.034 0.064 0.231 0.085 0.230 

7 / 2  0.003 0.006 0.025 0.064 0.501 0.283 0.271 0.154 

5 / 2  0.003 0.016 0.038 0.231 0.283 1.046 0.331 1.062 

3 / 2  0.007 0.004 0.092 0.085 0.271 0.331 2.807 0.444 

1/ 2  0.002 0.020 0.053 0.230 0.154 1.062 0.444 3.688 

 

Table S6. Transition magnetic moments (expressed in Bohr magneton μβ) of Dy-5* for transitions 
on the same side of the barrier (±n to ±m). 

MJ 15/ 2  13/ 2  11/ 2  9 / 2  7 / 2  5 / 2  3 / 2  1/ 2  

15/ 2    1.806 0.130 0.125 0.041 0.025 0.005 0.004 

13/ 2  1.806   2.392 0.141 0.263 0.070 0.087 0.012 

11/ 2  0.130 2.392   2.815 0.188 0.078 0.056 0.134 

9 / 2  0.125 0.141 2.815   3.085 0.469 0.298 0.104 

7 / 2  0.041 0.263 0.188 3.085   3.227 0.259 0.411 

5 / 2  0.025 0.070 0.078 0.469 3.227   3.127 0.242 

3 / 2  0.005 0.087 0.056 0.298 0.259 3.127   2.235 

1/ 2  0.004 0.012 0.134 0.104 0.411 0.242 2.235   
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Figure S2. Relaxation mechanism for Dy-5*. Blue lines represent the most probable transitions 
within the same side of the barrier whereas black lines indicate the most probable transitions across 
the barrier, which determine Ueff (1542 cm–1).  

 

 

Figure S3. Evolution of the magnetic susceptibility (χT) with temperature computed for Dy5* with 
the MS-CASPT2 (black) and REC methods (red). 
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S4.3: Optimized geometry. The optimized geometry for [(CpiPr5) YCp*]+ was almost identical to 
the experimental crystal geometry of [(CpiPr5) DyCp*]+. The optimized bond distances between 
the centroids of the CpiPr5 and Cp* rings with respect to Y (i.e. CpiPr5-Y and Cp*-Y) are found to 
be 2.292 Å and 2.278 Å, respectively (Figure S4). The angle between the centroids of the CpiPr5 
and Cp* rings and Y (CpiPr5-Y-Cp*) is calculated to be 157.8°. These structural parameters are in 
good accord with the experimental values obtained for the CpiPr5-Y and Cp*-Y bonds (2.296 and 
2.284 Å, respectively) and the CpiPr5-Dy-Cp* angle (162.5°). The coordinates for the optimized 
geometry of Dy-5* is provided in Table S7. 

 

 

Figure S4. Optimized structure of Dy-5*. C atoms in green, H atoms in white and the metal in 
yellow. Pink balls are dummy atoms in the centroid of the Cp rings. 

 

Table S7. Coordinates of the optimized geometry of the Dy-5* complex calculated at the DFT 
level. Note that Dy has been substituted by Y. 

Atom X (Å) Y (Å) Z (Å) 
Y -0.6739210 -0.0808530 0.2581900 
C 2.1288990 3.2324400 2.1979370 
C 1.1759400 2.0422330 2.1333900 
C -0.2982930 2.4647610 2.1428280 
C 1.4629350 1.0351630 1.0319450 
C 1.4941440 1.2391750 -0.3896940 
C 3.4379960 -0.7951580 -2.6765580 
C 1.5877360 -0.3768570 1.2875770 
C -0.1704550 -1.3205790 2.8131840 
C 1.3190430 -0.9684190 2.6672910 
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C 1.6859210 -0.0490280 -0.9985150 
C 2.0225680 -0.2462140 -2.4677320 
C 1.7190950 -1.0493870 0.0230230 
C -2.9353570 1.0290360 -0.3660910 
C -3.2186140 0.0179650 0.6015530 
C 2.2103730 -2.1103690 3.1393340 
C -2.9569450 -1.2501010 0.0016970 
C -2.4949990 0.3872000 -1.5634790 
C 0.9794920 -1.0207500 -3.2709480 
C -2.5128350 -1.0261320 -1.3376720 
H -0.8333190 -0.4280750 2.7718770 
H -0.5136970 -2.0710700 2.0738480 
H -0.3998290 -1.7618590 3.7948890 
H 3.1716550 2.8845030 2.2188700 
H 2.0222240 3.9199120 1.3507760 
H 1.9465680 3.8100870 3.1170100 
H 0.8459550 -2.0569140 -2.9249770 
H 0.0027470 -0.5205740 -3.2130610 
H 1.2676400 -1.0665340 -4.3323230 
H -0.5864690 3.0238940 1.2432620 
H -0.9909970 1.5990930 2.2475320 
H -0.5354960 3.0956710 3.0133130 
H 3.5237930 -1.8620890 -2.4278640 
H 3.7280090 -0.6841770 -3.7322800 
H 4.1704960 -0.2472000 -2.0655110 
H 2.0496540 -2.2784120 4.2151040 
H 2.0066600 -3.0593800 2.6290260 
H 3.2702380 -1.8613430 2.9922040 
H 2.0399390 0.7584910 -2.9113310 
H 1.5022480 -0.1586020 3.3865060 
H 1.3338990 1.5103050 3.0816730 
C 1.9149950 -2.5197110 -0.3086580 
H 1.8947640 -2.5516490 -1.4042570 
C 0.7672090 -3.4318810 0.1263420 
H 0.7153000 -3.5841900 1.2130610 
H -0.2118140 -3.0386830 -0.2115600 
H 0.8710330 -4.4274320 -0.3313810 
C 3.2848750 -3.0743220 0.0864030 
H 3.4371390 -4.0616870 -0.3764870 
H 4.0881350 -2.4105510 -0.2625890 
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H 3.4027500 -3.1951490 1.1688390 
C 1.5483950 2.5093390 -1.2239160 
H 1.3029480 2.1833480 -2.2459310 
C 2.9757510 3.0604070 -1.2820930 
H 3.0351450 3.9111320 -1.9781360 
H 3.3207840 3.4033010 -0.2969330 
H 3.6800000 2.2890690 -1.6270300 
C 0.5241170 3.6050040 -0.9406920 
H 0.5660390 4.3567770 -1.7431410 
H -0.5025040 3.2051600 -0.9276440 
H 0.6924340 4.1399820 0.0024070 
C -3.2481750 2.4864230 -0.2195420 
H -4.3156130 2.6666430 -0.4309050 
H -3.0598980 2.8635290 0.7963130 
H -2.6767700 3.1071510 -0.9229140 
C -2.2654860 1.0859990 -2.8691710 
H -3.2185880 1.4684720 -3.2691950 
H -1.5870280 1.9479300 -2.7796920 
H -1.8472840 0.4124290 -3.6277730 
C -2.3358590 -2.1047380 -2.3628010 
H -3.3188560 -2.5090590 -2.6552140 
H -1.8520230 -1.7359480 -3.2748430 
H -1.7415560 -2.9544860 -1.9940480 
C -3.8117400 0.2463750 1.9586670 
H -3.5103270 1.2125340 2.3901700 
H -4.9129450 0.2575390 1.9018720 
H -3.5420710 -0.5450750 2.6736520 
C -3.2354290 -2.5886880 0.6146370 
H -3.1442340 -2.5759760 1.7108090 
H -4.2661200 -2.9087470 0.3873940 
H -2.5696420 -3.3739230 0.2277210 
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S4.4: Vibrational frequencies. Table S8 collects the vibrational frequencies (ω) computed at the 
DFT level and compared with those reported by Guo et al.5 In both cases, similar vibrations are 
predicted for each normal mode. In Figure S5, the IR vibrational spectrum calculated for Dy-5* at 
the DFT level is shown. This IR spectrum has been Gaussian-convoluted with full width half 
maxima (FWHM) of 12 cm–1 to match the experimental IR spectrum reported by Guo et al.5  

 

Table S8. Frequencies ω (computed in this work) and ω* (reported in Guo et al.5) in cm–1 for 
each normal mode (n) of [(CpiPr5)YCp*]+. 

n ω ω* n ω ω* n ω ω* 

1 22.1 18.0 80 896.4 892.2 159 1453.2 1476.8 

2 33.2 28.6 81 904.9 902.4 160 1455.7 1478.6 

3 43.2 39.3 82 905.9 911.1 161 1456.4 1481.1 

4 52.8 46.9 83 914.1 919.2 162 1458.1 1483.3 

5 58.6 55.3 84 916.8 925.6 163 1458.4 1484.5 

6 63.4 58.7 85 923.0 928.7 164 1459.5 1485.1 

7 72.9 69.8 86 924.7 931.0 165 1460.5 1485.9 

8 86.8 82.3 87 932.6 931.7 166 1462.3 1486.7 

9 99.0 95.4 88 938.1 937.6 167 1462.5 1488.6 

10 105.3 104.9 89 951.6 958.9 168 1463.4 1489.7 

11 107.3 105.5 90 954.0 961.4 169 1464.7 1490.9 

12 115.3 112.4 91 958.6 963.9 170 1467.5 1491.9 

13 118.2 115.0 92 959.7 967.2 171 1471.6 1492.7 

14 126.6 120.8 93 965.2 970.8 172 1473.9 1495.3 

15 129.6 126.0 94 967.9 973.8 173 1476.1 1497.1 

16 134.8 132.2 95 970.9 976.3 174 1478.7 1502.3 

17 136.0 134.0 96 1018.9 1033.3 175 1480.2 1506.5 

18 142.8 141.8 97 1023.7 1037.3 176 1483.2 1507.9 

19 143.0 145.0 98 1028.9 1037.7 177 1487.3 1509.4 

20 156.7 156.7 99 1030.5 1043.8 178 1489.2 1512.5 
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21 165.0 165.9 100 1032.6 1045.0 179 1490.1 1512.7 

22 172.1 172.3 101 1035.0 1045.3 180 1492.4 1514.1 

23 174.4 172.8 102 1041.2 1048.4 181 1495.3 1514.3 

24 176.1 175.4 103 1067.0 1074.8 182 1498.3 1516.1 

25 181.5 177.8 104 1075.9 1085.3 183 1501.2 1520.4 

26 185.5 183.1 105 1079.6 1085.8 184 1502.2 1520.7 

27 190.8 186.9 106 1080.3 1086.7 185 1508.6 1522.9 

28 199.7 195.9 107 1107.4 1120.6 186 1538.4 1535.0 

29 202.4 200.3 108 1113.5 1122.6 187 1543.0 1540.2 

30 213.7 212.6 109 1135.4 1136.4 188 2954.9 2949.1 

31 218.4 213.7 110 1139.8 1142.6 189 2971.5 2969.1 

32 222.8 218.8 111 1153.3 1146.9 190 3008.9 3001.1 

33 234.3 236.1 112 1155.4 1150.3 191 3051.1 3042.7 

34 241.6 242.0 113 1157.5 1153.7 192 3052.0 3045.7 

35 243.7 244.2 114 1158.4 1156.6 193 3054.4 3046.5 

36 246.9 248.7 115 1159.8 1167.6 194 3055.1 3047.8 

37 253.0 254.0 116 1175.6 1182.9 195 3058.2 3049.2 

38 264.2 265.4 117 1189.8 1193.6 196 3059.1 3051.3 

39 269.4 270.9 118 1194.6 1193.7 197 3059.6 3052.3 

40 269.7 272.3 119 1195.0 1196.9 198 3062.6 3055.5 

41 273.6 276.4 120 1196.5 1202.9 199 3066.4 3060.8 

42 277.2 279.0 121 1221.0 1221.9 200 3067.0 3062.0 

43 278.0 280.1 122 1234.9 1235.9 201 3072.4 3067.1 

44 286.8 288.7 123 1310.5 1320.2 202 3073.8 3068.0 

45 290.0 292.0 124 1319.1 1329.0 203 3075.5 3069.0 

46 291.7 294.5 125 1326.6 1336.3 204 3079.5 3073.9 

47 298.8 302.1 126 1333.3 1347.1 205 3099.2 3091.4 

48 302.9 308.6 127 1338.7 1351.2 206 3103.4 3095.4 
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49 312.0 317.2 128 1345.1 1357.8 207 3105.8 3099.9 

50 338.0 338.1 129 1350.8 1360.4 208 3110.6 3103.3 

51 346.3 350.8 130 1352.0 1363.2 209 3113.3 3105.5 

52 354.7 356.6 131 1359.4 1372.5 210 3121.3 3106.4 

53 370.7 373.7 132 1370.2 1377.7 211 3122.1 3106.9 

54 394.1 394.7 133 1373.5 1381.0 212 3124.8 3107.8 

55 410.9 409.7 134 1378.1 1390.8 213 3125.1 3108.0 

56 438.8 440.6 135 1379.2 1396.1 214 3127.0 3109.0 

57 456.5 458.4 136 1380.9 1397.8 215 3127.6 3118.2 

58 464.1 465.9 137 1386.0 1405.0 216 3135.8 3119.6 

59 488.1 489.6 138 1387.3 1406.3 217 3136.0 3127.4 

60 509.4 510.7 139 1388.9 1407.4 218 3145.4 3127.6 

61 524.7 526.6 140 1391.9 1411.7 219 3147.1 3131.2 

62 552.5 554.9 141 1392.8 1412.6 220 3150.8 3131.6 

63 553.8 555.8 142 1394.0 1415.8 221 3151.2 3133.9 

64 554.7 556.5 143 1395.7 1417.5 222 3151.4 3135.8 

65 558.2 559.4 144 1400.4 1418.5 223 3152.9 3137.3 

66 574.2 574.9 145 1401.9 1421.3 224 3155.6 3138.5 

67 575.5 577.5 146 1404.1 1423.8 225 3157.1 3141.2 

68 588.3 590.6 147 1406.4 1424.7 226 3161.7 3141.3 

69 609.0 605.1 148 1428.3 1432.8 227 3162.4 3141.6 

70 625.9 632.9 149 1432.1 1443.1 228 3164.6 3151.5 

71 635.3 640.5 150 1437.8 1446.5 229 3167.1 3151.9 

72 712.2 713.0 151 1442.8 1450.1 230 3169.8 3153.9 

73 722.3 730.6 152 1443.5 1456.3 231 3170.0 3155.2 

74 731.7 732.5 153 1445.4 1466.2 232 3174.2 3155.5 

75 746.5 754.8 154 1448.1 1467.5 233 3178.0 3160.0 

76 793.3 791.4 155 1448.6 1469.1 234 3180.0 3162.0 
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77 819.9 818.0 156 1449.9 1472.3 235 3189.1 3173.4 

78 824.9 822.1 157 1451.1 1473.9 236 3194.4 3182.6 

 

 

Figure S5. IR spectrum calculated for [(CpiPr5)YCp*]+. IR intensities (black impulses) have been 
Gaussian-convoluted (FWHM of 12 cm−1, red). 
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S4.5: Spin-vibrational couplings (SCVs). To evaluate the SVC for each vibrational mode, we 
adopt the methodology described in Section S3. SVCs calculated for Dy-5* are presented in Figure 
S6. The SVC spectrum has been convoluted with a Gaussian function (FWHM of 12 cm–1) in a 
similar way to what it is performed to reproduce the experimental broadened infrared (IR) 
spectrum from the DFT stick IR spectrum. Figure S6 and Table S9 compare the computed SVCs 
for each vibrational mode with those already reported by Guo et al.5 In both cases, similar active 
normal modes are predicted. The main discrepancy is in the absolute value of SVCs (the origin of 
this discrepancy will be explained below). Table S10 gathers the normal modes with prominent 
SVC values and Figure S8 displays the displacement vectors of these low-frequency vibrational 
modes. The most important normal modes are the 70th and 71st modes because they present high 
SVC values and are near in resonance with the first excited spin energy level computed at 677 cm–

1 (Table S4). These vibrational modes have wagging motions in the Cp rings (Figure S7).  

 

Figure S6. Spin-vibrational couplings (black lines) calculated for all normal modes of Dy-5* by 
using the REC model (a) and those reported by Guo et al.5 (b). The predicted spin energy levels 
(red dashed lines) for Dy-5* have been included. SVCs have been Gaussian-convoluted (FWHM 
of 12 cm–1, green line).  



23 

 

Table S9. Comparison of the SVC values (cm–2 Å–2) calculated in this work with those previously 
reported by Guo et al.5 for Dy-5*. 

This Work Guo et al. 
n ω SVC (×105) n ω* SVC (×105) 
50 338.0 1.362 50 338.1 0.050 
51 346.3 0.166 51 350.8 0.013 
52 354.7 0.020 52 356.6 0.004 
53 370.7 0.052 53 373.7 0.001 
54 394.1 3.252 54 394.7 0.226 
55 410.9 2.663 55 409.7 0.307 
56 438.8 0.014 56 440.6 0.002 
57 456.5 0.039 57 458.4 0.002 
58 464.1 0.047 58 465.9 0.004 
59 488.1 0.102 59 489.6 0.013 
60 509.4 0.389 60 510.7 0.025 
61 524.7 0.354 61 526.6 0.028 
62 552.5 0.014 62 554.9 0.084 
63 553.8 0.409 63 555.8 0.056 
64 554.7 0.087 64 556.5 0.001 
65 558.2 0.239 65 559.4 0.014 
66 574.2 0.783 66 574.9 0.017 
67 575.5 2.558 67 577.5 0.179 
68 588.3 5.203 68 590.6 0.136 
69 609.0 0.210 69 605.1 0.047 
70 625.9 6.635 70 632.9 0.073 
71 635.3 2.445 71 640.5 0.124 
72 712.2 0.108 72 713.0 0.007 
73 722.3 8.003 73 730.6 0.078 
74 731.7 0.169 74 732.5 0.037 
75 746.5 9.534 75 754.8 0.276 
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Table S10. The normal modes (n) with vibrational frequencies (ω) below 1000 cm–1 responsible 
for the highest SVC values (cm–2 Å–2) of Dy-5*. 

n ω SVC (×105) 
50 338.0 1.362 
54 394.1 3.252 
55 410.9 2.663 
66 574.2 0.783 
67 575.5 2.558 
68 588.3 5.203 
70 625.9 6.635 
71 635.3 2.445 
73 722.3 8.003 
75 746.5 9.534 

 

 

 

Figure S7. Displacement vectors (blue arrows) for the most important normal modes (70 and 71) 
with significant spin-vibrational coupling calculated for Dy-5*. 
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Figure S8. Displacement vectors (blue arrows) for the nth normal modes with significant spin-
vibrational coupling calculated for Dy-5*. 
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In overall, the computationally-efficient approach proposed here to identify the key molecular 
vibrations responsible for the magnetic relaxation in lanthanide-based single ion magnets has been 
successfully validated compared to high-level XMS-CASPT2 calculations reported by Guo et al.5 
for Dy-5*. Both methods identified the same vibrational normal modes with high SVC values, 
which correspond to wagging motions localized in one of the Cp rings. The only discrepancy is 
the absolute values of SVC; the computed SVCs with the computational scheme developed here 
are 25 times higher than those reported by Guo et al.5 This discrepancy can originate due to the 
way of obtaining i) the distorted geometries or ii) the crystal field parameters. Regarding the 
former, Guo et al.5 do not provide information about the method to generate the distorted 
geometries necessary to evaluate SVCs. In our case, we adopt the method described above (Section 
S3) which is similar to a method used previously.23,24 With respect to CFPs, we obtain these 
parameters from the REC model whereas Guo et al.5 computed them from XMS-CASPT2 
calculations. Despite the difference in SVCs, the validated computationally-affordable approach 
can be safely used to identify the key vibrations that contribute to magnetic relaxation in the other 
potential dysprosocenium based cationic complexes, [Dy(CpiPr5)2]+,25 [Dy(CpI5)2]+, and 
[Dy(FEiPr3)2]+. 
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S5 Results for [Dy(CpiPr5)2]+ 

S5.1: Optimized geometry. Geometry optimization and vibrational frequencies calculation were 
carried out at the DFT level as was described above in Section S1. The optimized geometry, where 
the Dy atoms was substituted by Y, resulted in bond distances between the Cp centroids and Y 
(CpiPr5-Y) of 2.329 Å and 2.338 Å and the angle CpiPr5-Y-CpiPr5 is 160.1°. The optimized CpiPr5-Y 
distance is quite similar to that found for Dy-5* but the bending is decreased by approximately 30. 
This is likely to be due to the symmetric substitution of ligands on both side of metal center. The 
coordinates of the optimized geometry for [Dy(CpiPr5)2]+ is provided in Table S11. 

 

 

Figure S9. Optimized structure of [Dy(CpiPr5)2]+. C atoms in green, H atoms in white and the metal 
in yellow. Pink balls are dummy atoms in the centroid of the Cp rings. 

 

Table S11. Coordinates of the optimized geometry of the [Dy(CpiPr5)2]+ complex calculated at the 
DFT level. Note that Dy has been substituted by Y. 

Atom X (Å) Y (Å) Z (Å) 
Y -0.0198550 -0.2580990 -0.1147640 
C -3.4417780 3.2502130 -1.7431540 
C -2.1907330 2.3506650 -1.9687840 
C -0.9315270 3.2040540 -2.2871940 
C -2.0800200 1.1981310 -0.9304300 
C -2.1551320 1.2257140 0.5378100 
C -4.4908700 -0.5999260 2.5408390 
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C -2.2432490 -0.1990350 -1.3535510 
C -0.7198890 -1.5783750 -2.8623240 
C -1.9870040 -0.6716890 -2.8053430 
C -2.4661430 -0.1377130 0.9950500 
C -2.9379640 -0.4671370 2.4367010 
C -2.5497060 -1.0158010 -0.1752280 
C 2.2221680 1.2552880 0.3805220 
C 2.4487540 0.5070030 -0.8582040 
C -3.1901380 -1.2615110 -3.5910870 
C 2.4698040 -0.9281330 -0.5329980 
C 2.0409450 0.2832340 1.4633980 
C -2.2641000 -1.6633340 3.1723700 
C 2.1681350 -1.0587000 0.8990460 
H 0.2262280 -1.0739180 -2.5616960 
H -0.8485000 -2.5076450 -2.2831830 
H -0.5088970 -1.9000040 -3.8984700 
H -4.3506560 2.6532360 -1.5515720 
H -3.3227240 3.9488600 -0.9002110 
H -3.6462840 3.8691380 -2.6352100 
H -2.4948390 -2.6436080 2.7218230 
H -1.1692820 -1.5710240 3.2331280 
H -2.6251270 -1.7168550 4.2150830 
H -0.6880010 3.9138900 -1.4833430 
H -0.0328120 2.5934500 -2.4820920 
H -1.0999770 3.8125410 -3.1939280 
H -4.8537570 -1.5786090 2.1859790 
H -4.8248860 -0.5064010 3.5898260 
H -5.0275650 0.1695200 1.9609200 
H -2.9537890 -1.3528690 -4.6666920 
H -3.4857050 -2.2656140 -3.2492880 
H -4.0830220 -0.6164290 -3.5151540 
H -2.6858300 0.4202190 3.0430100 
H -1.7131660 0.2363630 -3.3698390 
H -2.4196640 1.8388500 -2.9177060 
C -3.2330600 -2.4088930 -0.1130630 
H -3.2717440 -2.6612140 0.9573460 
C -2.5680280 -3.6460930 -0.7840310 
H -2.6032600 -3.6157840 -1.8848940 
H -1.5204840 -3.8066210 -0.4772130 
H -3.1131850 -4.5622290 -0.4942590 
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C -4.7289980 -2.2993130 -0.5489680 
H -5.2905910 -3.2130850 -0.2830220 
H -5.2444230 -1.4519720 -0.0682820 
H -4.8441670 -2.1603470 -1.6350350 
C -2.1604890 2.4282230 1.5157200 
H -1.7571420 2.0335500 2.4670230 
C -3.5962310 2.9243080 1.8698900 
H -3.5600490 3.7404350 2.6134740 
H -4.1366660 3.3159360 0.9930630 
H -4.2242710 2.1298600 2.3032270 
C -1.2381590 3.6275660 1.1695820 
H -1.1199750 4.2883670 2.0471040 
H -0.2267230 3.3135450 0.8650070 
H -1.6472280 4.2581250 0.3649880 
C 1.8899800 -2.3394930 1.7205940 
H 1.6759770 -1.9898610 2.7433640 
C 3.0596690 -3.3467510 1.8961350 
H 3.9861030 -2.8431850 2.2226890 
H 2.8184730 -4.1015200 2.6665530 
C 0.5761760 -3.0173010 1.2248760 
H 0.3427470 -3.9175010 1.8221430 
H -0.3395180 -2.3942100 1.3428620 
H 3.3021270 -3.9032490 0.9777230 
H 0.6608390 -3.3679220 0.1817900 
C 2.0464590 0.6567790 2.9671470 
H 2.1623640 1.7529970 2.9974020 
C 3.2950850 0.0942700 3.7121780 
H 4.2343070 0.3051190 3.1724100 
H 3.3934560 0.5400010 4.7183190 
C 0.7458830 0.3705950 3.7705310 
H 0.7898690 0.8586950 4.7607880 
H -0.1604600 0.7578780 3.2718910 
H 3.2498670 -0.9988070 3.8559360 
H 0.5957860 -0.7031060 3.9728070 
C 2.5263570 2.7460920 0.6874830 
H 1.8796620 3.0175090 1.5420940 
C 2.2593260 3.8406000 -0.3852400 
H 1.3113750 3.7082750 -0.9261020 
H 2.2113740 4.8341350 0.0955920 
C 3.9932080 2.8942020 1.2018710 
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H 4.2017900 3.9312300 1.5199840 
H 4.2146040 2.2436260 2.0633310 
H 3.0664270 3.9138130 -1.1338550 
H 4.7277040 2.6492690 0.4151600 
C 2.8600950 1.1627260 -2.2016980 
H 2.6162540 2.2278600 -2.0863620 
C 2.0830770 0.7246940 -3.4794940 
H 0.9925540 0.8785710 -3.3976110 
H 2.4086520 1.3314390 -4.3434500 
C 4.3985850 1.1307110 -2.4518920 
H 4.6793860 1.8157820 -3.2720740 
H 4.9747590 1.4411390 -1.5634200 
H 2.2565320 -0.3263060 -3.7670280 
H 4.7631360 0.1308850 -2.7414260 
C 3.1043450 -1.9734830 -1.4904390 
H 3.1359960 -1.4822500 -2.4751980 
C 2.3982450 -3.3365810 -1.7488240 
H 1.3498440 -3.2378000 -2.0771940 
H 2.9203330 -3.8776270 -2.5582380 
C 4.6032250 -2.2021230 -1.1156780 
H 5.1346860 -2.7571730 -1.9097400 
H 5.1446490 -1.2535010 -0.9654640 
H 2.4207910 -4.0103850 -0.8775400 
H 4.7222560 -2.7817200 -0.1869490 
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S5.2: Crystal Field Parameters. Table S12 and S13 collect the CFPs calculated at the optimized 
geometry for [Dy(CpiPr5)2]+ using the SINGLE_ANISO module implemented in OpenMOLCAS 
in both ITO and Iwahara-Chibotaru definition. The computed set of energy levels was fitted by 
means of the REC model using an effective charge of 0.0870 (in elemental charge units) and a 
radial displacement of 1.3126 Å. The resulting spin energy levels calculated by the REC model 
are in good agreement with those predicted at the ab-initio MS-CASPT2 level (Table S14). 

 

Table S12. Crystal field parameters calculated for [Dy(CpiPr5)2]+ at MS-CASPT2 using the ITO 
definition. 

k q B(k,q) C(k,q) 
2 0 -8.8828085 0.0000000 
2 1 -0.3559341 -0.6270087 
2 2 -0.5412552 0.2658707 
4 0 -0.0068913 0.0000000 
4 1 0.0001695 -0.0003097 
4 2 -0.0009929 -0.0008663 
4 3 -0.0001004 -0.0002985 
4 4 -0.0017100 -0.0016863 
6 0 -0.0000543 0.0000000 
6 1 0.0000148 0.0000328 
6 2 -0.0000020 0.0000296 
6 3 0.0000021 0.0000013 
6 4 -0.0000004 0.0000139 
6 5 -0.0000007 -0.0000155 
6 6 -0.0000012 0.0000042 
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Table S13. Crystal field parameters calculated for [Dy(CpiPr5)2]+ at MS-CASPT2 using the 
Iwahara-Chibotaru definition.  

k q Re(Bkq) Im(Bkq) |Bkq| 
2 -2 -28.416 13.958 31.659 
2 -1 -18.687 -32.918 37.852 
2 0 -932.695 0.000 932.695 
2 1 18.687 -32.918 37.852 
2 2 -28.416 -13.958 31.659 
4 -4 -14.005 -13.810 19.669 
4 -3 -0.822 -2.445 2.579 
4 -2 -8.132 -7.095 10.792 
4 -1 1.388 -2.537 2.892 
4 0 -112.880 0.000 112.880 
4 1 -1.388 -2.537 2.892 
4 2 -8.132 7.095 10.792 
4 3 0.822 -2.445 2.579 
4 4 -14.005 13.810 19.669 
6 -6 -0.519 1.875 1.945 
6 -5 -0.299 -6.975 6.981 
6 -4 -0.162 6.277 6.279 
6 -3 0.932 0.571 1.093 
6 -2 -0.881 13.327 13.356 
6 -1 6.675 14.784 16.221 
6 0 -48.933 0.000 48.933 
6 1 -6.675 14.784 16.221 
6 2 -0.881 -13.327 13.356 
6 3 -0.932 0.571 1.093 
6 4 -0.162 -6.277 6.279 
6 5 0.299 -6.975 6.981 
6 6 -0.519 -1.875 1.945 
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Table S14. Relative energy (∆E) of the spin levels of Kramers doublets (KD) in cm–1 for 6H15/2 
term of [Dy(CpiPr5)2]+ calculated at different levels. 

KD ∆Ea ∆Eb 
MJ =   15/2 0 0 
MJ =   13/2 620 617 
MJ =   11/2 981 970 
MJ =   9/2 1173 1210 
MJ =   7/2 1295 1407 
MJ =   5/2 1421 1582 
MJ =   3/2 1547 1714 
MJ =   1/2 1663 1820 

a KDs predicted at MS-CASPT2. b KDs calculated with the REC model. 
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S5.3: Magnetic Response. g-tensor analysis of the 6H15/2 energy levels for [Dy(CpiPr5)2]+ shows 
that MJ = 3 / 2  and 1 / 2  have orthogonal projection (gz angle close to 90º). The KD 13 / 2  to 5 / 2  
exhibits also significant deviation of the gz angle from the ground doublet (Table S15). This non-
axial behavior favors QTM at zero field and hence lowering down the effective barrier. The 
calculated transition intensities for [Dy(CpiPr5)2]+ are listed in Table S16 for direct barrier crossing 
(  n to m). Significant transition intensities starts appearing from MJ= 5 / 2 , which determines 
the effective barrier 1421 cm–1. Again in this case, four series of resonant energy quanta are 
required for Orbach-type relaxation. In Table S17, we also listed the transition between KD (±n to 
±m), where m corresponds to excited doublet, these transitions are also termed as same side of the 
barrier transition. For quick analysis, we plot the significant transition intensities on the same and 
opposite side of the barrier in Figure S10. We also computed the magnetic susceptibility with 
temperature using both MS-CASPT2 and REC model for [Dy(CpiPr5)2]+ (Figure S11). Both models 
predict the same magnetic saturation with temperature. 

 

Table S15. Kramers doublets (KD), g-tensor components (gx, gy, and gz) and the gz angle in degree 
calculated for the 6H15/2 spin energy levels of [Dy(CpiPr5)2]+ at the MS-CASPT2. 

KD ΔE (cm–1) gx gy gz gz angle 

MJ = 15 / 2  0 0.000 0.000 20.001 -- 

MJ = 13/ 2  620 0.001 0.001 17.012 5.59 

MJ = 11/ 2  982 0.022 0.025 14.522 13.80 

MJ = 9 / 2  1174 0.062 0.092 11.886 4.16 

MJ = 7 / 2  1296 0.484 0.769 10.022 158.13 

MJ = 5 / 2  1421 2.251 3.146 6.592 157.528 

MJ = 3 / 2  1548 2.933 3.844 10.523 90.420 

MJ = 1/ 2  1663 0.681 3.012 17.050 88.711 
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Table S16. Transition magnetic moments (expressed in Bohr magneton μβ) of [Dy(CpiPr5)2]+ for 
transitions to the opposite side of the barrier (±n to m). 

MJ 15 / 2  13 / 2  11/ 2  9 / 2  7 / 2  5 / 2  3 / 2  1/ 2  

15/ 2  0.000 0.000 0.000 0.000 0.001 0.001 0.004 0.001 

13/ 2  0.000 0.000 0.001 0.002 0.004 0.012 0.007 0.016 

11/ 2  0.000 0.001 0.008 0.013 0.018 0.033 0.048 0.013 

9 / 2  0.000 0.002 0.013 0.026 0.076 0.143 0.033 0.135 

7 / 2  0.001 0.004 0.018 0.076 0.219 0.193 0.264 0.105 

5 / 2  0.001 0.012 0.033 0.143 0.193 0.946 0.273 0.897 

3 / 2  0.004 0.007 0.048 0.033 0.264 0.273 2.591 0.913 

1/ 2  0.001 0.016 0.013 0.135 0.105 0.897 0.913 3.470 

 

Table S17. Transition magnetic moments (expressed in Bohr magneton μβ) of [Dy(CpiPr5)2]+ for 
transitions on the same side of the barrier (±n to ±m). 

MJ 15/ 2  13/ 2  11/ 2  9 / 2  7 / 2  5 / 2  3 / 2  1/ 2  

15/ 2    1.792 0.259 0.072 0.026 0.017 0.005 0.005 

13/ 2  1.792   2.376 0.434 0.108 0.055 0.066 0.013 

11/ 2  0.259 2.376   2.858 0.362 0.144 0.073 0.111 

9 / 2  0.072 0.434 2.858   3.097 0.730 0.232 0.144 

7 / 2  0.026 0.108 0.362 3.097   3.229 0.297 0.301 

5 / 2  0.017 0.055 0.144 0.730 3.229   3.195 0.428 

3 / 2  0.005 0.066 0.073 0.232 0.297 3.195   2.624 

1/ 2  0.005 0.013 0.111 0.144 0.301 0.428 2.624   
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Figure S10. Relaxation mechanism for [Dy(CpiPr5)2]+. Blue lines represent the most probable 
transitions within the same side of the barrier whereas black lines indicate the most probable 
transitions across the barrier, which determine Ueff (1421 cm–1).  

 

 

Figure S11. Evolution of the magnetic susceptibility (χT) with temperature computed for 
[Dy(CpiPr5)2]+  with the MS-CASPT2 (black) and REC methods (red). 
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S5.4: Vibrational Frequencies. Table S18 collects the vibrational frequencies (ω) computed for 
[Y(CpiPr5)2]+ at the DFT level whereas Figure S12 displays the IR vibrational spectrum calculated 
for [Y(CpiPr5)2]+. The IR spectrum has been Gaussian-convoluted with full width half maxima 
(FWHM) of 12 cm–1 similarly to Dy-5*.  

 

Table S18. Frequencies ω in cm–1 for each normal mode (n) of [Y(CpiPr5)2]+. 

n ω n ω n ω 
1 31.8 110 918.7 219 1440.2 
2 43.5 111 921.7 220 1440.4 
3 52.3 112 923.6 221 1441.4 
4 57.7 113 925.0 222 1442.4 
5 61.5 114 925.7 223 1443.6 
6 62.8 115 927.3 224 1444.1 
7 68.1 116 927.8 225 1444.6 
8 75.7 117 929.8 226 1445.3 
9 82.9 118 930.9 227 1445.8 
10 83.7 119 931.8 228 1447.1 
11 91.2 120 933.6 229 1447.7 
12 93.0 121 935.5 230 1448.3 
13 95.4 122 937.0 231 1450.3 
14 104.0 123 937.9 232 1451.2 
15 107.5 124 954.6 233 1452.5 
16 119.7 125 955.5 234 1454.0 
17 125.5 126 958.0 235 1454.0 
18 128.7 127 959.6 236 1454.5 
19 132.4 128 960.1 237 1455.1 
20 138.6 129 960.3 238 1456.8 
21 141.4 130 960.8 239 1457.7 
22 147.5 131 961.8 240 1458.4 
23 154.4 132 962.5 241 1460.9 
24 158.7 133 964.3 242 1461.8 
25 167.6 134 1005.2 243 1464.4 
26 169.1 135 1012.3 244 1465.4 
27 172.8 136 1025.9 245 1467.0 
28 178.8 137 1027.0 246 1468.0 
29 180.1 138 1052.7 247 1469.8 
30 182.2 139 1053.5 248 1488.7 
31 186.3 140 1060.0 249 1489.4 
32 187.8 141 1079.1 250 1491.0 
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33 188.4 142 1094.3 251 1493.3 
34 191.4 143 1097.2 252 1498.3 
35 199.1 144 1106.1 253 1506.6 
36 202.5 145 1119.5 254 1528.9 
37 204.1 146 1129.7 255 1533.9 
38 209.7 147 1134.4 256 1535.0 
39 212.4 148 1137.1 257 1543.6 
40 214.0 149 1137.5 258 3032.6 
41 218.1 150 1141.0 259 3035.0 
42 220.8 151 1141.5 260 3084.2 
43 229.2 152 1145.5 261 3084.4 
44 231.3 153 1148.0 262 3088.4 
45 235.2 154 1150.0 263 3089.3 
46 236.6 155 1152.7 264 3091.0 
47 241.4 156 1152.9 265 3091.2 
48 248.5 157 1157.9 266 3091.8 
49 251.5 158 1158.1 267 3092.2 
50 253.3 159 1162.5 268 3093.7 
51 254.7 160 1175.1 269 3095.6 
52 257.0 161 1180.7 270 3096.0 
53 259.4 162 1183.3 271 3096.6 
54 259.9 163 1185.0 272 3098.3 
55 261.5 164 1199.2 273 3098.9 
56 264.7 165 1225.0 274 3099.2 
57 268.0 166 1233.4 275 3100.0 
58 269.4 167 1247.5 276 3100.3 
59 270.9 168 1301.6 277 3102.5 
60 274.2 169 1302.9 278 3112.7 
61 276.6 170 1314.0 279 3119.3 
62 281.2 171 1315.8 280 3139.4 
63 282.4 172 1317.1 281 3144.0 
64 290.6 173 1322.9 282 3151.4 
65 296.3 174 1325.6 283 3152.5 
66 307.6 175 1329.4 284 3154.6 
67 318.6 176 1330.4 285 3156.5 
68 328.7 177 1331.0 286 3170.3 
69 343.1 178 1331.7 287 3179.5 
70 355.4 179 1334.8 288 3183.4 
71 364.5 180 1340.0 289 3191.5 
72 381.6 181 1343.4 290 3193.1 
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73 384.7 182 1347.6 291 3196.2 
74 439.2 183 1347.7 292 3196.8 
75 441.0 184 1352.5 293 3197.0 
76 444.2 185 1366.3 294 3198.1 
77 449.6 186 1367.9 295 3198.4 
78 453.4 187 1368.5 296 3198.7 
79 467.9 188 1386.1 297 3199.2 
80 469.3 189 1388.0 298 3199.9 
81 477.7 190 1399.5 299 3200.0 
82 493.8 191 1400.1 300 3200.6 
83 503.2 192 1401.2 301 3201.9 
84 528.9 193 1402.0 302 3202.1 
85 537.5 194 1402.5 303 3203.6 
86 545.4 195 1403.6 304 3205.4 
87 546.7 196 1404.0 305 3206.8 
88 559.0 197 1404.4 306 3207.2 
89 565.3 198 1405.4 307 3207.9 
90 581.2 199 1405.8 308 3209.1 
91 585.3 200 1406.8 309 3209.1 
92 593.4 201 1407.1 310 3209.8 
93 597.0 202 1409.5 311 3210.5 
94 698.5 203 1410.2 312 3215.5 
95 717.6 204 1411.7 313 3215.9 
96 736.3 205 1412.8 314 3217.5 
97 768.0 206 1413.9 315 3222.9 
98 780.7 207 1415.3 316 3223.1 
99 786.8 208 1421.4 317 3224.1 
100 793.8 209 1423.0 318 3224.6 
101 797.1 210 1431.8 319 3227.4 
102 813.6 211 1433.0 320 3229.1 
103 820.4 212 1435.5 321 3233.1 
104 892.0 213 1435.8 322 3233.6 
105 895.5 214 1436.9 323 3235.0 
106 899.6 215 1437.0 324 3235.1 
107 901.9 216 1437.8 325 3235.7 
108 910.3 217 1439.3 326 3241.2 
109 914.1 218 1439.6 327 3249.6 
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Figure S12. IR spectrum calculated for [Y(CpiPr5)2]+. IR intensities (black impulses) have been 
Gaussian-convoluted (FWHM of 12 cm−1, red).  
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S5.5: Spin-vibration couplings (SCVs). Figure S13 displays the SVC for each vibrational mode 
computed for [Dy(CpiPr5)2]+ while Table S19 only lists the vibrational modes with prominent SVC 
values. Figure S14 shows the displacement vectors corresponding to vibrational modes with high 
SVCs; all these displacement vectors correspond to wagging motion in Cp-rings.  

 

 

Figure S13. Spin-vibrational couplings (black lines) calculated for all normal modes of 
[Dy(CpiPr5)2]+ by using the REC model. The predicted spin energy levels (red dashed lines) for 
[Dy(CpiPr5)2]+ have been included. SVCs have been Gaussian-convoluted (FWHM of 12 cm–1, 
green line).  

 

Table S19. The normal modes (n) with vibrational frequencies (ω) below 1000 cm–1 responsible 
for the highest SVC values (cm–2 Å–2) of [Dy(CpiPr5)2]+. 

n ω SVC (×105) 
82 494 0.494 

84 529 0.088 

85 538 0.463 

88 559 0.400 

89 565 0.359 

91 585 0.147 

92 593 1.716 

93 597 1.165 

98 781 0.125 

99 787 0.397 

101 797 2.380 

102 814 3.519 

103 820 0.072 



42 

 

 

 

 

 

Figure S14. Displacement vectors (blue arrows) for the nth normal modes with significant spin-
vibrational coupling calculated for [Dy(CpiPr5)2]+. 
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S6. Results for [Dy(CpI5)2]+ 

S6.1: Optimized geometry. Geometry optimization for [Dy(CpI5)2]+ were carried out at DFT level 
by replacing the Dy with Y. The bond distances between centroids CpI5-Y are calculated to be 
2.273 Å and 2.272 Å with a CpI5-Y- CpI5 angle of 154.8° (Figure S15). The coordinates of the 
DFT-optimized geometry is provided in Table S20. 

 

 

Figure S15. Optimized structure of [Dy(CpI5)2]+. C atoms in green, H atoms in white and the metal 
in yellow. Pink balls are dummy atoms in the centroid of the Cp rings. 

 

Table S20. Coordinates of the optimized geometry of the [Dy(CpI5)2]+ complex calculated at the 
DFT level. Note that Dy has been substituted by Y. 

Atom X (Å) Y (Å) Z (Å) 
Y 0.6318550 -0.0887390 -0.2445170 
C -1.5196740 1.0194080 -1.0212710 
C -1.5559220 1.2223900 0.4195020 
C -1.6318430 -0.4093580 -1.2778350 
C -1.6955860 -0.0835240 1.0539170 
C -1.7392450 -1.0917180 0.0042200 
C 2.8331570 1.0758720 0.4611600 
C 3.1218550 0.0409240 -0.5217590 
C 2.8635000 -1.2525160 0.0946370 
C 2.3984930 0.4212150 1.6871210 
C 2.4134890 -1.0192330 1.4589810 
I 2.9992820 3.1298610 0.1596200 
I 2.0211500 1.3649840 3.5030200 
I 1.9878420 -2.4890670 2.8714980 
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I 2.9457150 -3.0990780 -0.8651110 
I 3.5619410 0.3637740 -2.5325530 
I -1.5420770 3.0632280 1.3929490 
I -1.1894540 2.4938100 -2.4546750 
I -1.9844480 -0.4284160 3.0857330 
I -1.9063770 -3.1486390 0.2847870 
I -1.4094310 -1.3337370 -3.1318150 
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S6.2: Crystal Field Parameters. In Table S21 and S22, we provide the CFPs in both ITO and 
Iwahara-Chibotaru definition for the optimized geometry of [Dy(CpI5)2]+. After employing REC 
parameters, effective charge of 0.082256 (in elemental charge units) and a radial displacement of 
1.3126 Å, we obtained energy levels which are in good agreement with the ab initio MS-CASPT2 
calculations (Table S23). 

 

Table S21. Crystal field parameters calculated for [Dy(CpI5)2]+ at MS-CASPT2 using the ITO 
definition. 

k q B(k,q) C(k,q) 
2 0 -9.0338348 0.0000000 
2 1 -0.0009886 -0.0016128 
2 2 -0.2678560 -0.0141405 
4 0 -0.0097260 0.0000000 
4 1 0.0000055 -0.0000605 
4 2 0.0011291 0.0000539 
4 3 -0.0000669 0.0004855 
4 4 0.0013922 0.0001361 
6 0 -0.0000413 0.0000000 
6 1 -0.0000002 0.0000000 
6 2 -0.0000711 -0.0000035 
6 3 -0.0000008 0.0000054 
6 4 -0.0000226 -0.0000022 
6 5 -0.0000005 0.0000027 
6 6 0.0000006 0.0000001 
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Table S22. Crystal field parameters calculated for [Dy(CpI5)2]+ at MS-CASPT2 using the Iwahara-
Chibotaru definition.  

k q Re(Bkq) Im(Bkq) |Bkq| 
2 -2 -14.062 -0.742 14.082 
2 -1 -0.052 -0.085 0.099 
2 0 -948.553 0.000 948.553 
2 1 0.052 -0.085 0.099 
2 2 -14.062 0.742 14.082 
4 -4 11.402 1.115 11.457 
4 -3 -0.548 3.976 4.013 
4 -2 9.247 0.441 9.258 
4 -1 0.045 -0.496 0.498 
4 0 -159.313 0.000 159.313 
4 1 -0.045 -0.496 0.498 
4 2 9.247 -0.441 9.258 
4 3 0.548 3.976 4.013 
4 4 11.402 -1.115 11.457 
6 -6 0.284 0.046 0.288 
6 -5 -0.239 1.211 1.234 
6 -4 -10.187 -1.004 10.237 
6 -3 -0.343 2.447 2.471 
6 -2 -32.019 -1.581 32.058 
6 -1 -0.075 -0.011 0.076 
6 0 -37.224 0.000 37.224 
6 1 0.075 -0.011 0.076 
6 2 -32.019 1.581 32.058 
6 3 0.343 2.447 2.471 
6 4 -10.187 1.004 10.237 
6 5 0.239 1.211 1.234 
6 6 0.284 -0.046 0.288 

 

 

 

 

 

 



47 

 

Table S23. Relative energy (∆E) of the spin levels of Kramers doublets (KD) in cm–1 for 6H15/2 
term of [Dy(CpI5)2]+ calculated at different levels. 

KD ∆Ea ∆Eb 
MJ =   15/2 0 0 
MJ =   13/2 652 653 
MJ =   11/2 1077 1026 
MJ =   9/2 1259 1280 
MJ =   7/2 1378 1493 
MJ =   5/2 1479 1671 
MJ =   3/2 1563 1794 
MJ =   1/2 1698 1911 

a KDs predicted at MS-CASPT2. b KDs calculated with the REC model. 
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S6.3: Magnetic Response. In [Dy(CpI5)2]+, g-tensor analysis of 6H15/2 energy levels predict that 
the ground doublet is highly axial in z-direction (see Table S24). KD 2 to 6 are almost collinear 
with ground doublet, KD 7 and 8 have highest projection to the principle axis due to orthogonal 
behavior. The calculated transition intensities for direct barrier crossing are listed in Table S25, 
significant transition intensities start appearing from KD 6, which determines the effective barrier 
1480 cm-1. In following Table S26, we also provided the transition between KD (±n to ±m), where 
m corresponds to excited doublet, these transitions are also termed as same side of barrier 
transition. In figure S16, we draw the prominent transition intensities for direct barrier crossing 
and on same side of the barrier. We also computed the magnetic susceptibility with temperature 
using both ab-initio and the REC model for [Dy(CpI5)2]+ (see Figure S17). Both model predicted 
the same magnetic saturation with temperature.  

 

Table S24. Kramers doublets (KD), g-tensor components (gx, gy, and gz) and the gz angle in degree 
calculated for the 6H15/2 spin energy levels of [Dy(CpI5)2]+ at the MS-CASPT2. 

KD ΔE (cm–1) gx gy gz gz angle 

MJ = 15 / 2  0 0.000 0.000 19.985 -- 

MJ = 13/ 2  652 0.000 0.000 16.946 0.098 

MJ = 11/ 2  1077 0.001 0.002 14.193 0.228 

MJ = 9 / 2  1259 0.111 0.115 11.672 1.062 

MJ = 7 / 2  1377 0.175 0.477 9.244 0.213 

MJ = 5 / 2  1480 2.427 2.694 6.386 1.126 

MJ = 3 / 2  1563 2.679 5.271 12.277 90.034 

MJ = 1/ 2  1698 0.328 1.114 18.215 89.986 
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Table S25. Transition magnetic moments (expressed in Bohr magneton μβ) of [Dy(CpI5)2]+ for 
transitions to the opposite side of the barrier (±n to m). 

MJ 15 / 2  13 / 2  11/ 2  9 / 2  7 / 2  5 / 2  3 / 2  1/ 2  

15/ 2  0.000 0.000 0.000 0.000 0.002 0.001 0.005 0.001 

13/ 2  0.000 0.000 0.000 0.004 0.001 0.002 0.004 0.017 

11/ 2  0.000 0.000 0.001 0.004 0.028 0.009 0.071 0.009 

9 / 2  0.000 0.004 0.004 0.038 0.030 0.150 0.424 0.291 

7 / 2  0.002 0.001 0.028 0.030 0.109 0.077 0.106 0.505 

5 / 2  0.001 0.002 0.009 0.150 0.077 0.853 0.186 1.043 

3 / 2  0.005 0.004 0.071 0.424 0.106 0.186 2.925 0.338 

1/ 2  0.001 0.017 0.009 0.291 0.505 1.043 0.338 3.235 

 

Table S26. Transition magnetic moments (expressed in Bohr magneton μβ) of [Dy(CpI5)2]+ for 
transitions on the same side of the barrier (±n to ±m). 

MJ 15/ 2  13/ 2  11/ 2  9 / 2  7 / 2  5 / 2  3 / 2  1/ 2  

15/ 2    1.801 0.061 0.182 0.026 0.035 0.002 0.001 

13/ 2  1.801   2.361 0.024 0.386 0.043 0.069 0.008 

11/ 2  0.061 2.361   2.777 0.156 0.119 0.030 0.133 

9 / 2  0.182 0.024 2.777   3.011 0.168 0.424 0.046 

7 / 2  0.026 0.386 0.156 3.011   3.242 0.111 0.505 

5 / 2  0.035 0.043 0.119 0.168 3.242   3.119 0.195 

3 / 2  0.002 0.069 0.030 0.424 0.111 3.119   1.905 

1/ 2  0.001 0.008 0.133 0.046 0.505 0.195 1.905   
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Figure S16. Relaxation mechanism for [Dy(CpI5)2. Blue lines represent the most probable 
transitions within the same side of the barrier whereas black lines indicate the most probable 
transitions across the barrier, which determine Ueff (1480 cm–1).  

 

 

Figure S17. Evolution of the magnetic susceptibility (χT) with temperature computed for 
[Dy(CpI5)2]+  with the MS-CASPT2 (black) and REC methods (red).  
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S6.4: Vibrational Frequencies. In Table S27, we listed the vibrational frequencies for [Y(CpI5)2]+ 

obtained at DFT level. In Figure S18, we plot the IR intensities (black) and Gaussian-convoluted 
with FWHM of 12 cm-1 (as no experimental IR spectra is available, we keep the consistency with 
previous complexes). 

 

Table S27. Frequencies ω in cm–1 for each normal mode (n) of [Y(CpI5)2]+. 

n ω n ω 
1 1.0 31 394.5 
2 12.4 32 400.0 
3 18.0 33 411.0 
4 20.6 34 506.3 
5 22.5 35 506.4 
6 29.7 36 521.1 
7 31.9 37 522.9 
8 35.0 38 523.4 
9 35.4 39 524.2 

10 39.8 40 708.6 
11 44.4 41 708.8 
12 58.7 42 726.3 
13 69.0 43 727.5 
14 80.8 44 970.4 
15 80.8 45 970.4 
16 81.6 46 972.7 
17 81.6 47 972.7 
18 87.1 48 1297.1 
19 87.3 49 1297.8 
20 88.3 50 1375.8 
21 91.8 51 1376.0 
22 171.6 52 1379.2 
23 171.7 53 1379.4 
24 172.0 54 1386.7 
25 172.0 55 1387.0 
26 182.7 56 1406.5 
27 182.9 57 1406.8 
28 290.4   
29 323.3   
30 380.8   
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Figure S18. IR spectrum calculated for [Y(CpI5)2]+, IR intensities (black impulses) have been 
Gaussian-convoluted (FWHM of 12 cm−1, red). 
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S6.5: Spin-vibration couplings (SCVs). Figure S13 displays the SVC for each vibrational mode 
computed for [Dy(CpI5)2]+ while Table S28 only lists the vibrational modes with prominent SVC 
values. Figure S14 shows the displacement vectors corresponding to vibrational modes with high 
SVCs; all these displacement vectors correspond to wagging motion in Cp-rings. Our findings 
show that there are no vibrational frequencies between 500 to 650 cm–1 with significant SVC 
values. Vibrations with the highes SVC values are found to be at 700 to 730 cm-1, above the first 
excited doublet (652 cm-1).  

 

 

Figure S19. Spin-vibrational couplings (black lines) calculated for all normal modes of 
[Dy(CpI5)2]+ by using the REC model. The predicted spin energy levels (red dashed lines) for 
[Dy(CpI5)2]+ have been included. SVCs have been Gaussian-convoluted (FWHM of 12 cm–1, green 
line).  

 

Table S28. The normal modes (n) with vibrational frequencies (ω) below 1000 cm–1 responsible 
for the highest SVC values (cm–2 Å–2) of [Dy(CpI5)2]+. 

n ω SVC (×105) 
31 394 40.595 

32 400 15.488 

33 411 29.627 

40 709 18.505 

41 709 62.959 

42 726 149.645 

43 727 38.127 
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Figure S20. Displacement vectors (blue arrows) for the nth normal modes with significant spin-
vibrational coupling calculated for [Dy(CpI5)2]+. 
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S7 Results for [Dy(FEiPr3)2]+ 

S7.1: Optimized geometry. Geometry optimization for [Dy(CpI5)2]+ were carried out at DFT level 
by replacing the Dy with Y. The bond distances between centroids of FEiPr3-Y are calculated to be 
2.255 Å and 2.256 Å with a FEiPr3-Y-FEiPr3 angle of 153.8° (Figure S21). The coordinates of the 
DFT-optimized geometry is provided in Table S29. 

 

 

 

Figure S21. Optimized structure of [Dy(FEiPr3)2]+. C atoms in green, H atoms in white and the 
metal in yellow. Pink balls are dummy atoms in the centroid of the Cp rings. 

 

Table S29. Coordinates of the optimized geometry of the [Dy(FEiPr3)2]+ complex calculated at the 
DFT level. Note that Dy has been substituted by Y. 

Atom X (Å) Y (Å) Z (Å) 
Y -0.0613060 -0.2845750 0.4081260 
C -0.3952200 -2.3378270 -1.0535260 
C 1.0659820 -2.2401610 -0.8449670 
C -0.8033760 -1.1917580 -1.8907280 
C 1.5207480 -1.0256200 -1.5325260 
C 0.3700360 -0.3334400 -2.1387600 
C 0.1834140 0.7679240 2.6385180 
C -1.1490300 1.1690990 2.1638660 
C -0.9944010 2.0842110 1.0185960 
C 1.1631430 1.5189010 1.8407230 
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C 0.4566910 2.3008870 0.8161930 
C 2.6139740 1.5605960 1.8619530 
C 3.2967300 2.3787930 0.9412820 
C 1.1985670 3.1398520 -0.1005550 
C 2.6117650 3.1954780 -0.0539130 
C -2.1586760 2.6025200 0.3349790 
C -3.4638460 2.1797040 0.6888840 
C -2.4886460 0.7032400 2.4834010 
C -3.5937570 1.2031090 1.7605610 
C 2.0165620 -3.0866430 -0.1523410 
C 3.3940840 -2.7583150 -0.1273140 
C -1.3750410 -3.2895680 -0.5715720 
C -2.7469460 -3.1460220 -0.8945000 
C -2.2144570 -1.0740500 -2.2211640 
C -3.1381550 -2.0179340 -1.7278890 
C 2.9364820 -0.7061120 -1.5070620 
C 3.8281030 -1.5505150 -0.8179880 
H 4.9016730 -1.2985490 -0.8124740 
H -4.2018840 -1.9072440 -1.9968510 
H 4.3983250 2.4191850 0.9828490 
H -4.6052620 0.8575640 2.0334800 
H -2.5727180 -0.2558640 -2.8641200 
H -1.0443760 -4.1560080 0.0277560 
H 1.6699790 -4.0179010 0.3293630 
H 3.3163140 0.1838220 -2.0374800 
H -2.0265920 3.3452370 -0.4686530 
H -2.6611140 0.0015050 3.3161160 
H 0.6514750 3.7559310 -0.8330370 
H 3.1831160 0.9912010 2.6174660 
C 0.5341770 0.8459990 -3.1144990 
H 1.3463980 1.4785520 -2.7047630 
C -0.6991460 1.7758650 -3.2829960 
C 1.0356190 0.3377670 -4.5009040 
H 1.9679710 -0.2484420 -4.4196950 
H 0.2876840 -0.3128070 -4.9887600 
H 1.2362730 1.1747410 -5.1933940 
H -1.4913750 1.3103430 -3.8938890 
H -0.4169850 2.7057670 -3.8084990 
H -1.1496320 2.0719600 -2.3197540 
C 0.5059280 -0.3144010 3.6828340 
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H 1.5970260 -0.2700350 3.8611000 
C 0.2042580 -1.7314660 3.0954220 
C -0.1547140 -0.0785290 5.0692700 
H 0.0921880 0.9218760 5.4652990 
H -1.2557340 -0.1453300 5.0419490 
H 0.1926840 -0.8140280 5.8168960 
H -0.8624230 -1.8593280 2.8125980 
H 0.3881870 -2.5193700 3.8479860 
H 0.8735080 -2.0214520 2.2521930 
C 3.4516320 4.0993500 -0.9839350 
H 4.2803020 3.4700630 -1.3669440 
C 4.1176890 5.2561710 -0.1786350 
C 2.6960040 4.6435710 -2.2234320 
H 2.2277470 3.8390500 -2.8186250 
H 1.9024230 5.3596340 -1.9429090 
H 3.3811510 5.1860100 -2.8984830 
H 3.3637300 5.9446570 0.2432580 
H 4.7836160 5.8607180 -0.8192480 
H 4.7290040 4.8902450 0.6650440 
C -4.7398480 2.7204490 0.0075300 
H -5.3775260 1.8391190 -0.2062180 
C -4.5019880 3.4365300 -1.3467320 
C -5.5516350 3.6211420 0.9874700 
H -5.8031750 3.1049310 1.9308010 
H -4.9931610 4.5351520 1.2579750 
H -6.5049700 3.9481650 0.5363630 
H -3.9506770 4.3862410 -1.2226520 
H -5.4595690 3.6942840 -1.8324430 
H -3.9368740 2.8106710 -2.0607660 
C -3.8065410 -4.1582570 -0.4127700 
H -3.2887500 -4.9024260 0.2199210 
C -4.4290740 -4.9454540 -1.6025750 
C -4.8992170 -3.4954110 0.4746370 
H -4.4698220 -2.9705890 1.3470130 
H -5.5034920 -2.7621900 -0.0894480 
H -5.6041710 -4.2501530 0.8659220 
H -5.0012380 -4.2894480 -2.2831070 
H -5.1285190 -5.7225060 -1.2467540 
H -3.6616520 -5.4552030 -2.2115460 
C 4.4291060 -3.6562700 0.5821140 
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H 3.8771530 -4.4966930 1.0416830 
C 5.1619640 -2.9142310 1.7368580 
C 5.4325570 -4.2854380 -0.4276300 
H 4.9198690 -4.8489350 -1.2271610 
H 6.0627820 -3.5229150 -0.9197110 
H 6.1190290 -4.9892130 0.0754620 
H 5.7767190 -2.0744450 1.3656990 
H 5.8475290 -3.5937960 2.2734260 
H 4.4597650 -2.5057520 2.4857940 
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S7.2: Crystal Field Parameters. In Table S30 and S31, we listed the CFPs for optimized geometry 
of [Dy(FEiPr3)2]+  in both ITO and Iwahara-Chibotaru definition. After employing REC parameters, 
effective charge of 0.06216 (in elemental charge units) and a radial displacement of 1.3126 Å, we 
obtained energy levels which are in good agreement with the ab initio MS-CASPT2 calculations 
(Table S32). 

 

Table S30. Crystal field parameters calculated for [Dy(FEiPr3)2]+ at MS-CASPT2 using the ITO 
definition. 

k q B(k,q) C(k,q) 
2 0 -7.8349687 0.0000000 
2 1 0.4384195 -0.7677217 
2 2 2.6433396 -0.1992778 
4 0 -0.0036261 0.0000000 
4 1 0.0018774 -0.0012154 
4 2 0.0045599 0.0008948 
4 3 -0.0016370 0.0019243 
4 4 0.0008130 0.0001424 
6 0 -0.0000462 0.0000000 
6 1 -0.0000417 0.0000533 
6 2 0.0000279 -0.0000137 
6 3 -0.0000055 -0.0000323 
6 4 -0.0000316 0.0000024 
6 5 -0.0000014 0.0000133 
6 6 0.0000076 -0.0000071 
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Table S31. Crystal field parameters calculated for [Dy(FEiPr3)2]+ using the Iwahara-Chibotaru 
definition. 

k q Re(Bkq) Im(Bkq) |Bkq| 
2 -2 138.775 -10.462 139.169 
2 -1 23.017 -40.305 46.415 
2 0 -822.672 0.000 822.672 
2 1 -23.017 -40.305 46.415 
2 2 138.775 10.462 139.169 
4 -4 6.658 1.166 6.760 
4 -3 -13.407 15.760 20.691 
4 -2 37.345 7.329 38.058 
4 -1 15.376 -9.954 18.317 
4 0 -59.396 0.000 59.396 
4 1 -15.376 -9.954 18.317 
4 2 37.345 -7.329 38.058 
4 3 13.407 15.760 20.691 
4 4 6.658 -1.166 6.760 
6 -6 3.438 -3.205 4.700 
6 -5 -0.632 5.988 6.022 
6 -4 -14.221 1.073 14.262 
6 -3 -2.492 -14.527 14.739 
6 -2 12.548 -6.168 13.982 
6 -1 -18.774 24.026 30.491 
6 0 -41.641 0.000 41.641 
6 1 18.774 24.026 30.491 
6 2 12.548 6.168 13.982 
6 3 2.492 -14.527 14.739 
6 4 -14.221 -1.073 14.262 
6 5 0.632 5.988 6.022 
6 6 3.438 3.205 4.700 
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Table S32. Relative energy (∆E) of the spin levels of Kramers doublets (KD) in cm–1 for 6H15/2 
term of [Dy(FEiPr3)2]+ calculated at different levels. 

KD ∆Ea ∆Eb 
MJ =   15/2 0 0 
MJ =   13/2 471 478 
MJ =   11/2 774 751 
MJ =   9/2 996 938 
MJ =   7/2 1111 1097 
MJ =   5/2 1212 1235 
MJ =   3/2 1317 1331 
MJ =   1/2 1550 1432 

a KDs predicted at MS-CASPT2. b KDs calculated with the REC model. 
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S7.3: Magnetic Response. In [Dy(FEiPr3)2]+, g-tensor of 6H15/2 energy levels shows that all excited 
states (KD 2 to 8) shows significant deviation with ground doublet (see Table 33). This non-
collinear behavior with ground KD favors the QTM even at zero field.  The transition intensities 
computed for [Dy(FEiPr3)2]+ are listed in Table S34, for direct barrier crossing significant transition 
intensities starts appearing from KD 5 state, which determines the effective barrier 1212 cm-1. In 
following (Table S35), we also enlisted the transition between KD (±n to ±m), where m 
corresponds to excited doublet, these transitions are also termed as same side of barrier transition. 
In Figure S22, we draw the significant transition intensities for direct barrier crossing and on same 
side of the barrier. We also computed the magnetic susceptibility with temperature using both ab-

initio and REC-model for [Dy(FEiPr3)2]+ (see Figure S23). Both model predicted the same magnetic 
saturation with temperature.  

 

Table S33. Kramers doublets (KD), g-tensor components (gx, gy, and gz) and the gz angle in degree 
calculated for the 6H15/2 spin energy levels of [Dy(FEiPr3)2]+ at the MS-CASPT2. 

KD ΔE (cm–1) gx gy gz gz angle 

MJ = 15 / 2  0 0.000 0.001 19.924 -- 

MJ = 13/ 2  471 0.017 0.021 17.060 13.682 

MJ = 11/ 2  774 0.137 0.151 14.159 10.408 

MJ = 9 / 2  996 0.479 0.752 12.116 12.280 

MJ = 7 / 2  1111 0.474 1.753 11.357 34.970 

MJ = 5 / 2  1212 2.141 3.869 7.350 43.997 

MJ = 3 / 2  1317 2.036 6.314 11.761 90.060 

MJ = 1/ 2  1550 0.144 0.393 19.085 87.119 
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Table S34. Transition magnetic moments (expressed in Bohr magneton μβ) of [Dy(FEiPr3)2]+ for 
transitions to the opposite side of the barrier (±n to m). 

MJ 15 / 2  13 / 2  11/ 2  9 / 2  7 / 2  5 / 2  3 / 2  1/ 2  

15/ 2  0.000 0.001 0.002 0.006 0.002 0.003 0.005 0.007 

13/ 2  0.001 0.006 0.010 0.009 0.011 0.022 0.029 0.014 

11/ 2  0.002 0.010 0.048 0.061 0.043 0.091 0.134 0.037 

9 / 2  0.006 0.009 0.061 0.207 0.231 0.186 0.277 0.222 

7 / 2  0.002 0.011 0.043 0.231 0.408 0.426 0.569 0.187 

5 / 2  0.003 0.022 0.091 0.186 0.426 1.139 0.457 0.599 

3 / 2  0.005 0.029 0.134 0.277 0.569 0.457 3.031 1.338 

1/ 2  0.007 0.014 0.037 0.222 0.187 0.599 1.338 0.564 

 

Table S35. Transition magnetic moments (expressed in Bohr magneton μβ) of [Dy(FEiPr3)2]+ for 
transitions on the same side of the barrier (±n to ±m). 

MJ 15/ 2  13/ 2  11/ 2  9 / 2  7 / 2  5 / 2  3 / 2  1/ 2  

15/ 2    1.760 0.583 0.111 0.073 0.022 0.011 0.005 

13/ 2  1.760   2.490 0.424 0.138 0.119 0.035 0.027 

11/ 2  0.583 2.490   2.832 0.682 0.482 0.200 0.109 

9 / 2  0.111 0.424 2.832   2.930 1.163 0.464 0.222 

7 / 2  0.073 0.138 0.682 2.930   3.067 0.584 0.329 

5 / 2  0.022 0.119 0.482 1.163 3.067   3.227 0.627 

3 / 2  0.011 0.035 0.200 0.464 0.584 3.227   1.550 

1/ 2  0.005 0.027 0.109 0.222 0.329 0.627 1.550   
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Figure S22. Relaxation mechanism for [Dy(FEiPr3)2]+. Blue lines represent the most probable 
transitions within the same side of the barrier whereas black lines indicate the most probable 
transitions across the barrier, which determine Ueff (1212 cm–1).  

 

 

Figure S23. Evolution of the magnetic susceptibility (χT) with temperature computed for 
[Dy(FEiPr3)2]+  with the MS-CASPT2 (black) and REC methods (red).   
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S7.4: Vibrational frequencies. Harmonic vibrational frequencies for [Dy(FEiPr3)2]+  obtained at 
DFT level are provided in Table S36. In Figure S18, we plot the IR intensities (black) and 
Gaussian-convoluted with FWHM of 12 cm-1 (as no experimental IR spectra is available, we keep 
the consistency with previous complexes).  

 

Table S36. Frequencies ω in cm–1 for each normal mode (n) of [Dy(FEiPr3)2]+. 

n ω n ω n ω 
1 6.9 98 846.9 195 1425.7 
2 17.0 99 848.7 196 1427.1 
3 23.3 100 852.3 197 1433.6 
4 29.7 101 859.8 198 1434.3 
5 31.8 102 881.9 199 1434.5 
6 33.8 103 890.3 200 1436.7 
7 35.1 104 890.6 201 1437.4 
8 36.9 105 898.8 202 1438.3 
9 40.8 106 917.2 203 1439.2 
10 43.1 107 917.5 204 1439.3 
11 50.2 108 924.1 205 1441.1 
12 54.4 109 929.0 206 1442.1 
13 64.7 110 929.9 207 1442.6 
14 70.8 111 930.3 208 1443.4 
15 75.0 112 932.0 209 1443.8 
16 80.0 113 932.7 210 1446.5 
17 84.5 114 935.6 211 1447.1 
18 90.5 115 940.8 212 1449.0 
19 92.8 116 948.2 213 1449.4 
20 100.3 117 949.9 214 1449.8 
21 110.5 118 950.7 215 1450.3 
22 125.3 119 954.1 216 1454.4 
23 128.2 120 959.8 217 1457.3 
24 140.9 121 961.2 218 1457.8 
25 146.9 122 963.7 219 1461.9 
26 174.3 123 964.1 220 1477.2 
27 177.2 124 967.7 221 1481.9 
28 185.0 125 968.2 222 1491.2 
29 195.9 126 982.5 223 1495.7 
30 203.8 127 985.3 224 1530.9 
31 211.0 128 998.5 225 1537.1 
32 212.4 129 998.9 226 1538.7 
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33 218.4 130 1035.7 227 1542.7 
34 222.1 131 1037.6 228 1552.1 
35 224.1 132 1048.2 229 1553.1 
36 230.3 133 1051.2 230 1596.8 
37 233.9 134 1057.8 231 1597.6 
38 234.9 135 1060.3 232 1612.0 
39 242.8 136 1063.0 233 1612.4 
40 246.1 137 1066.2 234 1699.6 
41 247.5 138 1084.7 235 1703.0 
42 248.0 139 1086.7 236 1715.8 
43 255.6 140 1115.5 237 1717.4 
44 267.5 141 1119.2 238 3012.0 
45 268.7 142 1119.5 239 3078.6 
46 277.3 143 1131.1 240 3078.6 
47 279.7 144 1132.9 241 3078.9 
48 281.7 145 1136.9 242 3079.1 
49 283.2 146 1137.3 243 3080.7 
50 292.0 147 1137.8 244 3082.1 
51 294.6 148 1138.0 245 3082.2 
52 314.7 149 1138.4 246 3082.9 
53 321.5 150 1139.9 247 3083.3 
54 329.0 151 1141.5 248 3086.9 
55 329.8 152 1143.1 249 3088.3 
56 378.8 153 1145.8 250 3095.9 
57 389.2 154 1158.4 251 3097.6 
58 391.9 155 1165.0 252 3101.1 
59 402.6 156 1187.5 253 3118.7 
60 407.6 157 1188.0 254 3125.4 
61 409.4 158 1194.7 255 3128.7 
62 412.3 159 1206.9 256 3128.8 
63 417.9 160 1219.3 257 3173.7 
64 423.0 161 1221.2 258 3193.3 
65 443.7 162 1227.7 259 3193.5 
66 449.1 163 1251.5 260 3193.8 
67 456.4 164 1266.0 261 3193.8 
68 477.0 165 1297.1 262 3196.1 
69 478.5 166 1301.2 263 3196.9 
70 484.0 167 1313.4 264 3197.0 
71 493.7 168 1316.0 265 3197.6 
72 500.8 169 1316.5 266 3197.6 
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73 521.1 170 1320.4 267 3197.7 
74 541.4 171 1324.4 268 3197.7 
75 550.0 172 1332.5 269 3197.8 
76 563.2 173 1333.7 270 3198.0 
77 568.7 174 1336.5 271 3198.6 
78 592.1 175 1345.0 272 3198.9 
79 604.2 176 1349.0 273 3198.9 
80 619.5 177 1358.0 274 3199.8 
81 622.0 178 1367.5 275 3200.2 
82 631.2 179 1377.8 276 3201.1 
83 636.0 180 1380.7 277 3201.3 
84 639.4 181 1385.5 278 3201.4 
85 651.7 182 1391.3 279 3201.6 
86 658.2 183 1398.5 280 3201.8 
87 660.5 184 1401.7 281 3207.8 
88 718.2 185 1403.6 282 3208.5 
89 718.4 186 1406.2 283 3209.0 
90 749.5 187 1407.5 284 3209.4 
91 750.2 188 1407.8 285 3210.5 
92 761.9 189 1407.9 286 3213.0 
93 765.1 190 1410.0 287 3213.9 
94 778.0 191 1410.2 288 3219.5 
95 783.7 192 1413.0 289 3219.8 
96 829.3 193 1416.0 290 3222.5 
97 832.7 194 1422.2 291 3242.6 
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Figure S24. IR spectrum calculated for [Y(FEiPr3)2]+. IR intensities (black impulses) have been 
Gaussian-convoluted (FWHM of 12 cm−1, red). 
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S7.5: Spin-vibration couplings (SVCs). Figure S25 displays the SVC for each vibrational mode 
computed for [Dy(FEiPr3)2]+ while Table S37 only lists the vibrational modes with prominent SVC 
values. Figure S26 shows the displacement vectors corresponding to vibrational modes with high 
SVCs. The absolute value for SVCs are comparatively lower with respect to the other complexes. 
This can be explained by the leakage of electron density from Cp-rings to adjacent benzene rings. 
The leakage of electron density decreases the CF splitting allowing lower vibrational frequencies 
to couple to the first excited spin levels. Our outcomes clearly reveal that there are so many 
vibrational modes with non-negligible SVC values in resonance with the first (473 cm-1) and the 
second excited (751 cm-1) spin levels. This would have a detrimental effect facilitating the 
magnetic relaxation.  

 

 

Figure S25. Spin-vibrational couplings (black lines) calculated for all normal modes of 
[Dy(FEiPr3)2]+ by using the REC model. The predicted spin energy levels (red dashed lines) for 
[Dy(FEiPr3)2]+ have been included. SVCs have been Gaussian-convoluted (FWHM of 12 cm–1, 
green line).  
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Table S37. The normal modes (n) with vibrational frequencies (ω) below 1000 cm–1 responsible 
for the highest SVC values (cm–2 Å–2) of [Dy(FEiPr3)2]+. 

n ω SVC (×105) 
58 392 1.181 
67 456 1.114 
71 494 1.046 

72 501 2.197 

76 563 2.090 
85 652 2.545 

86 658 1.441 

87 661 3.022 

88 718 1.134 

92 762 6.133 

93 765 2.728 

98 847 1.916 

99 849 1.804 
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Figure S26. Displacement vectors (blue arrows) for the nth normal modes with significant spin-
vibrational coupling calculated for [Dy(FEiPr3)2]+.  
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S8. Comparison and Molecular Engineering Strategy: 

Here we compare our findings for the family of dysprosocenium-based complexes Dy-5*, 
[Dy(CpiPr5)2]+, [Dy(CpI5)2]+, and [Dy(FEiPr3)2]+. A direct comparison of the spin energy levels for 
Kramer doublets of the 6H15/2 term is provided in Table S38. The analysis of the energies of KDs 
reveals firstly that removing the hydrogen atoms of the conjugated Cp rings by substitution by 
isopropyl groups or iodine atoms produces a lower splitting between the MJ components. This 
effect is especially remarkable when the Cp ligand is substituted by the FE ligand that produces a 
decrease in ∆E of 200 cm–1 with respect to the reference complex Dy-5*. Finally, the energy 
difference, together with the transition magnetic dipole moments define the value of the effective 
barrier (Ueff), summarized in Table S39. These barriers present the same trend as ∆E, and higher 
values are desired to avoid the decoherence by barrier crossing in order to improve the efficiency 
of the SIMs. 

Table S40 collects the computed gz angle values. From these angles, we can conclude that, in 
principle, the [Dy(CpI5)2]+ will perform better as SIM. Although the two highest energy KDs show 
large gz angles, the main magnetization axis for the lowest ones (1st to 6th KDs) remains almost 
completely parallel to the ground state axis. This may reduce the vibration-induced decoherence 
by quantum tunneling magnetization. On the other hand, complexes [Dy(CpiPr5)2]+ and 
[Dy(FEiPr3)2]+ display larger gz angles with values near 12° for the 3rd KD of the former and from 
the 2nd to 4th KDs for the later (see Table S40). This large angle could reduce the performance of 
the SIM.  

SVCs for each normal mode together with the spin energy levels for the family of dysprosocenium-
based complexes are shown in Figure S27. Since vibration-induced transition requires energy 
resonance between vibrations and spin transitions, a slower magnetic relaxation should be 
achieved by the complexes [Dy(CpiPr5)2]+ and [Dy(CpI5)2]+ where 2nd and 3rd KDs are not in 
resonance with the normal modes with the highest SVC values.  

In conclusion, the strategy to mitigate the vibrational mediated magnetic relaxation which 
ultimately defines the blocking temperature TB should not simply rely on suppressing specific 
vibrational motions by adding more atoms to the ligand environment coordinating the metal center. 
Instead, a realistic approach should at the same time consider different factors simultaneously: 1) 
the ligand environment should be designed with the goal of creating a significant crystal field 
splitting: this reduces the chances of finding resonances between spin energy levels and the 
relevant vibrational normal modes, taking into account that the ones with lower frequencies will 
be more thermally populated, 2) decreasing of the number of normal modes which would reduce 
the number of coupling modes; this could be achieve by decreasing the number of atoms in the 
molecule, for example in the [Dy(CpI5)2]+ complex where the iPr groups are replaced by iodine 
atoms providing an equivalent impeding of the movement but with a smaller number of modes. 
Finally, an additional factor should be remarked: the importance of axial behavior in magnetic g-
tensor to avoid QTM at zero field that may decrease the efficiency of the proposed SIMs. These 
conclusions set some valuable molecular engineering strategies to design Ln-based SIMs able to 
decouple energetic vibrations from spin-states to achieve high TB. 



74 

 

 

Table S38. Relative spin energy levels in cm–1 of Kramer doublets calculated for the 6H15/2 term 
of Dy-5*, [Dy(CpiPr5)2]+, [Dy(CpI5)2]+, and [Dy(FEiPr3)2]+. 

KD Dy-5* [Dy(CpiPr5)2]+ [Dy(CpI5)2]+ [Dy(FEiPr3)2]+ 
MJ = 15 / 2  0 0 0 0 
MJ = 13/ 2  678 617 653 478 
MJ = 11/ 2  1051 970 1026 751 
MJ = 9 / 2  1304 1210 1280 938 
 MJ = 7 / 2  1517 1407 1493 1097 
MJ = 5 / 2  1704 1582 1671 1235 
MJ = 3 / 2  1844 1714 1794 1331 
MJ = 1/ 2  1952 1820 1911 1432 

 

Table S39. Effective barrier Ueff (cm–1) of Dy-5*, [Dy(CpiPr5)2]+, [Dy(CpI5)2]+, and [Dy(FEiPr3)2]+. 

Dy-5* [Dy(CpiPr5)2]+ [Dy(CpI5)2]+ [Dy(FEiPr3)2]+ 

1542 1421 1480 1212 
 

Table S40. gz angle in degrees calculated for the 6H15/2 spin energy levels of Dy-5*, [Dy(CpiPr5)2]+, 
[Dy(CpI5)2]+, and [Dy(FEiPr3)2]+. 

KD Dy-5* [Dy(CpiPr5)2]+ [Dy(CpI5)2]+ [Dy(FEiPr3)2]+ 
MJ = 15 / 2  -- -- -- -- 
MJ = 13/ 2  2.75 5.59 0.10 13.68 
MJ = 11/ 2  4.82 13.80 0.23 10.41 
MJ = 9 / 2  0.87 4.16 1.06 12.28 
MJ = 7 / 2  167.72 158.13 0.21 34.97 
MJ = 5 / 2  81.42 157.53 1.13 44.00 
MJ = 3 / 2  89.27 90.42 90.03 90.06 
MJ = 1/ 2  89.80 88.71 89.99 87.12 
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Figure S27. Spin-vibrational couplings (black lines) calculated for all normal modes of a) Dy-5*, 
b) [Dy(CpiPr5)2]+, c) [Dy(CpI5)2]+, and d) [Dy(FEiPr3)2]+ by using the REC model. The predicted 
spin energy levels (red dashed lines) for all complexes have been included. SVCs have been 
Gaussian-convoluted (FWHM of 12 cm–1, green line).  

  



76 

 

References: 

(1)  Ungur, L.; Chibotaru, L. F. Ab Initio Crystal Field for Lanthanides. Chem. - A Eur. J. 
2017, 23, 3708–3718. https://doi.org/10.1002/chem.201605102. 

(2)  Chilton, N. F.; Anderson, R. P.; Turner, L. D.; Soncini, A.; Murray, K. S. PHI: A 
Powerful New Program for the Analysis of Anisotropic Monomeric and Exchange-
Coupled Polynuclear d - and f -Block Complexes. J. Comput. Chem. 2013, 34, 1164–
1175. https://doi.org/10.1002/jcc.23234. 

(3)  Baldoví, J. J.; Cardona-Serra, S.; Clemente-Juan, J. M.; Coronado, E.; Gaita-Ariño, A.; 
Palii, A. SIMPRE: A Software Package to Calculate Crystal Field Parameters, Energy 
Levels, and Magnetic Properties on Mononuclear Lanthanoid Complexes Based on 
Charge Distributions. J. Comput. Chem. 2013, 34, 1961–1967. 
https://doi.org/10.1002/jcc.23341. 

(4)  Fdez., I. G.; Vacher, M.; Alavi, A.; Angeli, C.; Autschbach, J.; Bao, J.; Bokarev, S.; 
Bogdanov, N.; Carlson, R.; Chibotaru, L.; et al. OpenMolcas: From Source Code to 
Insight. 2019. https://doi.org/10.26434/CHEMRXIV.8234021. 

(5)  Guo, F.-S.; Day, B. M.; Chen, Y.-C.; Tong, M.-L.; Mansikkamäki, A.; Layfield, R. A. 
Magnetic Hysteresis up to 80 Kelvin in a Dysprosium Metallocene Single-Molecule 
Magnet. Science 2018, 362, 1400–1403. https://doi.org/10.1126/science.aav0652. 

(6)  Douglas, M.; Kroll, N. M. Quantum Electrodynamical Corrections to the Fine Structure of 
Helium. Ann. Phys. (N. Y). 1974, 82, 89–155. https://doi.org/10.1016/0003-
4916(74)90333-9. 

(7)  Hess, B. A. Relativistic Electronic-Structure Calculations Employing a Two-Component 
No-Pair Formalism with External-Field Projection Operators. Phys. Rev. A 1986, 33, 
3742–3748. https://doi.org/10.1103/PhysRevA.33.3742. 

(8)  Reiher, M. Relativistic Douglas-Kroll-Hess Theory. Wiley Interdiscip. Rev. Comput. Mol. 

Sci. 2012, 2, 139–149. https://doi.org/10.1002/wcms.67. 

(9)  Ungur, L.; Chibotaru, L. F. Ab Initio Crystal Field for Lanthanides. Chem. - A Eur. J. 
2017, 23, 3708–3718. https://doi.org/10.1002/chem.201605102. 

(10)  Chibotaru, L. F. Ab Initio Methodology for Pseudospin Hamiltonians of Anisotropic 
Magnetic Complexes; John Wiley & Sons, Ltd, 2013; 397–519. 
https://doi.org/10.1002/9781118571767.ch6. 

(11)  Chibotaru, L. F.; Ungur, L. Ab Initio Calculation of Anisotropic Magnetic Properties of 
Complexes. I. Unique Definition of Pseudospin Hamiltonians and Their Derivation. J. 

Chem. Phys. 2012, 137, 064112. https://doi.org/10.1063/1.4739763. 

(12)  Baldoví, J. J.; Clemente-Juan, J. M.; Coronado, E.; Gaita-Ariño, A.; Palii, A. An Updated 
Version of the Computational Package SIMPRE That Uses the Standard Conventions for 
Stevens Crystal Field Parameters. J. Comput. Chem. 2014, 35, 1930–1934. 
https://doi.org/10.1002/jcc.23699. 

(13)  Rudowicz, C.; Chung, C. Y. The Generalization of the Extended Stevens Operators to 



77 

 

Higher Ranks and Spins, and a Systematic Review of the Tables of the Tensor Operators 
and Their Matrix Elements. J. Phys. Condens. Matter 2004, 16, 5825–5847. 
https://doi.org/10.1088/0953-8984/16/32/018. 

(14)  Rudowicz, C. Transformation Relations for the Conventional O k q and Normalised O’ k 
q Stevens Operator Equivalents with K=1 to 6 and -K⩽q⩽k. J. Phys. C Solid State Phys. 
1985, 18, 1415–1430. https://doi.org/10.1088/0022-3719/18/7/009. 

(15)  Ryabov, I. D. On the Generation of Operator Equivalents and the Calculation of Their 
Matrix Elements. J. Magn. Reson. 1999, 140, 141–145. 
https://doi.org/10.1006/jmre.1999.1783. 

(16)  Baldoví, J. J.; Borrás-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Gaita-Ariño, A. 
Modeling the Properties of Lanthanoid Single-Ion Magnets Using an Effective Point-
Charge Approach. Dalt. Trans. 2012, 41, 13705. https://doi.org/10.1039/c2dt31411h. 

(17)  Stevens, K. W. H. Matrix Elements and Operator Equivalents Connected with the 
Magnetic Properties of Rare Earth Ions. Proc. Phys. Soc. Sect. A 1952, 65, 209–215. 
https://doi.org/10.1088/0370-1298/65/3/308. 

(18)  Edvardsson, S.; Klintenberg, M. Role of the Electrostatic Model in Calculating Rare-Earth 
Crystal-Field Parameters. J. Alloys Compd. 1998, 275–277, 230–233. 
https://doi.org/10.1016/S0925-8388(98)00309-0. 

(19)  Escalera-Moreno, L.; Baldoví, J. J.; Gaita-Ariño, A.; Coronado, E. Exploring the High-
Temperature Frontier in Molecular Nanomagnets: From Lanthanides to Actinides. Inorg. 

Chem. 2019, 58, 11883–11892. https://doi.org/10.1021/acs.inorgchem.9b01610. 

(20)  Moseley, D. H.; Stavretis, S. E.; Thirunavukkuarasu, K.; Ozerov, M.; Cheng, Y.; Daemen, 
L. L.; Ludwig, J.; Lu, Z.; Smirnov, D.; Brown, C. M.; et al. Spin–Phonon Couplings in 
Transition Metal Complexes with Slow Magnetic Relaxation. Nat. Commun. 2018, 9, 
2572. https://doi.org/10.1038/s41467-018-04896-0. 

(21)  Spin-Lattice Relaxation in Rare-Earth Salts. Proc. R. Soc. London. Ser. A. Math. Phys. 

Sci. 1961, 264, 458–484. https://doi.org/10.1098/rspa.1961.0211. 

(22)  Shrivastava, K. N.; N., K. Theory of Spin–Lattice Relaxation. Phys. status solidi 1983, 
117 (2), 437–458. https://doi.org/10.1002/pssb.2221170202. 

(23)  Escalera-Moreno, L.; Suaud, N.; Gaita-Ariño, A.; Coronado, E. Determining Key Local 
Vibrations in the Relaxation of Molecular Spin Qubits and Single-Molecule Magnets. J. 

Phys. Chem. Lett. 2017, 8, 1695–1700. https://doi.org/10.1021/acs.jpclett.7b00479. 

(24)  Guo, F. S.; Day, B. M.; Chen, Y. C.; Tong, M. L.; Mansikkamäki, A.; Layfield, R. A. A 
Dysprosium Metallocene Single-Molecule Magnet Functioning at the Axial Limit. Angew. 

Chemie - Int. Ed. 2017, 56, 11445–11449. https://doi.org/10.1002/anie.201705426. 

(25)  Randall McClain, K.; Gould, C. A.; Chakarawet, K.; Teat, S. J.; Groshens, T. J.; Long, J. 
R.; Harvey, B. G. High-Temperature Magnetic Blocking and Magneto-Structural 
Correlations in a Series of Dysprosium (III) Metallocenium Single-Molecule Magnets. 
Chem. Sci. 2018, 9, 8492–8503. https://doi.org/10.1039/C8SC03907K. 



162



Chapter4
Quantum coherent spin–electric

control in a molecular nanomagnet

at clock transitions

Electrical control of quantum bits (qubits) has unprecedent advantageous over magnetic

field (B-Field) because electric field (E-field) can be confined over shorter length-scale.

Spin qubits defined in magnetic molecules has proven to be potential candidate because

their spin Hamiltonian can be tailored chemically to enhance the sensitivity to E-field.

However, E-field sensitives reported so far are rather weak to be able to use at a scale

where fabrication of quantum device is possible. Herein, we demonstrate the quantum

control using E-field of spin qubit in polyoxometalate molecular anion HoW10.
65 A record

spin-electric couplings (SECs) of order 11.4±0.3 Hz (Vm−1)−1 has been observed.107 To

seek insight, we established a relation between spin Hamiltonian and molecular distortion.

This strong sensitivity to E-field will allow to fabricate a quantum processor where each

qubit can be addressed and locally control at practical scale.

Herein, the emphasis will be on the development of theoretical method to seek insight

into the SEC, which is mainly the contribution from the author of this thesis, while

the detailed experimental method can be found in ref.107 The perturbative approach

developed here distil the recipe of future candidates for enhanced SECs, further this

method stands apart from previous methods,204 which approximate the SEC on a scale

greater than crystal field of nanomagnets.

4.1 Introduction

The development of quantum computer capable of doing large-scale quantum information

processing (QIP) is an emerging research field which attract wide community of researcher

to succeed in this project. However, it faces several challenges, the ability to create
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quantum bits (qubits) which have long coherence time and at the same time easy to

control each unit of qubit. In fact, a quantum processor requires multiqubit register

where each unit of qubit is coherently controlled and addressed.80,205–209

Spin qubit defined in magnetic molecules also known as molecular spin qubit are

among the promising candidates having rich physical properties such as, long quantum

coherence times and reproduceable molecular spin centers.191,210,211 However, to control

each qubit, reside on each molecular center, a trivial approach is to apply oscillating

magnetic field (B-field) by exploiting Zeeman interaction.212 However, in a multi-spin

system, manipulation of individual spin with B-field is challenging because it is difficult

to localize the B-field with the required spatial resolution (on the scale of 1 nm) to avoid

undesirable crosstalk between neighboring spins. On the other hand, electrical field (E-

field) can be generated and localized on smaller length scales.102,103,213,214 This requires

presence of strong spin-electric couplings (SECs). The E-field has already been employed

to many physical systems for having local control over the spins, such as the use of high

frequency E-field to manipulate the spins of individual atoms on surfaces,215 coherent

manipulation of the spin qubit in semiconductors216 and molecular spins in single-molecule

transistors.37,80 It has been determined that the spin-orbit (SO) couplings present in the

system, permits E-field couplings with spin-states.217 Unlike charges, localized spins

couples weakly to E-field because SO interaction scale with the size of orbitals (L) as

L3.218 This motivates proposals to interact E-field to spins in molecular nanomagnets,

where significant SO interaction is present due to high unquenched orbital momentum.

In this work, both experimentally and theoretically, we have investigated the E-field

response to spin states in the polyoxometalate molecular nanomagnet HoW10, whose spin

qubit dynamics is protected against magnetic noise at optimal operating points known

as atomic clock transitions (CT).65

4.2 Methodology

Experimental configuration: Spin-electric couplings (SECs) in HoW10 is experimentally

determined by applying E-field in an ESR Hahn-echo sequence.112 The experimental

setup and sample orientation is shown in Fig. 4.1, the crystalline sample is mounted in

two conducting plates separated by 2.0 mm and the orientation of B-field and E-field

with respect to sample is adjusted in x-y-z laboratory frame. The sample is oriented in

such a way that easy axis of HoW10 makes minimum angle with applied B-field direction

(z-axis) and E-field is applied in y-z plane. The Hahn-echo pulse sequence with and

without E-field is shown in 4.1b and 4.1c respectively, where standard π/2-pulse is firstly

applied to create a superposition state, a refocusing π-pulse is applied during the free

evolution of spins to have spin-echo. The E-field is applied immediately after initial π/2-
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pulse followed by refocusing π-pulse. The final spin-echo intensity varies with E-field.

The shift in ESR frequency (δf) is calculated by taking the fast Fourier transform of the

oscillation in the in-phase echo intensity.

Figure 4.1: a) Schematic diagram showcasing the experimental configuration. A crys-
talline sample of HoW10 is mounted between two conducting plates, the sample is oriented
in such a way that easy axis of HoW10 (x-z plane) makes minimum angle with applied
B-field in z-axis. The direction of E-field is varied in y-z plane. b) Standard Hahn-echo
sequence without E-field, a refocusing π-pulse is applied during free-evolution of spins, a
spin-echo signal is formed at t = 2τ . c) A E-field is applied immediately after π/2-pulse -
during free evolution of spins- followed by refocusing π-pulse. The intensity of spin-echo
increase (decrease) in the presence of E-field.

Theoretical method : A perturbative approach has been adopted to find a relationship

between applied E-field and δf at CT field. In this approach, an effective distortion

caused by E-field is determined by noting the change in dipole moment (δp) along the

displacement vectors of normal modes. Once the E-field is incremented by dE, It elas-

tically distort the molecular structure by dxα which modifies the dipole-moment by dpα

hence the electric potential (UE), where ‘α’ is vibrational mode number. The change in

electric potential stabilized by the cost of elastic potential (Uα = 1/2κdxα), where κ is

the spring-mass constant. This can be formulated as: E ·
∑

α dpα =
∑

α καdxα. Thus, by

calculating the electric dipole moment as a function of the mode displacements, we can

quantitatively extract the displacements as a function of the applied E field and hence the

E-field-induced evolution of the molecular electronic structure. A central assumption in

our methodology is that the rise in potential energy (Uα = 1
2
κq2) due to the displacement

of the atomic positions -in the form of a harmonic oscillator- is exactly matched by the

stabilization of the potential energy (UE = −p⃗ · E⃗) due to the change in the molecular

electric dipole in presence of an external electric field. The extraction of effective distor-

tion for a given E-field would be the summation over all normal mode. This could also

identify which normal mode strongly modulates the ESR frequency hence strong contri-

bution to SECs. This method includes two important factors, i- dipole moment contains

the information of charge distribution surrounding the mental-ion and it will be directly

affected by the induced E-field and ii- any molecular distortion can be decomposed into
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linear combination of normal basis. (A theoretical approach to further probe the origin of

spin electric couplings has been briefly discussed in method section and for more detailed

methodology, see Supporting information.107)

4.3 Results and discussion

The experimental results of variation in CT frequency (δf) upon varying the E-field in

y-z plane is shown in 4.2a. This orientation dependence clearly indicates that the δf

shows linear behavior with applied E-field. This linear response is further confirmed

by incremental applied E-field at fixed orientation, as shown in 4.2b, which yield SEC

constant of 11.4 ± 0.3 Hz (Vm−1)−1 in HoW10. All ESR transitions at CT field show

similar behavior, although away from CT field, spin sensitivity decrease with electrical

field. This can be understood as, away from CT frequency other spin-Hamiltonian terms,

i.e. Zeeman and hyperfine interactions becomes relevant.

Theoretical estimate of δf with incremental E-Field is shown in 4.2b for both crys-

talline (solid blue-lines) and at optimized structure (dashed blue-lines). The linear re-

sponse in δf for both crystalline and optimized geometry yield SECs, 4.5 Hz (Vm−1)−1

and 2.02 Hz (Vm−1)−1 respectively, comparable to experimental results. It was noted

that, softer mode (that has small κ) allow significant molecular displacement without

excessive elastic potential energy cost and also strongly couples to electric dipole (i.e.

dpα/dxα), and it should modify the Ho environment such that the energy of the CT fre-

quency levels is modulated. Our analysis of the basis of the HoW10 vibrational modes of

the crystallographic structure reveals that the molecular displacement responsible for the

SEC can be approximated by the distortion displacing the Ho and coordinating oxygen

atoms, as shown in Fig. 4.2a, inset. Similar conclusion was made on relaxed structure

at DFT level, although the SECs constant was smaller than crystallographic geometry

of HoW10. This can be understood from symmetry point of view, in crystalline HoW10,

there is a pre-existing symmetry breaking from an ideal D4d symmetry, this lead to a tun-

neling splitting of ≈ 0.3 cm−1 in the ground mj = ± |4⟩. The optimized HoW10 molecular

structure at DFT level is very close an ideal D4d, leading to smaller ESR frequency hence

spin sensitivity to E-field has decreased. Nevertheless, the theoretical results are in rea-

sonable agreement with the experimental data. A lack of quadratic nature of SECs both

in experiment and theory can be understood from crystal-structure, each crystal unit cell

contains two HoW10 related through inversion symmetry, a linear SEC shifts the ESR

frequency of each by the same amount but in opposite directions. Hence, the phase shifts

for the spin echoes of the two in-equivalent spins are +δf × tE and -δf × tE and the

quadrature part of the combined echo signal remains zero, independent of electrical pulse

duration (tE).
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Figure 4.2: a) Orientation dependence of the E-field-induced frequency shift. The E field
was rotated between being parallel to B0 (that is, 38◦ away from the molecular easy axis)
at ϕ=0◦ (180◦) and perpendicular to B0 (that is, in the molecular hard plane) at ϕ=90◦.
b) Measured frequency shift (squares) versus applied voltage V, showing a linear E-field
coupling in HoW10. The red line is a linear fit to the data. The blue lines represent
the ab initio prediction based on molecular geometry extracted from (solid) single-crystal
X-ray crystallography or (dashed) structure fully optimized at the DFT level. Inset: the
local environment of Ho showing the electric dipole direction (magenta arrow) and the
E-field-induced atomic displacement directions (orange arrows).

Further, linear response of ESR CT frequency modulation is investigated by intro-

ducing angular dependency in electrical potential (UE = −δpECos(θ)). So, for a given

E-field, effective distortion is function of an angle (θ) between E-field and dipole-moment

of a HoW10. The resulting SEC response is shown in Fig 3., the tendency is in good agree-

ment with experimental observation. Keep in mind, the effective distortion is extracted

from the linear combination of all the normal vectors.

4.4 Conclusion

The molecular spin Hamiltonian is modulated by the E-field via the SEC, leading to a

shift δf in the ESR frequency. The observed spin-electric coupling constant in HoW10

(δf/E = 11.4Hz(V m−1)−1) surpass the previously reported SECs for transition-metal-

based molecular magnet, i.e., δf/E < 1Hz(V m−1)−1. It is also an order larger than

recently reported rare-earth doped YAG (δf/E ≈ 1Hz(V m−1)−1). Although, it is quite

similar to piezoelectric material – Mn2+ in ZnO – δf/E up to 12 Hz(V m−1)−1. This

significant SEC in HoW10 is due to electrically polarizable environment in the presence

of pre-existing deviation from high symmetry (D4d) and spin spectrum is highly sensitive

to distortion. These distinctive features provide general recipe for future candidate ex-

hibiting high SECs. The strong SEC in HoW10 is sufficient to shift the frequency to the

scale greater than natural line width, this will be beneficial for selectively addressing the

spins using local E-field at practical level. It also raises the possibility of using E-field
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Figure 4.3: Change in clock-transition δf (MHz) for angular dependent distortion Qeff

(V) at 300V.

to control the spins for coherent spin-photon interface in molecular spintronic devices.

Further, the current example of molecular nanomagnet HoW10, showing high SEC can

be used for quantum and classical spintronic technologies.

4.5 Contribution of the author

The work presented in this chapter was carried out in celebration with Dr. Arzhang Arda-

van at CAESR, Department of Physics, University of Oxford, The Clarendon Laboratory,

Oxford, UK.

The author of this thesis developed a theoretical model to seek insight into the coupling

of spin-state with electrical field to support the experimental observation. Further, this

method provide general guiding principle to distill molecular systems for enhanced spin-

electric couplings.
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Electrical control of spins at the nanoscale offers significant 
architectural advantages in spintronics, because electric 
fields can be confined over shorter length scales than mag-
netic fields1–5. Thus, recent demonstrations of electric-field 
sensitivities in molecular spin materials6–8 are tantalizing, 
raising the viability of the quantum analogues of macroscopic 
magneto-electric devices9–15. However, the electric-field sensi-
tivities reported so far are rather weak, prompting the ques-
tion of how to design molecules with stronger spin–electric 
couplings. Here we show that one path is to identify an energy 
scale in the spin spectrum that is associated with a structural 
degree of freedom with a substantial electrical polarizability. 
We study an example of a molecular nanomagnet in which a 
small structural distortion establishes clock transitions (that 
is, transitions whose energy is to first order independent of 
the magnetic field) in the spin spectrum; the fact that this dis-
tortion is associated with an electric dipole allows us to con-
trol the clock-transition energy to an unprecedented degree. 
We demonstrate coherent electrical control of the quantum 
spin state and exploit it to independently manipulate the two 
magnetically identical but inversion-related molecules in the 
unit cell of the crystal. Our findings pave the way for the use 
of molecular spins in quantum technologies and spintronics.

The polyoxometalate molecular anion [Ho(W5O18)2]9− 
(abbrevi ated to HoW10), within the crystal structure 
Na9[Y1−xHox(W5O18)2]⋅35H2O (x = 0.1%), provides an example of 
clock-transition (CT) molecular spin qubit16,17. In the solid state, the 
sodium salt of this anion crystallizes in a primitive space group of 
P1̄, where each unit cell contains two HoW10 anions that are related 
via inversion symmetry. Each HoW10 possesses an approximate D4d 
symmetry. The magnetic properties of HoW10, which are character-
ized by a total electronic angular momentum of J = 8 and a nuclear 
spin of I = 7/2, can be described by the Hamiltonian18

H =

∑
k=2,4,6

k∑
q=−k

Bq
kO

q
k + J · A · I

+μBgeB0 · J− μNgNB0 · I
, (1)

where A is the magnitude of the (approximately) isotropic hyperfine 
interaction; ge and gN are the electronic and nuclear gyromagnetic 
ratios respectively; the anisotropy is parameterized by the ampli-
tudes Bq

k of the extended Stevens operators Oq
k; and B0 is the applied 

magnetic field.
The crystal field terms 

∑
kB

0
kO0

k lead to a ground state of mJ = ±4, 
where mJ is the projection of the electronic angular momentum. 

Crucially, owing to interactions of HoW10 with counterions and 
crystallization water, there is a minor deviation from the ideal D4d 
symmetry, with a continuous-shape measurement S < 0.1 around 
the Ho3+ ion as defined by the SHAPE program19 (Supplementary 
Information provides detailed information on methods, calcula-
tions and ancillary experiments). Specifically, the chemical struc-
ture shows that the skew angle, θ, deviates from the ideal value of 
45°, and that the Ho3+ centre deviates from the centre position by a 
distance of d = (h – h′)/2. The latter indicates that Ho3+ is closer to 
one of the two [W5O18]6− moieties. The crystal structures measured 
at three different temperatures (100, 150 and 200 K) are provided 
in Supplementary Information. At these three temperatures, devia-
tions in the skew angles are 2.21°, 2.34° and 2.27°, and the off-centre 
distances are 0.021, 0.025 and 0.024 Å, respectively.

This gives rise to an electric dipole moment and a tetragonal spin 
anisotropy (parameterized by terms B4

k), which mixes the mJ = ±4 
ground states and generates a series of anticrossings in the spin 
spectrum, leading to four electron spin resonance (ESR) CTs, whose 
resonance frequencies are determined by the amplitude of tetrago-
nal anisotropy. The four CTs correspond to resonances with differ-
ent electron–nuclear spin states |mJ, mI〉 with mJ = ±4 and mI = –1/2, 
–3/2, –5/2 or –7/2 (from low to high fields). Previous ESR and 
magnetization studies17,18 are satisfactorily simulated by the param-
eters B0

2/h = 18.00 × 103 MHz, B0
4/h = 209.00 MHz, B0

6/h = 1.53 MHz,  
B4
4/h = 94.20 MHz, A/h = 830.00 MHz and ge = 1.25.

Thus, the broken inversion symmetry causes the spin–
electric-coupled phenomena of an electric dipole and a CT. This, in 
turn, allows us to linearly manipulate the CT frequency by applying 
an external electric field (E field).

We investigated the spin–electric coupling (SEC) in HoW10 
by embedding E-field pulses in an ESR Hahn-echo sequence, as 
described in ref. 6, Methods and Supplementary Information. Figure 
1c shows typical data recorded with the E field applied parallel to 
B0 at φ = 0. The in-phase part of the spin echo shows a pronounced 
oscillation on varying the length of the E-field pulse. The oscillation 
arises because the molecular spin Hamiltonian is modulated by the 
E field via the SEC, leading to a shift δf in the ESR frequency while 
the E field is applied. This shift in the ESR frequency manifests as an 
additional phase of δf  × tE in the spin echo signal, causing the oscil-
lation with a period of 1 μs in the echo amplitude (Supplementary 
Fig. 1). The decay in the echo amplitude over 0 < tE ≤ 6 μs is due to 
a small inhomogeneity in the E field across the crystal; during the 
second period of free evolution, namely, 6 < tE ≤ 12 μs, the inhomo-
geneity is refocused and the echo amplitude recovers6.

The lack of a dependence of the quadrature channel of the echo 
on tE is evidence of a linear—as opposed to quadratic—SEC in 
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HoW10. The crystal unit cell contains two HoW10 units related by 
inversion symmetry; a linear SEC shifts the ESR frequency of each 
by the same amount but in opposite directions. Hence, the phase 
shifts for the spin echoes of the two inequivalent spins are +δf  × tE 
and −δf  × tE and the quadrature part of the combined echo signal 
remains zero, independent of tE. For a second-order SEC δf ∝ E2, 
both spins in the unit cell acquire the same phase, because the shift 
is insensitive to the polarity of the E field. Thus, an oscillation in 
the quadrature component—π/2 out of phase with the in-phase 
component—is a signature of a second-order SEC. (An oscillation 
in the quadrature component can also arise if the E-field pulse is 
accompanied by a parasitic magnetic field pulse that distorts B0; it 
contributes a trivial phase to the echo via the Zeeman interaction.)

The orientation dependence of the SEC is shown in Fig. 2a. The 
shift in ESR frequency (δf) is calculated by taking the fast Fourier 
transform of the oscillation in the in-phase echo intensity. It 
depends on orientation as |δf| ∝ |cos(φ – φ0)| (the presence of both 
inversion-related populations means that we cannot distinguish the 
sign of δf from this measurement). This yields a lower bound on the 
scale of the SEC; a full mapping of the SEC orientation dependence 
would be required to establish the orientation with the maximum 
E-field sensitivity. This would depend on the two-axis rotation of 
the electric field, which is beyond the scope of this study.

The linearity of the SEC is further confirmed by varying the 
amplitude of an E-field pulse with fixed duration. Figure 2b dem-
onstrates that the frequency shift is proportional to the voltage (and 
hence, since the electrode geometry is fixed, the amplitude of the 
E field). The data were recorded at orientation φ that shows the 
strongest SEC. The linear fit to the data yields a SEC constant of 
11.4 ± 0.3 Hz (V m−1)−1.

The relative strength of the SEC in HoW10 showcases the poten-
tial for chemical design in enhancing the desired molecular proper-
ties via a prudent choice of the coordination environment of the 
metal ion. Such engineering is not possible in, for example, atomic 
defects in solid state materials, in which structures and therefore 
properties are much less tunable. Furthermore, the possibility of 
tuning the ESR transition at the CT fields allows the exploitation 
of the strong spin–orbit coupling characteristic of 4f electrons to 
enhance the electrical control of molecular qubits while retaining 
substantial coherence times. Such tuning of the HoW10 CT can only 
be efficiently achieved by directly adjusting the tetragonal anisot-
ropy interaction since at the CT fields, the ESR transitions are insen-
sitive to ge or A to first order (Supplementary Information).

The ESR frequency at the CT fields is determined by the tetrago-
nal anisotropy. Therefore, all ESR transitions at 9.15 GHz exhibit 
the same response to the applied electric fields (filled squares 
in Fig. 2d) and can be fitted with δB4

4/h = (8.8 ± 0.2) × 10–3 MHz 
(5.9 × 10−2 Hz (V m−1)−1). However, other spin Hamiltonian terms, 
such as Zeeman and hyperfine interactions, may potentially also 
exhibit E-field sensitivities. These interactions modify the ESR tran-
sition frequencies away from the CT fields; we can probe their sen-
sitivities by studying the E-field effect on ESR transitions away from 
the CT fields, as shown in Fig. 2c,d.

The E-field-induced ESR frequency shift decreases as the ESR 
frequency increases, which is expected as the ‘anticrossing’ effect of 
B4
4 reduces when moving away from the CTs. On the other hand, the 

SEC effects also fluctuate considerably from peak to peak at 9.45 and 
9.88 GHz. Such fluctuation is likely due to the E-field modulation of 
Hamiltonian parameters other than B4

4: the appreciable dependence 
of δf on the magnetic field and nuclear spin projection away from 
the CT fields (that is, between the states with varying contributions 
from different nuclear spin projections mI and electron spin pro-
jections mJ) suggest that Zeeman and hyperfine interactions may 
also be sensitive to the E field, though less than B4

4 (Supplementary 
Information).

We seek insight into the relationship between the E-field-induced 
distortion and CT frequency by noting that any molecular distor-
tion may be decomposed into displacements of the normal modes 
of HoW10, which we obtain using density functional theory (DFT, 
implemented by Gaussian20). Each normal mode is associated with 
force constant κi and reduced mass μi (yielding eigenfrequency 
ωi =

√
κi/μi). The electric dipole p depends on the displacement of 

mode xi, and this determines the coupling of the mode to an applied 
E field or to incident light, that is, its infrared intensity.

When an external electric field E is incremented by dE, it 
elastically distorts the molecule by dxi and modifies the molecu-
lar electric dipole by dpi for mode i. In this process, it does work 
E ⋅ ∑idpi = ∑iκi dxi. Thus, by calculating the electric dipole moment 
as a function of the mode displacements, we can quantitatively 
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Fig. 1 | the spin–electric coupling experiment. A small rotation of the 
two Ho-coordinated [W5O18]6− ligands (θ ≠ 45°) and displacement of 
Ho (h ≠ h′) give rise to a tetragonal anisotropy. a, HoW10 (left) and the 
coordination environment for the Ho3+ (right). b, Schematic showing the 
experimental configuration. The electric field was generated by applying 
voltage pulses to two parallel conducting plates. The magnetic field was 
applied parallel to the z axis (in the x−y−z laboratory frame). The sample 
was oriented to minimize the angle between the molecular easy axis (the 
red arrow in the x−z plane) and B0 (estimated misalignment, β ≈ 38°). 
The E-field orientation φ was rotated within the y−z plane. c, E-field effect 
on the spin echo of HoW10 measured at B0 = 0.0304 T. The in-phase 
part of the integrated echo intensity strongly oscillates as a function of 
duration (tE) of the E-field pulse generated by applying a voltage of 300 V. 
By comparison, the quadrature component (red line) remains flat at zero 
throughout the experiment. The durations of the π/2 and π microwave 
pulses were 32 and 64 ns, respectively, and the separation between 
them was fixed at 6 μs. All the SEC measurements presented in this work 
(except the selective spin excitation data shown in Fig. 3) were conducted 
using the same protocol and the shift in the ESR frequency, δf, is obtained 
by the Fourier transformation of the oscillating in-phase component of  
the spin echo.
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extract the displacements as a function of the applied E field and 
hence the E-field-induced evolution of the molecular electronic 
structure (Methods).

This reasoning yields the criteria by which we may determine 
whether a particular molecular mode leads to a strong contribution 
to the SEC at the CT frequency: it should be relatively soft (that 
is, small κi), allowing a substantial molecular displacement with-
out excessive elastic energy cost; it should strongly couple to the 
molecular electric dipole (that is, dpi/dxi, and therefore its infrared 
intensity, should be large); and it should modify the Ho environ-
ment such that the energy of the anticrossing levels is modulated. 
Our analysis of the basis of the HoW10 vibrational modes of the 
crystallographic structure reveals that the molecular displacement 
responsible for the SEC can be approximated by the distortion dis-
placing the Ho and coordinating oxygen atoms, as shown in Fig. 
2b, inset. The analysis based on the relaxed structure yields a very 
similar result. Animations showing each of these collective distor-
tions are available in the Supplementary Information. The differ-
ence between the SECs predicted using the optimized and crystal 
structures (blue dashed/solid lines in Fig. 2b) can be understood 
by considering how the structure deviates from the ideal D4d sym-
metry. A departure from the D4d structure, which is inversion sym-
metric, is necessary to afford a linear SEC in HoW10. Compared 
with the optimized molecular geometry, the actual crystal structure 

shows a larger distortion due to the presence of Na+ counterions 
and crystallization of H2O molecules. Therefore, it is conceivable 
that the optimized structure leads to an underestimation of the SEC. 
Nevertheless, the theoretical results are in reasonable agreement 
with the experimental data.

We note in passing that from a practical perspective, any exter-
nal electric field that can be experimentally applied is very small 
compared with the intramolecular fields associated with chemical 
bonds, justifying our perturbative approach. Others have investi-
gated the effects of electric fields on the scale of ~10 V nm–1 on lan-
thanide single-ion molecular magnets, a regime that can be directly 
explored in DFT21.

Finally, we demonstrate a protocol to selectively manipulate the 
spins of inversion-related HoW10 anions assisted by an E field1,3. 
Since the two spins within the unit cell are related by inversion sym-
metry, they are magnetically identical and cannot be distinguished 
in conventional ESR or magnetometry experiments. However, they 
exhibit opposite frequency shifts in the presence of an E field, which 
can be exploited, using a modified Hahn-echo sequence, as shown 
in Fig. 3a, to excite them selectively. The first pulse—a π/2 pulse at 
the CT frequency of f0 = 9.15 GHz—places all molecular spins in the 
superposition state. An E field is applied simultaneously with the 
refocusing π pulse, lifting the degeneracy of the ESR transitions in 
the two inversion-related populations. Thus, it is possible to refocus 
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only one subpopulation, as long as (1) the π pulse is resonant with 
the shifted ESR frequency of that subpopulation and (2) the shift 
is larger than the natural line width of the excited spin population. 
The echo that forms following the second period of free evolution 
is detected at frequency f0, but only comprises spins from the refo-
cused subpopulation.

We set the durations of the π/2 and π microwave pulses to be 
400 and 800 ns, respectively, to selectively excite a narrow frequency 
population of spins (note that these pulses are more than ten times 
longer than those used in the preceding experiments and therefore 
drive a correspondingly narrower range of ESR transition frequen-
cies). Figure 3b shows a plot of the echo amplitude as a function 
of applied voltage V and frequency offset of the refocusing pulse 
δf = f0 − fr (the Supplementary Information provides more data). In 
the absence of an E-field pulse (V = 0), the maximum echo signal is 
observed when the frequencies of the π/2 and π pulses are identical, 
that is, δf = 0. On increasing the amplitude of the E field, subpopu-
lations are refocused for two different values of δf, and these sub-
populations are spectrally well resolved for V > 150 V.

The offset is in excellent agreement with the expected SEC for 
HoW10 and the echo signal peaks at the symmetric positions ±δf 
around δf = 0, corresponding to the selective refocusing of the 
inversion-related subpopulations. Furthermore, the echo intensi-
ties at ±δf are identical and approximately half the intensity in the 
absence of an electric field, indicating that only half the population 
is refocused and that refocusing is equally effective for both subpop-
ulations. This demonstrates that with the assistance of an E field, 
we can distinguish orientations of otherwise magnetically identical 
HoW10 units.

As is generally the case in quantum information experiments, 
strong coupling to a control field means strong coupling to a source 
of noise that shares the same physics as the control. In the case 
described here, we reduce the sensitivity to magnetic fields by work-
ing at a CT, but this, in turn, increases the sensitivity to molecular 
distortions and E-field fluctuations. We note, however, that reduc-
ing the temperature (which, will—in any case—be required for 
initialization) suppresses environmental phonons (the principal 
source of molecular distortions), but cannot remove all magnetic 
field fluctuations, which may have their origin in, for example, envi-
ronmental spin flip-flop processes22.

Our results guide us to distil the general recipe for a high-SEC 
molecule: a soft and electrically polarizable environment for the spin 
carriers, and a spin spectrum that is highly sensitive to distortions. 
These principles are satisfied in HoW10, where a CT frequency is 
modulated by soft modes that shift the molecular charge distribution. 
The SEC is about an order of magnitude larger than the previously 
reported values for transition-metal-based molecular nanomag-
nets6,7,23 (δf/E < 1 Hz m V−1) and it also surpasses the SEC measured 
for rare-earth atoms doped in YAG (ref. 24) (δf/E ≈ 1 Hz m V−1). It is 
similar to the SEC for Mn2+ in ZnO (ref. 25) (δf/E up to 12.7 Hz (V 
m−1)−1), in which the SEC is associated with the piezoelectric nature 
of the host lattice. The HoW10 coupling is sufficiently strong that 
a modest E field of ~105 V m–1 or 100 μV nm–1 is adequate to tune 
the spin at a practically useful level, that is, to shift the frequency by 
much more than the natural line width; this demonstrates the prin-
ciple that local E-field tuning allows for the selective addressing of 
spins in otherwise identical molecules. The strong SEC in HoW10 
raises the tantalizing possibility of engineering a coherent spin–pho-
ton interface in molecular spintronic devices26, allowing coherent 
spin control by an oscillating electric field5. These results pave the 
way for the use of molecular components in quantum or classical 
spintronic technologies in which local electrical control can surpass 
the performance of conventional magnetic spin control.
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Methods
ESR apparatus and sample configuration. The HoW10 crystal was mounted 
in an ESR quartz tube (outer diameter, 1.6 mm) and inserted between parallel 
metallized plates separated by 2.0 mm, which were used to apply the E-field pulses. 
Both conductive plates and the sample were mounted in a standard Bruker MD5 
resonator and could be independently rotated around the x axis, as shown in Fig. 
1b. By first studying the CT fields as a function of the sample rotation, we were 
able to determine the angle between the magnetic easy axis and the experimental 
rotation axis. In all the experiments presented in this study, the magnetic easy 
axis was aligned as close as possible to B0. We applied the E field at a variable 
orientation φ with respect to B0 (Fig. 1b).

Note that the magnetic easy axis is neither coincident with any of the crystal 
facets or edges17,18 nor collinear with the pseudo-fourfold molecular symmetry 
axis, so it is not possible to guarantee the alignment by inspecting the crystal 
morphology. Thus, repeating the experiment on a different crystal gives a similar 
orientation dependence for the SEC, albeit the extrema of the SEC appear at 
different laboratory directions (see section IV in Supplementary Information). This 
cosine-shaped orientation dependence of the SEC is indicative of the existence of 
an axial-type SEC in HoW10. The differences in behaviour between the two crystals 
arise from the variation in the orientation of crystals in the apparatus and therefore 
the plane through which they are rotated in the laboratory frame (section V in 
Supplementary Information provides more details).

Microwave pulse sequences. A standard two-pulse Hahn-echo sequence of 
duration 2τ (π/2–τ–π–τ–echo) was employed to measure an electron spin echo on 
the HoW10 crystals. Short broadband pulses, namely, 32 ns for π/2 pulses and 64 ns 
for π pulses, were used for measuring the SEC parameters (data shown in Figs. 1 
and 2). These pulse parameters were adjusted to optimize the echo intensity. By 
contrast, long selective pulses, namely, 400 ns for π/2 pulses and 800 ns for π pulses, 
were applied in the selective spin manipulation experiments (Fig. 3). These pulse 
lengths were chosen to excite a narrow frequency population of spins, which can be 
selectively manipulated using the E-field-induced frequency shift, while still giving 
a reasonable signal-to-noise ratio in spin echo measurements.

Calculation of SEC. The E-field-induced change in the CT frequency is 
evaluated by computing the evolution of the molecular electronic structure 
using the multireference complete active self-consistent field spin–orbit method 
(implemented by OpenMolcas27) with the combined effect of the crystal field 
and spin–orbit coupling calculated using the SINGLE_ANISO module28. The 
effect of E field on the easy-axis orientation was also estimated (section VIII in 
Supplementary Information provides more details). The theoretical study was 
performed using both the obtained crystal structure and the relaxed structure 
optimized at the DFT level.
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Experimental data supporting the conclusions are available at https://doi.
org/10.5281/zenodo.5167019.
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I. EXPERIMENTAL PULSE SEQUENCES
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FIG. S1. Pulse sequences, together with the spin evolution schemes (in the xy plane of the Bloch sphere), depicting the
formation of the spin echoes. In all sequences, the initial π/2 pulse rotates the spins parallel to the x axis. The blue and
red arrows represent the spins for the crystallographically inequivalent HoW10 molecules related by inversion symmetry. The
magenta arrows correspond to the summation of the red and blue arrows. a, Standard Hahn-echo sequence without any electric
field. The evolutions of the blue and red spins are identical in the absence of an E-field pulse. The phase accumulation induced
by static inhomogeneous (external or internal) magnetic fields in the first free evolution period is inverted by the π refocusing
pulse. The spin echo is expected to form in the in-phase channel at t = 2τ . b, An E-field pulse, applied immediately after the
initial π/2 microwave pulse, increases (decreases) the precessing frequency for the red (blue) spins due to a linear spin-electric
coupling (SEC) in HoW10 molecules. This leads to a +ψ or −ψ phase shift for the red and blue spins respectively, with
ψ = δf × tE. The final echo is the summation of both red and blue spins and remains strictly in the in-phase channel, while its
intensity (I) varies as I ∝ cos (δftE). c, Upon further increasing the duration and/or amplitude of the E-field pulse, ψ increases,
reversing the polarity of the spin echo. d, Electric-field-assisted spin selection. An E-field pulse is applied simultaneously with
the refocusing π pulse, lifting the degeneracy in the ESR transitions of the two inversion-related subpopulations. When the
frequency difference between the two subpopulations is larger than the excitation bandwidth of the π pulse, i.e. |2δf | > 1/tr
(where tr is the duration of the π pulse), only one subpopulation of the HoW10 spins (red arrows) is refocused by a π pulse with
the frequency of fr = f0 + δf . The other subpopulation (blue arrows) does not form an echo because the phase accumulated
owing to inhomogeneities is not refocused by the π pulse and instead accumulates monotonically throughout the pulse sequence.
Therefore, the detected echo is comprised of only one subpopulation of the molecules.
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II. MOLECULAR STRUCTURE FOR HoW10

The Ho3+ ion is octa-coordinated by four oxygen atoms from each of the monolacunary Lindqvist moieties
[W5O18]

6− in a slightly distorted square antiprismatic geometry, providing an approximate D4d symmetry for the
Ho3+ centre (see Fig 1a in the main text). The deviation from the D4d symmetry of the first coordination sphere of
the Ho3+ centre can be described by the dihedral and the axial distortions. The dihedral distortion is the average of
the absolute deviation of the skew angles θ from the ideal value (45◦ for D4d). There are four possible skew angles
which can be formed by the four independent pairs of O-Ho-O planes. The axial distortion is defined as the off-centre
vertical displacement of the Ho3+ centre, expressed as d = (h−h′)/2, where h and h′ are the distances from the Ho3+

atom to the mean planes passing through the square bases of the antiprisms. The dihedral and the axial distortions
for three different temperatures (100 K, 150 K and 200 K) are listed in Table S1. The single crystal structures of
the same sample at three different temperatures (100 K, 150 K and 200 K) were determined and resolved in this
work. CSD 2036358-2036360 contains the supplementary crystallographic data for this paper. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/structures, by emailing data request@ccdc.cam.ac.uk,
or by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44
1223 336033.

On the basis of the crystal data and the optimized structure data, the quantification of the distortion is carried
out by utilization of continuous shape measurement (CShMs) calculations using the SHAPE 2.1 software [S1, S2].
The values given by the Shape software are equal to 0, corresponding to the perfect polyhedron, and the larger
value indicates the higher deviation from the ideal geometry. The obtained value of the eight-coordinated square
antiprism (SAPR-8, D4d) for HoW10 is well below 0.1, characteristic of systems that are only slightly distorted
from the ideal symmetry of D4d. This is true if we compare the crystallographic coordination sphere with SHAPE’s
internally defined D4d polyhedron, which is defined with all vertices equidistant to the geometric centre and all edges
of the same length (S(Q,P ) = 0.059), and also if we compare the crystallographic coordination sphere with its D4d

idealization (S(Q,P ) = 0.038).

TABLE S1. The dihedral and axial distortions (from the ideal D4d symmetry) for the HoW10 molecules.

100 K 150 K 200 K
θ (◦) |θ − 45| (◦) θ (◦) |θ − 45| (◦) θ (◦) |θ − 45| (◦)

42.94(65) 2.06(65) 42.50(58) 2.50(58) 42.85(62) 2.15(62)
46.93(67) 1.93(67) 47.28(64) 2.28(64) 47.25(65) 2.25(65)
47.53(77) 2.53(77) 47.42(67) 2.42(67) 42.33(74) 2.33(74)
42.69(79) 2.31(79) 42.86(72) 2.14(72) 42.66(78) 2.34(78)

Off-centre distance (h and h′) Off-centre distance (h and h′) Off-centre distance (h and h′)

1.218(13) Å 1.273(11) Å 1.227(12) Å
1.260(13) Å 1.223(12) Å 1.274(12) Å
d = (h− h′)/2 d = (h− h′)/2 d = (h− h′)/2

0.021(13) Å 0.025(11) Å 0.024(12) Å

III. E-FIELD INDUCED ESR FREQUENCY SHIFT DUE TO THE TETRAGONAL ANISOTROPY,

THE HYPERFINE INTERACTION AND THE ELECTRONIC GYROMAGNETIC RATIO

At each of the experimental frequencies (9.15, 9.45 and 9.88 GHz), the E-field-induced shift in the ESR frequency
(δf) is tuned by the changes in B4

4 , A and ge differently. (The sixth order tetragonal transverse anisotropy, B4
6 , is also

likely to be present, but it has the same effect on the clock transition as B4
4 so we consider only B4

4 here.) This can be
understood from Fig. S2a, where the field dependence of the ESR transitions shows significant non-linear behaviour,
indicating neither mJ nor mI is a good quantum number in this field region and the eigenfunctions of the states
associated with a given ESR transition are strongly affected by the magnetic field and/or the transition frequency.
In order to parameterise the δf with the E-field-induced changes in the spin Hamiltonian parameters, we performed
numerical simulations to analyse the experimental results.

We first consider δf at the clock transitions (f = 9.15 GHz). Fig. S3a-c show δf as a function of small variations in
B4

4 , A and ge, each varied by 10−4 of its value in the absence of an E-field. We also consider the effect of small errors
in the magnetic field since the eigenstate of the HoW10 molecule varies with field rapidly around the clock transitions.
At the exact clock transition field (Hclock), the ESR frequency is immune to small perturbations in the magnetic field
(H). This is confirmed by the simulation in Fig. S3c, where δf is insensitive to changes in the g factor (δg) (the
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FIG. S3. (a)-(c) 2D colour plots showing the shift in the clock transition frequency (at f = 9.15 GHz) as a function of the
longitudinal magnetic field and the spin Hamiltonian parameters B4

4 , A and g. The simulations were performed at the clock
transition with the lowest magnetic field [labeled by * in Fig. S2(a)]. The parameters were varied by 10−4 of their E = 0
values (i.e. |δB4

4/B
4
4 | ≤ 10−4) to mimic the E-field induced small ESR shift, and the magnetic field was swept by 10 Oe around

the clock transition field (Hclock) to evaluate the magnetic field dependence. Note the different scales for the colourbars. The
frequency shifts induced by δA and δg are approximately 1000 times weaker than that caused by δB4

4 at the clock transition
frequency. (d)-(f) Magnetic field dependence for the shift in the ESR frequency (at f = 9.45 GHz) as a function of small
changes inB4

4 , A and g. The frequency for all the ESR transitions [transitions labelled as A-E in Fig. S2(a)] exhibits linear
dependence for small changes in the parameters. In addition, all A-E transitions show almost identical dependence on small
changes in B4

4 , hence the five lines appear overlapping in Fig. S2(d).

magnetic field couples to the spins via µBµ0HgJ , therefore a change in g is equivalent to a change in H). Away from
the clock transition field, δf shows a weak linear dependence on δg. A similar behaviour was found for A, even though
the “clock field for hyperfine coupling” (the dashed vertical line in Fig. S3b) is slightly different from Hclock by about
1 Oe. Nevertheless, δf is only weakly affected by δA or δg around the clock transitions. Fig. S3b and c show that by
varying δA/A or δg/g by up to 10−4, δf is changed by less than 3 × 10−3 MHz, taking into account the possibility
of errors in the applied magnetic field. In fact, in order to generate a δf of several MHz, a δA/A (δg/g) ≈ 10% is
required, which is unlikely for the E-field applied in experiments. By contrast, a strong linear dependence for δB4

4
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FIG. S4. Data recorded on Crystal B. (a) ESR spectra recorded at the CT frequency (9.15 GHz) and elevated frequencies (9.45
and 9.88 GHz). (b) shows the E-field effected measured on the corresponding transitions. The electric field is applied in the
orientation with the strongest SEC. (c) Orientation dependence of the E-field induced frequency shift. The data were obtained
with f = 9.15 GHz, V = 300 V and B0 = 0.0338 T. (d) The frequency shift (recorded with f = 9.15 GHz and B0 = 0.0338 T)
versus the applied voltage showing a linear E-field coupling in Crystal B.

was found and this relation is insensitive to small errors in the magnetic field (Fig. S3a). In addition, the numerical
simulation gives almost identical δf versus δB4

4 relations for all four clock transitions (not shown), which is consistent
with the experimental results that δf is magnetic field independent at the clock transition frequency (Fig.2d in the
main text).

At elevated frequencies, δf is exhibits comparable linear dependence on δB4
4 , δA and δg. Fig. S3d-f show the

simulation performed at f = 9.45 GHz for the different ESR transitions labeled in Fig S2a. While δf versus δB4
4 is

almost identical for all the five observed transitions (Fig. S3d), δf versus δA (and δf versus δg) varies significantly
between them. By contrast, the difference between δf for A-E transitions at 9.45 GHz is less than 0.1 MHz in our
experiments. Therefore, we attribute the E-field-induced effect mainly due a modification to the B4

4 parameter, while
the effects on A and g are much weaker, i.e. δB4

4/B
4
4 ≫ δA/A or δg/g.

The best simulation of δf is shown in Fig. S2(b). This is obtained with δB4
4 = 8.8× 10−3 MHz, δge = 1.87× 10−5

and δA = 1.54× 10−2 MHz. As shown in Fig. S2(b), these parameters simulate the fluctuations in δf well, except at
the highest field resonance observed for f = 9.88 GHz. This deviation is likely to be due to the misalignment in the
B0 field, which leads to a nontrivial contribution to the ESR transition frequencies due to the transverse component
of the magnetic field. Thus the tetragonal transverse anisotropy is the spin Hamiltonian term most strongly coupled
to the E-field, with δB4

4/B
4
4 = 9.3 × 10−5, compared to δge/ge = 1.6 × 10−5 and δA/A = 1.8 × 10−5, for an applied

voltage of 300 V.

IV. DATA FROM THE SECOND CRYSTAL

We repeated the experiments on a different crystal, namely Crystal B. Crystal B was picked from a different batch
of crystals grown under the same conditions. The ESR spectra [Fig. S4(a)] for Crystal B suggest its easy axis is
aligned approximately 45◦ away from the B0 field.
As shown in Fig. S4, the data recorded on Crystal B are similar to those presented in the main text. In particular,

the maximum SEC parameter (11.2 Hz/V m−1) is virtually identical to the value reported in the main text (11.4
Hz/V m−1). On the other hand, the orientation dependence for Crystal B is offset by approximately 90◦ compared



5

Crystal A

 E ┴ B
0

 E // B
0

0 30 60 90 120 150 180 210-30 240
E-field orientation φ (o)

0

0.3

0.6

0.9

1.2

1.5

1.8

δf
 (

M
H

z
)

zm

xm

ym

zm

ym

xm

x

a

b

y

φ
z // B0

E

α
β

data

δf ∝ |cos(φ - φ
0
)|

Eqn. S4

0 30 60 90 120 150 180 210-30 240
E-field orientation φ (o)

0

0.3

0.6

0.9

1.2

1.5

1.8

δf
 (

M
H

z
)

c d

 E ┴ B
0

 E // B
0

data

δf ∝ |cos(φ - φ
0
)|

Eqn. S4

Crystal B
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Eqn. S4 and the parameters included in this section.

to the result in the main text. This is due to the crystallographic packing of the HoW10 crystals, where the molecular
easy axis does not align with any unit cell axes or crystal facets, as well as the limitation that we can only perform
a single-axis rotation on the sample. Therefore, it is challenging to control the orientation of the sample in the
experiments. We analyse this offset in the next section. Nevertheless, δf also follows δf ∝ | cos (ϕ− ϕ0)| in Crystal B
with the maximum/minimum of the SEC occurring shifted away from the molecular magnetic axes. Both observations
are in agreement with the results on Crystal A described in the main text.

V. ORIENTATION DEPENDENCE OF THE E-FIELD INDUCED FREQUENCY SHIFT

In the E-field orientation dependence experiments, the applied electric field is rotated within the laboratory y–z
plane such that E = (0, E sinϕ,E cosϕ). As described in the main text, the frequency shifts for the two inversion-
related HoW10 subpopulations are opposite. Therefore, the observed δf ∝ | cos (ϕ− ϕ0)| relation implies that for a
given HoW10 molecule,

δf = const× E cos (ϕ− ϕ0)

= const× (cosϕ0E cosϕ+ sinϕ0E sinϕ)

= A
E
l ·E,

(S1)

where AE
l is the vector depicting the SEC for HoW10 molecules is in the laboratory frame. AE

l is different for Crystals
A and B due to the difference in the crystal alignments. In the molecular frame, we define the local coordination
xm, ym and zm, with zm being parallel to the molecular easy axis (Fig. S5a). In this local frame, the SEC coupling
A

E
m = (Am,x, Am,y, Am,z). We note AE

m is also affected by the ESR frequency. However, for the low-field CT measured
in the orientation dependence experiments, δf is only affected by the change in the tetragonal anisotropy, i.e. δB4

4 ,
and insensitive to B0 misalignment (as shown in the previous section); therefore, AE

m is identical for both crystals.
Importantly, AE

m does not coincide with the molecular easy axis, i.e. Am,x 6= 0 (and/or Ay,m 6= 0). This would
imply that δf = 0 when the E-field is applied within the molecular hard plane (ϕ = 90◦), which contradicts with the
experimental results.

The conversion between the molecular and the laboratory frame is shown in Fig. S5b and can be described by the
rotation matrix Rl

m where

Rl
m =





cosα cosβ − sinα − cosα sinβ
sinα cosβ cosα − sinα sinβ

sinβ 0 cosβ



 (S2)
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The E-field induced frequency shift:

δf =A
E
m ·Rl

m ·E

=E(Am,y cosα−Am,x sinα) sinϕ+ E(Am,z cosβ −Am,x cosα sinβ −Am,y sinα sinβ) cosϕ.
(S3)

Without loss of generality, we can choose xm such that A
E
m lies in the xm–zm plane, i.e., Am,x 6= 0 and Am,y = 0.

Eqn. S3 can be further simplified so that

δf = −EAm,x sinα sinϕ+ E(Am,z cosβ −Am,x cosα sinβ) cosϕ, (S4)

where β = 38◦ and 45◦ for crystal A and B, respectively. On the other hand, the angle α cannot be directly
extrapolated from the ESR spectra. It is the different combinations of α and β leads to the non-identical orientation
dependence for Crystals A and B, even when the electric field is applied parallel to B0.

The parameters in Eqn. S4 can be calculated using the orientation dependence data. We consider the E-field
induced frequency shift at ϕ = 0 and 90◦ for Crystals A and B. This gives

δfA(ϕ = 0) =E(Am,z cosβA −Am,x cosαA sinβA)

δfA(ϕ = 90◦) =− EAm,x sinαA

δfB(ϕ = 0) =E(Am,z cosβB −Am,x cosαB sinβB)

δfB(ϕ = 90◦) =− EAm,x sinαB,

(S5)

where the subscript A and B correspond to Crystal A and B, respectively. βA = 38◦ and βB = 45◦. E = 1.5×105 V/m.
It is worth noting that the sign for δf(ϕ) cannot be determined from the experiments. However, based on the

orientation dependence, δfA(ϕ = 0) and δfA(ϕ = 90◦) should have opposite sign while δfB(ϕ = 0) and δfB(ϕ = 90◦)
should have the same sign. The exact sign for δf(ϕ) is not important as it can be altered by a trivial inversion
operation.

The orientation dependence for both crystals can be explained best (Fig. S5c and d) with Am,x = 9.8 Hz/(V m−1),
Am,z = 6.1 Hz/(V m−1), αA = −45◦ and αB = 88◦. The analysis shows that the principal SEC axis for HoW10 is
significantly tilted (≈ 58◦) away from the molecular easy axis.
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VI. E-FIELD ENABLED SELECTIVE SPIN EXCITATION DATA
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FIG. S6. The spin echo signals versus the frequency shift of the refocusing pulse in the E-field-enabled selective spin excitation
experiment (Fig. 3 in the main text). Each subplot corresponds to the data recorded with a different applied voltage. The
black and red solid lines represent the in-phase and quadrature components respectively and the blue dashed lines represent
the absolute magnitude of the spin echo.

VII. ELECTRIC FIELD EXCITATION FOR SPIN TRANSITIONS

The experiments in this work demonstrate non-resonant coherent spin control with an E-field [S3]. However, it is
also possible to excite a spin transition with a high-frequency resonant E-field. Here we discuss the E-field strength
required for such operations in HoW10. We consider the SEC for the tetragonal anisotropy since it is the dominant
contribution in the vicinity of the clock transitions (CT). The application of an oscillating electric field E(t) = E cosωt

gives rise to a time dependent term δB4
4Ô

4
4 cosωt, where δB4

4 is determined by the amplitude and orientation of the
applied E-field. This could drive a transition between two spin states, namely |n〉 and |m〉, with a transition rate, i.e.
Rabi frequency fRabi, given by

hfRabi = |δB4
4 〈m| Ô4

4 |n〉|. (S6)

where h is Planck’s constant.
Fig. S7 shows the transition rates for the ground mJ = ±4 multiplet. Exactly at the CT field, the states are

eigenfunctions of Ô4
4 and the transition rate vanishes (Fig. S7b). Away from the CT field, an oscillating B4

4Ô
4
4 term

connects states with the same nuclear spin projection mI , allowing an oscillating E-field to drive a spin transition
directly. Here we consider a 9.88 GHz E-field, at which frequency a T2 ≈ 1µs was observed at 5 K for samples with
0.1% HoW10 concentration.

With the maximum observed SEC coupling of δB4
4/h = 5.9 × 10−2 Hz/Vm−1, the E-field Rabi rate (Eqn. S6) at

9.88 GHz is estimated to be 1.4 Hz/Vm−1. Hence, an E-field of 106 V/m = 1 mV/nm is required in order to achieve
coherent spin control, fRabi < T−1

2 . Such fields are accessible in nanogaps. In fact, it is possible to generate this
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field in certain macroscopic 3D resonators, for instance, a loop-gap resonator [S4], allowing, in principle, ensemble
experiments on single-crystal samples.

VIII. COMPUTATIONAL DETAILS

A. Electronic and vibrational structure

The time-independent electronic structure was computed using the multireference Complete Active Self-Consistent
Field Spin-Orbit (CASSCF-SO) method as implemented in the OpenMOLCAS program package (version 18.09) [S5].
The molecular geometry was extracted from the single-crystal X-ray structure and was fully optimized at density
functional theory (DFT) level (vide infra). In addition, the electronic structure of the molecular geometry with no
prior optimization was calculated. Scalar relativistic effects were taken into account with the Douglas–Kroll–Hess
transformation using the relativistically contracted atomic natural orbital ANO-RCC basis set with VDZP quality
for all atoms. The active space consisted of 10 electrons on the 7 f -orbitals of Ho3+ ion. The molecular orbitals
were optimized at the CASSCF level in a state-average (SA) over 35 quintets of the ground state term (L = 6 for
Ho3+). The wave functions obtained at CASSCF were then mixed by spin-orbit coupling by means of the RASSI
approach. The combined effect of the crystal field and the spin orbit coupling were computed using SINGLE-ANISO
module [S6].

The structural optimization of the crystallographic coordinates in vacuum and the vibrational modes calculations
were carried out at DFT level using the Gaussian16 package in its revision A.03 [S7]. The vibrational frequency calcu-
lations were carried out using both the fully optimized structure and the X-ray crystal structure with no optimization.
The PBE0 hybrid exchange-correlation functional was used for both optimization and frequency calculations in com-
bination with Stuttgart RSC ANO basis set with effective core potential (ECP) for the Ho3+ cation. CRENBL basis
set have been used for W with corresponding ECP potential and 6-31G(d,p) basis set had been used for oxygen. An
‘ultra-fine’ integration grid and ‘very tight’ SCF convergence criterion were applied. Dispersion effects were taken
into account using the empirical GD3BJ dispersion correction.

The crystalline environment of the polyanion has an effect in its electric dipole. We estimated this effect by
recalculating the electric dipole for all the distorted geometries in an embedding consisting in a crystalline fragment.
We chose this fragment to consist of 11 units of HoW10 molecule, 11× ( Na9[Ho(W5O18)2]·35H2O). The charge analysis
of the environment atoms was performed in Gaussian16 using MKUFF uses the Merz-Kollman-Singh approximate
charges to fit the electrostatic potential of the molecule. The electronic energy for the central HoW10 molecule in
the presence of the environment as point-charges was stabilized at same level of DFT as optimization and vibrational
frequencies calculations (the input/output files are provided as SI files).
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B. General methodology

Let us start by laying out the effective Hamiltonian we will use to model the spin-electric coupling in HoW10. Ĥeff

is the sum of (i) a time-independent crystal-field Hamiltonian ĤCF(J), which is only a function of the equilibrium

molecular geometry acting on the ground multiplet J and (ii) the perturbation ĤCF(J,Qeff(V )) resulting from the
collective distortion coordinate Qeff(V ) which is in itself a function of the externally applied electric voltage V :

Ĥeff = ĤCF(J) + ĤCF(J,Qeff(V )) (S7)

In order to estimate the effect of the molecular distortion caused by the external electric field, we chose to decompose
such a distortion in the geometrical basis of the vibrational modes. Since we are operating in the regime of very small
distortions (small fractions of an angstrom), the total effect of every vibrational normal mode will be additive in a
very good approximation. Thus, we proceeded considering that, being 3N − 6 the number of vibrational modes (n)

in nonlinear molecules of N atoms and that, for a given applied voltage, the effective distortion ~Qeff can be written
as the additive effect of all of the displacements corresponding to n vibrational modes as defined in Eqn. S8:

~Qeff(V ) =
∑

n

Q(eff,n)(V ) = Q(eff,1)(V ) +Q(eff,2)(V ) + . . .+Q(eff,3N−6)(V ) (S8)

where Q(eff,n)(V ) is the distortion attained by a normal mode n at a given applied potential V , which can be further
expressed as displacement vector of normal mode as in Eqn. S9:

~Q(eff,n) = vn(V )





qx,n
qy,n
qz,n



 (S9)

Thus, the total spin-electric coupling can be effectively estimated if one is able to relate the external voltage with
the induced molecular distortions, and these with the perturbation ĤCF(J,Qeff(V )). In the subsequent sections, we
detail, step by step, the general methodology that we employed to estimate the spin-electric coupling in this molecular
spin qubit.

C. Step 1: Derivation of the relation between molecular distortion and electric field

To model the evolution of the tunneling splitting caused by an electrical field, we first had to correlate the distortion
of atomic coordinates and the E-field. For this we considered the fact that the perturbation caused by applied E-field
is necessarily at the cost of molecular distortions from a near-equilibrium structure. In particular, a central assumption
in our methodology is that the rise in potential energy due to the displacement of the atomic positions – in the form
of a harmonic oscillator – is exactly matched by the stabilization of the potential energy due to the change in the
molecular electric dipole in presence of an external electric field.

For technical reasons, we could not calculate the effect of an external E-field in terms of molecular distortions
directly. Instead, we calculated this indirectly using a set of distorted structures following the vibrational modes of
HoW10 as input and estimated the change in electrical dipole associated to each distortion. Then, the electrical field
that is required to achieve a given distortion was estimated by computing the harmonic potential energy and dipole
moment at a given point. This was carried out at different points along the vibrational path by using the following
Eqn. S10:

Un = −∆pE cos ρ (S10)

where Un is the harmonic potential energy, ∆p is the increase in the (molecular) electric dipole moment at any given
distortion compared with the value in the absence of distortions and ρ is the angle between the external electric field
E and the dipole moment. Except where we were explicitly calculating the angular dependence, we worked assuming
that the electric field E was applied exactly in the direction of the molecular electric dipole p in the equilibrium
geometry. Moreover, since experimentally we worked in the regime of very small distortions, we assumed that the
change in the electric dipole ∆p can be properly approximated at all experimentally relevant voltages by a change in
its modulus |∆p| and we neglected the effect of any change in the angle ∆ρ caused by the distortion:

E = −
Un

|∆p|
(S11)
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FIG. S8. Harmonic vibrational frequencies for HoW10, IR intensities with Gaussian-convoluted FWHM of 10 cm−1 for optimized
structure (black) and for crystal structure (red).

Following this approach, firstly we calculated the potential energy for a given vibrational mode n by using the classical
potential energy Eqn. S12:

Un =
1

2
knQ

2
n (S12)

where kn is the force constant of mode n and Qn is a displacement along the vibrational coordinate ~Qn of mode n.

We choose the origin of potential energy Un = 0 at the equilibrium coordinates ~Qeq where vn = 0.
We then defined for each normal mode a series of displacement vectors of increasing moduli, given by

~Qn = vn





qn,x
qn,y
qn,z



 (S13)

with the corresponding series distorted atomic coordinates being given by ~Qdist = ~Qeq + ~Qn where ‘vn’ is a scalar
multiplier which defines the step or modulus of the displacement between consecutive distorted geometries following
a given vibrational path. The value of vn was chosen to be large enough to produce consistent values of the electric
dipole, since distortions corresponding to the experimentally realistic perturbations are very small and we found that
the results were heavily affected by numerical errors in the Gaussian output.

At this point, the procedure is straightforward. The external electric field E is the result of an externally applied
voltage Vext, with the relation between the two magnitudes being given by the distance d = 0.002 m between two
plates:

E = Vext/d (S14)

At each of the same set of distorted coordinates where we calculated the elastic distortion energy as detailed above, we
also computed the dipole moment at the DFT level. The external voltage V resulting in an electric field that achieves
an energy match between the molecular distortion energy Q cost and the electric potential energy stabilization is
the external voltage required for precisely that degree of molecular distortion Q(eff,n)(V ) . Again, note that the
useful information we can get for changes in the electrical dipole is limited by numerical noise for distortions below
a certain threshold; we therefore needed to apply relatively large distortions (larger than 0.02 Å). The electric field



11

needed to achieve any given molecular distortion is given by combining Eqn. S14 and S12, i.e. the electric field
where the stabilization due to the change in the electric dipole potential energy is exactly enough to compensate the
cost in terms of elastic spring energy. Due to the above mentioned technical limitations, the theoretically obtained
distortions are relatively large, corresponding to electric fields that are approximately 5 orders of magnitude above
the experimentally available E-field. As discussed below, we performed a quadratic interpolation to the limit of small
distortions to access the experimentally relevant electric fields.

D. Step 2: DFT calculation of vibrational spectrum and electric dipoles

The obtained frequencies for optimized- and crystal-geometry are provided in Table S2 and S3 respectively, and
also plotted in Fig. S8. From Fig. S8, we observed the vibrational frequency for optimized geometry is redshifted
with respect to crystal geometry. Further, we analysed that the IR-active mode in both cases; they present similar
displacement patterns. (Output files are provided for analysis of displacement pattern.) This gives us confidence to
use the optimized geometry for further analysis.

TABLE S2: Frequencies ( cm−1) computed at the DFT level for relaxed-
geometry, resultant displacement dHo (Å), IR/k and effective normalized
displacement Q(eff,n) for each normal mode (n).

Mode (n) Frequency (cm−1) dHo (Å) IR/k
(

km.mol−1

mDyne.Å−1

)

∣

∣Q(eff,n)

∣

∣ (300V) (10−5×Å)

1 8.62 0.008 5.22 6.6608
2 17.94 0.022 200.69 7.4497
3 18.43 0.004 102.42 10.7773
4 24.33 0.072 493.41 3.6713
5 29.97 0.046 0.68 0.0995
6 43.22 0.169 5.39 0.6575
7 54.02 0.501 25.52 1.1618
8 58.39 0.304 13.89 0.8202
9 67.12 0.302 11.34 1.0228
10 70.95 0.433 16.91 0.4642
11 99.61 0.481 611.40 0.0389
12 106.52 0.070 0.54 0.0221
13 106.78 0.112 6.77 0.0461
14 107.26 0.089 0.58 0.4116
15 108.76 0.223 470.90 0.0632
16 114.68 0.028 0.28 0.0410
17 114.71 0.036 1.44 0.1167
18 140.11 0.054 4.85 0.1636
19 140.76 0.021 1.24 0.0325
20 141.19 0.027 1.21 0.1342
21 142.11 0.007 0.04 0.0886
22 143.98 0.126 24.44 0.0272
23 144.75 0.032 0.01 0.0311
24 157.60 0.018 5.09 0.1569
25 158.17 0.002 0.00 0.0017
26 159.14 0.007 0.78 0.0161
27 159.88 0.047 11.82 0.0915
28 160.56 0.038 10.16 0.3349
29 161.30 0.001 0.01 0.0428
30 167.76 0.002 0.01 0.0116
31 167.77 0.002 0.01 0.0104
32 184.62 0.006 0.11 0.0521
33 184.73 0.005 0.06 0.0656
34 193.02 0.052 28.11 0.0565
35 202.14 0.012 0.02 0.0964
36 216.40 0.001 1.60 0.1246
37 216.89 0.003 2.39 0.1896
38 218.12 0.001 0.62 0.0411
39 218.13 0.002 0.85 0.0340
40 218.22 0.002 0.41 0.0240
41 218.24 0.003 0.82 0.0312
42 219.96 0.006 26.18 0.2854
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43 220.00 0.006 29.47 0.2012
44 220.07 0.004 5.10 0.0094
45 220.47 0.001 0.19 0.0295
46 223.18 0.002 2.87 0.0788
47 224.41 0.005 0.69 0.0797
48 230.85 0.000 10.81 0.1760
49 231.24 0.001 11.22 0.1345
50 231.75 0.000 0.39 0.0506
51 232.10 0.001 0.52 0.0578
52 235.13 0.000 0.10 0.0101
53 235.33 0.000 0.01 0.0082
54 257.49 0.001 0.00 0.0079
55 257.49 0.001 0.00 0.0075
56 289.55 0.001 0.00 0.0165
57 291.07 0.001 0.00 0.0096
58 329.19 0.002 0.04 0.0120
59 329.25 0.002 0.05 0.0083
60 337.26 0.015 2.36 0.1373
61 337.36 0.007 0.65 0.0500
62 337.40 0.015 2.31 0.0362
63 337.72 0.007 0.49 0.0084
64 351.19 0.011 0.08 0.0187
65 354.95 0.000 0.03 0.0372
66 355.21 0.002 0.22 0.0298
67 359.02 0.016 15.44 0.1602
68 360.26 0.022 24.79 0.2391
69 363.49 0.016 9.62 0.0729
70 399.03 0.002 69.09 0.0082
71 399.78 0.003 19.05 0.0852
72 399.80 0.002 6.49 0.0649
73 404.19 0.005 0.34 0.0049
74 414.55 0.004 28.49 0.1228
75 414.92 0.003 25.14 0.2106
76 416.67 0.008 110.35 0.3117
77 416.90 0.008 106.28 0.3797
78 417.53 0.004 23.52 0.0566
79 417.69 0.004 26.77 0.1741
80 429.95 0.010 120.59 0.0066
81 431.15 0.006 5.73 0.0902
82 435.19 0.003 0.16 0.0161
83 436.31 0.009 1.00 0.0101
84 436.72 0.006 28.09 0.0001
85 437.91 0.008 6.11 0.0356
86 479.05 0.001 0.79 0.0230
87 479.34 0.001 0.61 0.0335
88 480.96 0.006 74.70 0.2299
89 481.29 0.007 76.78 0.2741
90 489.34 0.000 1.05 0.0093
91 489.38 0.001 1.35 0.0323
92 514.29 0.010 23.83 0.0278
93 515.09 0.001 0.32 0.0087
94 515.25 0.001 0.20 0.0101
95 516.21 0.001 0.03 0.0237
96 520.31 0.002 0.24 0.0191
97 521.09 0.002 0.16 0.0324
98 528.07 0.003 4.88 0.0163
99 529.22 0.003 0.17 0.0216
100 530.46 0.002 36.75 0.0084
101 531.81 0.002 4.44 0.0169
102 535.59 0.002 0.23 0.0237
103 536.21 0.002 1.91 0.0277
104 554.98 0.000 0.02 0.0075
105 555.04 0.000 0.02 0.0073
106 578.43 0.000 7.88 0.0580
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107 579.04 0.000 7.57 0.0588
108 579.13 0.000 7.80 0.0548
109 579.49 0.000 6.37 0.0650
110 671.58 0.001 6.78 0.0042
111 671.94 0.001 0.14 0.0022
112 697.89 0.013 49.15 0.1883
113 698.02 0.014 52.43 0.0739
114 708.22 0.020 160.98 0.3199
115 708.89 0.020 165.23 0.1571
116 759.02 0.005 449.21 0.0015
117 766.97 0.000 0.20 0.0127
118 819.87 0.005 123.01 0.0038
119 825.83 0.000 2.13 0.0242
120 827.39 0.003 20.35 0.0296
121 829.18 0.001 21.79 0.1111
122 829.87 0.003 16.64 0.0612
123 832.87 0.001 3.85 0.0286
124 835.00 0.006 207.17 0.2909
125 835.25 0.005 194.49 0.1041
126 835.94 0.004 172.35 0.1051
127 885.27 0.001 13.24 0.0278
128 886.09 0.001 1.52 0.0375
129 886.14 0.001 1.99 0.0009
130 887.81 0.000 0.44 0.0294
131 888.08 0.001 0.92 0.0111
132 889.51 0.001 47.50 0.1326
133 891.28 0.002 31.47 0.0579
134 910.99 0.005 15.48 0.0066
135 913.68 0.001 0.01 0.0117

TABLE S3: Frequencies ( cm−1) computed at the DFT level for crystal-
geometry, resultant displacement dHo (Å), IR/k and effective normalized
displacement Q(eff,n) for each normal mode (n).

Mode (n) Frequency (cm−1) dHo (Å) IR/k
(

km.mol−1

mDyne.Å−1

)

∣

∣Q(eff,n)

∣

∣ (300V) (10−5×Å)

1 -28.79 0.003 0.07 1.5949
2 -15.56 0.165 1.94 5.9928
3 -9.24 0.167 4.84 57.8133
4 50.80 0.005 0.02 0.0312
5 58.62 0.015 1.53 0.2590
6 59.16 0.017 0.98 0.2560
7 89.61 0.014 0.45 0.0228
8 93.12 0.029 0.24 0.3186
9 107.58 0.355 1.20 0.1921
10 108.82 0.382 0.52 0.0847
11 112.86 0.385 165.61 0.0132
12 116.50 0.180 17.97 0.0609
13 120.99 0.079 4.18 0.0342
14 123.78 0.067 2.63 0.1512
15 124.79 0.112 2.42 0.1503
16 127.15 0.064 0.20 0.2250
17 129.14 0.090 5.90 0.0433
18 132.29 0.033 0.43 0.1431
19 140.81 0.022 0.39 0.1992
20 146.08 0.044 0.62 0.1236
21 146.48 0.037 0.10 0.0358
22 148.52 0.034 0.09 0.0097
23 155.17 0.201 4.19 0.1612
24 156.35 0.193 2.73 0.0976
25 157.65 0.236 10.48 0.1913
26 159.42 0.093 0.71 0.1014
27 159.87 0.097 3.47 0.0738
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28 161.39 0.056 0.50 0.0596
29 162.42 0.022 0.47 0.0567
30 163.17 0.089 2.36 0.0599
31 165.24 0.065 2.98 0.0173
32 175.82 0.075 67.22 0.0555
33 179.44 0.041 30.81 0.1789
34 179.75 0.067 43.34 0.0521
35 182.99 0.101 145.85 0.1236
36 184.26 0.106 160.25 0.3455
37 186.40 0.012 27.90 0.4980
38 187.52 0.022 15.49 0.0194
39 192.14 0.035 21.37 0.0162
40 192.96 0.006 26.53 0.3005
41 196.98 0.025 19.73 0.0464
42 199.59 0.017 5.92 0.0470
43 201.54 0.038 7.69 0.1226
44 202.02 0.007 6.97 0.1228
45 203.38 0.026 6.43 0.0787
46 210.95 0.010 0.45 0.0160
47 212.77 0.011 2.75 0.0731
48 215.70 0.012 13.18 0.1985
49 217.91 0.009 11.12 0.0727
50 221.22 0.028 7.40 0.0169
51 223.05 0.007 1.72 0.0656
52 223.32 0.003 0.20 0.0418
53 224.14 0.004 0.27 0.0590
54 248.64 0.002 0.06 0.0078
55 251.92 0.002 0.05 0.0332
56 286.74 0.001 0.05 0.0036
57 298.58 0.002 0.03 0.0087
58 334.12 0.007 2.02 0.0810
59 336.97 0.006 1.14 0.0110
60 340.45 0.005 0.92 0.0008
61 342.15 0.004 0.39 0.0243
62 350.79 0.005 0.46 0.0120
63 357.49 0.021 3.17 0.0321
64 359.96 0.019 3.38 0.0089
65 368.65 0.006 1.59 0.0488
66 370.48 0.011 2.79 0.1127
67 371.56 0.008 1.56 0.0184
68 382.80 0.050 48.78 0.2183
69 384.12 0.049 52.70 0.3082
70 400.93 0.016 42.42 0.0409
71 408.80 0.002 0.08 0.0269
72 410.29 0.001 0.53 0.0145
73 413.73 0.006 3.38 0.0250
74 429.15 0.007 95.17 0.3867
75 430.56 0.006 33.47 0.0083
76 432.50 0.008 63.87 0.1998
77 433.66 0.004 19.89 0.0801
78 436.61 0.013 115.18 0.0278
79 438.18 0.002 10.90 0.0676
80 441.65 0.006 2.78 0.0513
81 446.08 0.008 42.41 0.2545
82 447.02 0.003 7.58 0.0313
83 448.84 0.006 44.60 0.0859
84 452.42 0.004 49.01 0.2869
85 454.07 0.004 52.70 0.1299
86 483.17 0.001 0.13 0.0010
87 485.31 0.002 1.73 0.0224
88 489.00 0.004 6.81 0.0902
89 491.33 0.007 15.24 0.1141
90 494.43 0.005 6.10 0.0415
91 498.30 0.005 13.19 0.0674
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92 509.57 0.008 29.06 0.0556
93 514.27 0.002 2.15 0.0366
94 517.25 0.001 1.78 0.0261
95 519.36 0.005 6.09 0.0886
96 522.59 0.002 1.27 0.0266
97 531.27 0.002 0.77 0.0276
98 538.87 0.002 14.62 0.0416
99 539.62 0.002 0.24 0.0076
100 544.50 0.002 32.07 0.0330
101 547.37 0.002 17.43 0.0345
102 553.72 0.002 1.18 0.0129
103 557.35 0.003 3.37 0.0172
104 560.95 0.001 3.89 0.0681
105 565.08 0.002 7.64 0.0844
106 581.27 0.001 13.83 0.0126
107 587.13 0.001 8.14 0.0209
108 592.71 0.001 7.74 0.0688
109 597.88 0.002 2.25 0.0341
110 668.48 0.004 6.06 0.0727
111 676.61 0.002 7.25 0.0456
112 703.54 0.006 9.21 0.0764
113 715.01 0.010 34.60 0.0654
114 718.59 0.021 169.76 0.2701
115 726.41 0.019 135.88 0.2049
116 789.41 0.002 514.36 0.0146
117 808.11 0.001 62.81 0.0116
118 823.42 0.002 43.22 0.0679
119 830.73 0.001 20.25 0.0899
120 841.04 0.002 10.40 0.0124
121 843.98 0.001 34.60 0.0775
122 845.61 0.001 99.00 0.0847
123 851.20 0.002 106.04 0.2365
124 856.37 0.001 53.05 0.0818
125 891.65 0.001 2.67 0.0135
126 910.48 0.000 38.95 0.0074
127 925.61 0.002 18.83 0.0877
128 929.00 0.002 34.85 0.0863
129 946.44 0.002 22.95 0.0603
130 948.48 0.002 44.47 0.0875
131 957.48 0.002 44.90 0.0717
132 965.21 0.003 33.26 0.0441
133 978.33 0.002 38.16 0.1191
134 992.95 0.005 8.23 0.0045
135 998.23 0.002 28.26 0.0549

E. Environment

Each central HoW10 is surrounded by a layer of 18 HoW10 units. The distances between the central Ho to the
neighbouring Ho atoms are listed in the Table S4. We chose to surround the central HoW10 unit with 10 neighbours,
because there is an abrupt increase in distance (of 3.235 Å) from the 10th neighbour to the 11th; see Fig. S9.

For the calculation of electrical dipole moment, we replaced the environment with point-charges, as shown in
Fig. S10. The electric dipole was calculated in the presence of the environment not only at the optimized geometry
but also at a series of distorted geometries from the equilibrium optimized geometry, following the displacement
vectors of each vibrational mode. In each calculation we extracted the electric dipole of HoW10. Fig. S11 and S12
show the results for the optimized geometry. The analogous calculations are represented in Fig. S15 and S16 for the
crystal geometry.

For each distorted structure, the combination of the calculated force constant and the change in electric dipole
compared with the undistorted structure allows us, employing the equations indicated above, to estimate the external
electric field that would be needed to achieve said distortion. Thus, we can associate an E-field to every degree of
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FIG. S9. Left: Packing diagram of anionic HoW10 component in the crystal structure viewed along the c-axis using polyhedral
representation. Blue (surrounding 10 Ho atoms) and green (one central Ho atom) square antiprism, HoO8 units; Grey octahedra,
WO6. For clarity, sodium ions and water molecules are not shown. Right: Packing diagram of Ho atoms in the crystal structure
using polyhedral representation. Blue (surrounding 10 Ho atoms) and green (one central Ho atom) square antiprism HoO8

units.

distortion of each normal mode of the optimized structure shown in Fig. S13 and S14. The analogous calculations for
the crystal geometry are represented in Fig. S17 and S18.

TABLE S4. The Ho-Ho distances for a given HoW10 molecule and its 18 nearest neighbours

nth neighbour Ho-Ho distance (Å) nth neighbour Ho-Ho distance (Å)

1 11.212 10 13.443

2 12.478 11 16.678

3 12.734 12 17.25

4 12.734 13 18.069

5 12.93 14 18.069

6 13.074 15 18.431

7 13.074 16 18.431

8 13.239 17 18.434

9 13.422 18 18.6



17

a b

FIG. S10. (a) The fragment of 11×(Na9[Ho(W5O18)2]·35H2O) on their crystallographic coordinates as employed to provide
an environment to the central polyoxometalate; for clarity, hydrogen atoms are not shown. (b) Simplified system to model
the electrostatic potential offered by environment, where all external entities 10×Na9[Ho(W5O18)2]·35H2O as well as the nine
Na+ countercations and thirty-five crystallization water molecules of the central polyoxometalate are replaced by point charges
(blue).
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FIG. S14. Effective distortion attained by normal modes 76-135 of the optimized structure at applied voltages.
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FIG. S15. Change in dipole moment ∆pn for normal modes 1-75 for the crystal structure.
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FIG. S16. Change in dipole moment ∆pn for normal modes 76-135 for the crystal structure.
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FIG. S17. Effective distortion attained by normal modes 1-75 of the crystal structure at applied voltages.
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FIG. S18. Effective distortion attained by normal modes 76-135 of the crystal structure at applied voltages.
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F. Step 3: Determination of Spin energy Spectrum

Ab-initio calculations were performed to determine the spin energy level scheme, both in terms of the energies and
in the composition of the ground state wave function in terms of MJ . Obtained results are provided in Table S5, both
at crystallographic geometry and at the relaxed geometry.

TABLE S5. Energy level scheme (in cm−1) and predominant MJ microstate of the ground multiplet of the HoW10 complex
calculated (CASSCF) on the crystalline coordinates (left) and on the optimized coordinates (right).

E(a)
CASSCF(cm

−1) MJ E(b)
CASSCF(cm

−1) MJ

0.00 47.5% |±4〉 0.000 11.2% |±5〉+ 12.2% |±6〉

0.36 47.5% |±4〉 0.022 13% |±5〉+ 11.6% |±6〉

26.24 47.2% |±3〉 10.901 19.2% |±3〉

27.92 47.2% |±3〉 10.951 20.7% |±6〉+ 14.7% |0〉

50.08 48.7% |±5〉 17.490 23.2% |±5〉+ 10.2% |±1〉

50.31 48.7% |±5〉 17.512 24.6% |±4〉+ 17.3% |0〉

86.70 48.2% |±2〉 53.364 26.5% |±7〉+ 10.7% |±1〉

96.34 48.2% |±2〉 53.481 11.9% |±8〉+ 10.9% |6〉

155.59 48.9% |±1〉 63.700 25.7% |±3〉+ 10.2% |±1〉

156.90 48.9% |±1〉 63.707 16.4% |±4〉+ 24.2% |±2〉

178.90 46.6% |±6〉 85.863 24.2% |±2〉+ 33.5% |0〉

179.05 46.6% |±6〉 85.867 12.7% |±3〉+ 31.8% |±1〉

181.88 94.3% |0〉 92.193 22.9% |±8〉+ 18.6% |0〉

279.97 49.3% |±8〉 93.320 23.9% |±7〉+ 16.8% |±5〉

279.97 49.3% |±8〉 124.856 11.1% |±3〉+ 11.5% |±1〉

315.99 49.1% |±7〉 126.665 27.4% |±8〉

315.99 49.1% |±7〉 138.346 20.3% |±8〉+ 10.3% |±6〉
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G. Step 4: Effects of the E-field on the tunneling splitting

Finally, we were able to determine the change in the clock-transition frequency (δf) by evaluating the evolution of
the tunnel splitting at CASSCF level. The calculations were performed for both crystal and optimized structures see
Fig. S19. A clear linear evolution of δf is observed for both structures, both compatible with experimental results.
For both structures, the strongest SEC is found when the E-field is applied parallel to the molecular electric dipole,
as shown in Fig. S19a and b. The DFT calculations show that the molecular electric dipole is tilted 42◦ and 54◦ away
from the pseudo tetragonal axis for the optimised and crystal structures, respectively.

This difference can be understood by considering the following symmetry considerations. Since a linear effect of
the voltage in the tunneling splitting requires a pre-existing inversion symmetry breaking, in an ideal D4d system the
effect would be zero in the first order and only present as a second-order contribution. The relaxed geometry is closer
to the ideal D4d symmetry compared with the crystal structure (which is influenced by nearby Na+ counterions and
crystallization H2O molecules) and thus the effect of an external distortion on its tunnel splitting is underestimated.
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FIG. S19. (a) and (b) The local environment of the Ho, showing the calculated electric dipole direction (magenta arrow) for
the optimised and crystal structures, respectively. (c) Change in clock-transition δf as a function of the applied voltage. The
black and red symbols correspond to the results calculated using the optimised and crystal structures, respectively.

Additionally we computed the deviation of the easy axis orientation as a function of the applied voltage at CASSCF-
SO level (Table S6). At 300 V we obtain deviations of δ = 1.27◦ and 0.14◦ for the optimized and crystallographic
structures, respectively. This results in a deviation in the effective field of cos(δ) ·BCT. Since the frequency response is
quadratic in the vicinity of the CTs, this translates into changes k((1−cos(δ))·BCT)

2, where k = 36 cm−1T−2 [S8] and
BCT is Bmin = 0.0236, 0.0709, 0.1181 and 0.1654 T. Thus, this effect is in the ranges 1.26× 10−9 to 6.23× 10−8 cm−1

(optimized) and 2.10× 10−13 to 1.03× 10−11 cm−1 (crystallographic), i.e. below 0.002 MHz.
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TABLE S6. Calculated deviation of the easy axis orientation as a function of the applied voltage.

Voltage (V) δOPT (degrees) δCRYS (degrees)

-300 -1.276 -0.137

-250 -1.064 -0.115

-200 -0.852 -0.092

-150 -0.639 -0.069

-100 -0.427 -0.046

-50 -0.213 -0.023

0 0.000 0.000

50 0.213 0.023

100 0.426 0.047

150 0.641 0.071

200 0.855 0.096

250 1.070 0.120

300 1.285 0.145

H. Step 5: Calculation of the angular dependency

As a first theoretical estimate of the angular dependence of the transition frequency at the clock transition, we
started from Eqn. S15, where ρ is the angle between applied electrical field and the dipole moment.

Un = −∆pE cos ρ (S15)

Now, the effective distortion can be obtained by the changing the angle ρ between the applied voltage and the
dipole moment.

~Qeff(V (ρ)) =
∑

n

Q(eff,n)(V (ρ)) = Q(eff,1)(V (ρ)) +Q(eff,2)(V (ρ)) + ....+Q(eff,3N−6)(V (ρ)) (S16)

We started from the effective distortion obtained at -300V that is ~Qeff(−300V (0◦)), and determined further angular

dependent distortion at ~Qeff(−300V (30◦)), ~Qeff(−300V (60◦)), ~Qeff(−300V (90◦)), ~Qeff(−300V (120◦)), ~Qeff(−300V (150◦))

and ~Qeff(−300V (180◦)). At each distortion we performed CASSCF-SO calculations to determine the change in clock-
transition frequency, obtained results are shown in Fig. S20.

As a proof of concept, if we start from -300V, the obtained electrically induced transition should reach to the value
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FIG. S20. Change in clock-transition δf (MHz) for angular dependent distortion ~Qeff(V (ρ)) at 300V.

at +300V in linear effect obtained in Fig. S20.
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Chapter5
Electrical two-qubit gates within a

pair of clock-qubit magnetic

molecules

Entanglement generation is a quantum phenomenon where more than one quantum states

are correlated in such way that independent addressing of each state is not possible. In

practical quantum device, entanglement must be tunable to perform single and two-qubit

gate. This requires qubit sates to have long coherence times and each qubit state must be

independently controlled. In this respect, spin qubit in magnetic molecules is a potential

candidate because long coherence times have been achieved via clock-transitions (CTs) in

a molecular spin qubit candidate HoW10.
65 Also, molecular spin Hamiltonian for HoW10

shows enhanced sensitivity to external electrical field (E-field) for independent addressing

of each qubit state.107 Herein, we theoretically explore the possibility of employing the

electric field to effect entangling two-qubit quantum gates within a 2-qubit Hilbert space

resulting from dipolar coupling of two CT-protected HoW10 molecules in a diluted crystal.

This chapter includes detailed explanation of temperature and magnetic dependence

of quantum coherences in qubits. Later a detailed scheme supported by theoretical calcu-

lations showcasing the implementation of two-qubit gate from initialization to preparation

of entangled state in Bell basis (a maximally entangled state). In fact, this is a step further

to findings in Chapter-4, where strong spin-electric couplings have been demonstrated in

the HoW10. The detailed scheme presented here, opens the possibility for fabrication of

near future quantum device at practical scale.

5.1 Introduction

A practical quantum information processing (QIP) device requires entanglement gener-

ation through independently controlled and long-lived qubits. The resulting entangled
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state must be tunable to implement one- and two-qubit gate.21,191,219–222 In practice, the

physical implementation of QIP requires trade-offs between various important features,

such as coherence time of each qubit and time required for initialization, generation, and

detection of entanglement.

Electronic spin in magnetic molecules known as molecular spin qubit, recently gained

huge interest because their spin Hamiltonian can be easily tunned.38 In molecular nano-

magnet, the possibility for two-qubit entangled states has been explored through magnetic

interaction in asymmetric centers or in supramolecular dimers, where the qubit states are

identical to spin states.118–121,223,224 However, such schemes are generally affected by a

weak “always-on” inter-qubit interaction due to residual dipolar couplings. The other

similar scheme involves single high-spin metal center, where most of the logical opera-

tion, both single-qubit and two-qubit, require a series of physical multistep climbing of

the energy levels.225 Another, challenge for molecular spin qubit is fragile quantum coher-

ence owing to the inevitable interaction with the environment (spin and phonon baths).

Although, in case of decoherences, a significant enhancement has been recently achieved

via clock-transitions (CTs), which protect from magnetic noise.65,122,123 In general, im-

plementing two-qubit logical gate as independent physical operation is challenging in

practice. This can be circumvented by exploiting molecular spin Hamiltonian to E-field,

which provide local control over qubit for clean correspondence between different qubit

states to implement entanglement.

The polyoxometalate molecular anion [Ho(W5O18)2]
9− (abbreviated to HoW10) with

crystal structure Na9[Y1−xHox(W5O18)2]·35H2O (x = 1%) is a prime example of CT spin

qubit.65 The crystal unit cell contains two inversion-symmetry related HoW10 anions,

slightly distorted (D4d symmetry) along their C4 axes (Fig. 5.1a). A recent experimental

study showed that one can achieve coherent control over the spin of HoW10 molecules

by using an E-field pulse to manipulate the CT frequency (Fig. 5.1b).107 This is real-

ized in practice due to a strong spin-electric coupling (SEC) which arises from intrinsic

symmetry breaking, a soft and electrically polarizable environment of the spin carriers,

and a spin spectrum that is highly sensitive to distortions. This allows to selectively

address the spins of identical HoW10 molecules pointing at different directions. How-

ever, at CT field, the two qubit states behave diamagnetic inhibiting inter-qubit dipolar

interaction and preventing from implementation of two-qubit gate. Herein, we explored

the possibility of generating an entanglement within a 2-qubit Hilbert space resulting

from two neighboring CT-protected molecules of HoW10. To do so, we firstly address the

temperature and magnetic field dependent longitudinal and transverse relaxation times

(T1 and T2), later we determined magnetic field dependent two-qubit space resulting from

dipolar interaction. Then we address the technical requirements such as, initialization,

pulse duration time and read-out for generating entangled states.
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Figure 5.1: A weakly dipolarly coupled HoW10-HoW10. a. Nearest inversion-related
HoW10 pair within the crystal, illustrating their dipolar interaction. Their magnetic
axes point in opposite directions. b. Calculated energies (left axis) and admixing of
wavefunction for |MJ = ±4⟩ of HoW10 with corresponding α and β coefficients (right
axis). The first CT is located at Bmin = 24 mT. The calculated CT frequency is ≃ 11
GHz (≃ 9.1 GHz in experiment).

5.2 Methodology

The dynamics of the entire system (electronic spins and phonons) can be described by

the time evolution of the density operator, ρ̂(t).

˙̂ρ(t) = − ι̇

ℏ

[
Ĥ, ρ̂(t)

]
(5.1)

where Ĥ = ĤS + Ĥph + ĤS−ph is the total Hamiltonian describing the electronic spins

(ĤS), the phonon bath (Ĥph) and their spin-bath interaction (ĤS−ph), respectively. In

Lanthanide based SMMs, the low energy spectrum is characterized by crystal field Hamil-

tonian, ĤS =
∑

k=2,4,6

∑k
q=−k B

q
kÔ

q
k(J). The phonon Hamiltonian is defined by normal

mode of vibration (ωα), Ĥph =
∑

α ℏωα(nα + 1/2), α is the phonon number and finally

the interacting Hamiltonian between spin and phonon is defined by derivative of the spin

Hamiltonian over phonon normal mode coordinate (qα), eq. 5.2. As the phonon dy-

namics is much faster than spin system the Born-Markov approximation can be invoked

where the phonon degree of freedom will be integrated out. The resulting reduced density

matrix dynamics after some mathematical steps is described in eq. 5.3.

ĤS−ph =
∑

k=2,4,6

k∑
q=−k

(
∂Bq

k

∂qα

)
0

q̂αÔ
q
k(J) (5.2)

ρ̇Sab(t) = −ι̇ωabρab −
∑
cd

Rab,cdρ
S
cd(t) (5.3)
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where,

Rab,cd = − π

2ℏ2
∑
α

{∑
j

δbdV
α
ajV

α
jcG(ωjc, ωα) − V α

acV
α
dbG(ωdb, ωα)

− V α
acV

α
dbG(ωca, ωα) +

∑
j

δcaV
α
djV

α
jbG(ωjd, ωα)

}
(5.4)

Rab,cd is the full Redfield tensor which accounts for the system relaxation due to the

interaction with the thermal bath. It contains the information about different relaxation

routes depending on the number of states involved, i.e. i)- aa,aa: population relaxation,

rate of loss of the population in a, ii)- ab,ab: coherence relaxation or dephasing, damping

of coherence, iii- aa,bb: population transfer, rate of transfer of population from state

b to state a. iv- ab,cd: coherence transfer, rate at which amplitude in a oscillating

superposition between two state (c and d) couples to form oscillating amplitude between

two other states (a and b).

The complete derivation of eq. 5.4 and for Rab,cd is provided in methodology section.

5.3 Results and discussion

5.3.1 Relaxation time

We determined the longitudinal and transverse relaxation times, i.e., T1 and T2 at differ-

ent temperatures by solving master equation in time (eq. 5.3). In case of T1, we prepared

the initial density in the eigenstate of system Hamiltonian (ĤS), i.e. ρs(t = 0) = |0⟩ ⟨0|,
where |0⟩ represents the lowest eigensate of ĤS. The temperature dependency of T1 is

shown in Fig. 5.2a, the tendency for T1-T reflects exponential behavior for a temper-

ature range of 3-11 K. The obtained exponential behavior for Orbach process is fitted

with an Arrhenius equation, T1 ∝ exp(U eff/kBT ), gives us the effective energy barrier

Ueff of 34.5 cm−1, which is identical to the half of the energy of the lowest-frequency

molecular vibration of HoW10 (68.4 cm−1).92 This indicates that at low temperature, the

longitudinal relaxation is driven by lowest vibrational frequency, which is in line with the

interpretation of under-barrier relaxation in nanmagnets.84 For T2, we prepared the ini-

tial density in a superposition state ρs(t = 0) = |0⟩ ⟨1|, here |1⟩ is the first excited state.

The temperature dependency of T2 is shown in Fig. 5.2b, the observed tendency for T2

is similar to T1, it can be reasoned that at low temperature T2 is limited by T1 at CT

field. Away from CT, the relaxation times are further examined at different temperature

and magnetic field (B-fields). Fig. 5.2c and 5.2d illustrate the T1, T2 divergences around

CT field, i.e. (T1,2,Bz ̸=0 − T1,2,CT ) /T1,2,CT , showing that the longest relaxation times were

observed at CT field. This protection from vibrational decoherence at CT is coincide
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with experimental observed T2 protection from magnetic noise.65

Figure 5.2: Longitudinal and transverse relaxation times. a. Calculated T1 and b. T2
as a function of temperature at the CT and at 20 mT away from the CT. The dashed
line in (b) indicates the T2 limit of 300 µs estimated from nuclear spin bath. c. T1 and
d. T2 divergences around the CT at different temperatures. The curves serve as a guide
for the eye.

5.3.2 Two-qubit Hilbert space

The microscopic description in terms of an effective Hamiltonian for di-nuclear system is

shown in eq. 5.5 and more explicitly in eq. 5.6, where Ĥa
s and Ĥb

s(E) are the spin (crystal

field + hyperfine + Zeeman) Hamiltonians for HoW10 sites a and electrically-tuned b.

A perturbative approach has been employed to determine the E-field induced crystal

field parameters (Bq
k(E)).107 Ĥex denotes the interacting Hamiltonian, which accounts

for the dipolar interaction (jdip.a,b ) between the two sites a and b. This dipolar interaction

is dependent on two-site distance and orientation, this can be computed through eq. 5.7

in cgs units.

Ĥ tot. = Ĥa
s + Ĥb

s(E) + Ĥex (5.5)
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Ĥ tot. = Ĥa
s ⊗ Ib + Ia ⊗ Ĥb

s(E) + jdip.a,b (B)Ja ⊗ Ib · Ia ⊗ Jb (5.6)

jdip.sat. =
µ2
B

|r|3
[
ḡa · ḡb − 3 (ḡa · r̄) (r̄·) ḡb

]
(5.7)

where ḡi is the corresponding g-tensor, which is obtained from multiconfiguratinoal ab

initio calculations; r̄ is the unit vector at the direction from site a to b and |r| is the

length between these two sites. To determine magnetic field dependent dipolar coupling

(jdip.a,b (B)), we have computed expectation value ⟨Jz⟩ at different magnetic field. The

modified formula takes the form as:

jdip.a,b (B) =
⟨Jz⟩a · ⟨Jz⟩b
MJ,a ·MJ,b

µ2
B

|r|3
[
ḡa · ḡb − 3 (ḡa · r̄) (r̄·) ḡb

]
(5.8)

jdip.a,b (B) vanishes at the CTs where the molecule is effectively diamagnetic and has a locally

square dependence in its vicinity (Fig. 5.3a). Within the two dipolarly-coupled molecules,

the 16 levels of the individual molecules are combined into a 256 manifold (Fig. 5.3b). Our

operating two-qubit space in |MJ ,MI⟩-basis is defined as the 4 levels resulting from the

weak dipolar coupling between |MJ = ±4,MI = −1/2⟩(a) and |MJ = ±4,MI = −1/2⟩(b)

states for sites a to b, respectively. We label these four electro-nuclear spin states as

|00⟩, |01⟩, |10⟩, and |11⟩, independently of their physical nature, which will depend on

the applied B- or E-field.

Figure 5.3: a. Calculated dipolar exchange (jdip.a,b ) of the 16 spin levels of a HoW10

molecule interacting with its neighboring molecule. The MJ = ±4 levels with the same
MI are overlapped. b. Energy levels of the coupled HoW10 dimer in the presence of
an E-field (300 V) with 2 mm interelectrode distance. The four operating levels are
highlighted. The two middle levels (red and blue) are close to each other.
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5.3.3 Two-qubit gate

The four electro-nuclear spin states |00⟩, |01⟩, |10⟩, and |11⟩ resulting from di-nuclear

HoW10–HoW10 can be utilized for entanglement generation. In Fig. 5.4a, a schematic

diagram is presented showing the physical nature of states in the presence and absence

of E-field owing to the possibility for entangled state in Bell basis. In the absence of

E-field (Fig. 5.4a left), one would define all four states as a linear combination of CT

states (symmetric), the states |00⟩s and |11⟩s, which are energetically well-separated,

correspond to the “double ground” and “double excited” CT states, respectively, and

|01⟩s and |10⟩s are degenerate in energy. At CT field, the two states are separable and

independent, so one could identify as two single qubit system or two copies of same

qubit. The key requirement for generating an entangled states is to have distinguishable

transition and switchable operating qubit-space. The distinguishable transitions can be

achieved through activating dipolar interaction using B-Field by moving away from CT

field, to have switchable states E-field can employed. In the presence of E-field, the

physical nature of the qubit space changes, basically E-field destroy symmetric nature

in |01⟩s and |10⟩s, one would characterize them as asymmetric states (Fig. 5.4a right).

The two-qubit space near first CT field for di-nuclear HoW10–HoW10 clearly present such

scenario shown in Fig. 5.4b, where it is shown that slightly moving away from CT-

field, one could achieve distinguishability and switchable operating space. This dipolar-

coupling character, that symmetrizes the wavefunction, is competing with the E-field that

makes the two molecules inequivalent. A high B-field is not actually required to achieve

this inequivalence, indeed around B = 12 mT the exchange becomes non-negligible (δf

= 0.1 MHz).

In following, we briefly discussed the initialization process and pulse sequence required

for one and two-qubit operations, the detailed process including the readout of the states

can be found in the main text and supporting information of Ref.226

In case of initialization process, the ground state of our operating space i.e. |00⟩as is

accessed through applying series of pulses to transfer population from the ground state

of bimolecular Hamiltonian. In Fig. 5.4c, we identified the pulse sequence required

for achieving the |00⟩as-state based on their wavefunction character in hyperfine basis

(
∣∣Ma

I ,M
b
I

〉
). Once the initial state is prepared, E-field is turned-on a microwave(mw) π-

pulses is applied to promote |00⟩as → |10⟩as transition (Fig. 5.4d). In next step, E-field

is turned-off, this will result in Rabi-like oscillation between |10⟩as and |01⟩as (because 4

MHz gap between |01⟩as and |10⟩as is coming from E-field). These oscillation constitute

a two-qubit SAWP gate. More exactly, any desired rotation between these two states

can be achieved by choosing the time of the operation, including the notable
√
SWAP

that together with single-qubit rotations forms a universal gate set. The
√
SWAP gate

operation would result in entangled states that can be read-out in Bell states as Ψ±
23 =
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Figure 5.4: a. Scheme of the qubit states in absence and presence of an E-field. b.
The operating space around the first CT and the generation of the entangled states Ψ±

23

and Φ±
14 at 12 mT (see text). c. Initialization scheme showing the population transfer

from the ground level (green) to the first operating level (black) by using 8 consecutive
π pulses d. Pulse sequence and e related initial and Bell states.

1√
2
(|01⟩as ± |10⟩as). To generate the desired Bell state, applying a π-pulse to Ψ±

23 enables

population transfer from |10⟩as → |00⟩as and |01⟩as → |11⟩as simultaneously because of

their indistinguishable energy gaps, i.e. Φ±
14 = 1√

2
(|00⟩as ± |11⟩as) (Fig. 5.4e). In other

words, the transition frequency corresponding to each qubit is independent on the state

of the two-qubit system. This unambiguous correspondence between logical operation

and physical operation constitutes a key difference between our proposal and previous

approaches.117–121,225,227

Let us give some estimates on practical details. The typical times for two-qubit gate

operations will be given by the inverse of the interaction energy between the two molecular

spins. With δf = 0.1 MHz at 12 mT as discussed above, a half rotation (
√
SWAP ) would

take in the order of 5 µs. The duration of microwave π-pulses is determined as 800 ns

to selectively excite qubits with narrow frequency around 3 MHz in the presence of the

E-field.107 Thus, the overall time needed for the pulse sequence illustrated in Fig. 5.4d
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is comparable to the T2 value at 5 K, but conveniently below the estimated T2 times at

3 or even 4 K, meaning any cooling below 5 K would suffice.

5.4 Conclusion

In this chapter, we have presented a scheme for entanglement generation in a two-qubit

Hilbert space, resulting from two molecular spin qubit. The key requirements for gener-

ating high-fidelity entangled states are to have distinguishable transitions and switchable

(symmetric to asymmetric) operating qubit space. Herein, former is achieved through

activating dipolar interaction and later through applying E-field. Also, qubit lifetime

places an upper limit for time required to generate an entangled state.

The proposed scheme is employed on a CT-protected HoW10 dimer molecule in a

diluted crystal which is coupled through dipolar interaction. Firstly, the temperature

and magnetic field dependence of decoherences process in qubit states are analyzed using

Redfield relaxation theory, this is to determine the realistic conditions for operating times

on qubit states. Later, a two-qubit Hilbert space is constructed from CT states of two

neighboring inversion-symmetry related molecules. The dipolar interaction is activated

by slightly moving away from CT field, this provides distinguishable transitions within

two-qubit states. The observed strong spin electric effect in HoW10,
107 a modest E-

field of 300V/2mm is enough to have switchable operating space. Our results offer a

promising strategy towards the use of HoW10 molecular spin qubits in constructing a fully

addressable two qubit quantum processor which not only avoids the always-on inter-qubit

interaction by local E-field control, but also realizes one-to-one correspondence between

logical and physical operations.

The present scheme presented can be employed to both CT and non-CT systems.

Further, our scheme can be directly employed to study the recently discovered Lu (II) CT

system and its viability for entanglement generation.122 Finally, note that the existence

of a highly protected subspace might be exploited for further schemes in a way that this

two-qubit system can be considered as two physical qubits able to temporarily store a

single logical qubit, as an approach to built-in quantum error protection.

5.5 Contribution of the author

The work presented in this chapter was a theoretical model aiming towards physical

implementation of two-qubit gate in near future. The author of this thesis was main

contributing author to this research work under the supervision of J. Aragó and A.

Gaita-Ariño and in assistance with co-authors.
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ARTICLE OPEN

Electrical two-qubit gates within a pair of clock-qubit magnetic
molecules
Aman Ullah1,2, Ziqi Hu1,2, Jesús Cerdá 1, Juan Aragó 1✉ and Alejandro Gaita-Ariño 1✉

Enhanced coherence in HoW10 molecular spin qubits has been demonstrated by use of clock-transitions (CTs). More recently it was
shown that, while operating at the CTs, it was possible to use an electrical field to selectively address HoW10 molecules pointing in a
given direction, within a crystal that contains two kinds of identical but inversion-related molecules. Herein we theoretically explore
the possibility of employing the electric field to effect entangling two-qubit quantum gates within a 2-qubit Hilbert space resulting
from dipolar coupling of two CT-protected HoW10 molecules in a diluted crystal. We estimate the thermal evolution of T1, T2, find
that CTs are also optimal operating points from the point of view of phonons, and lay out how to combine a sequence of
microwave and electric field pulses to achieve coherent control within a switchable two-qubit operating space between symmetric
and asymmetric qubit states that are protected both from spin-bath and from phonon-bath decoherence. This two-qubit gate
approach presents an elegant correspondence between physical stimuli and logical operations, meanwhile avoiding any
spontaneous unitary evolution of the qubit states. Finally, we found a highly protected 1-qubit subspace resulting from the
interaction between two clock molecules.

npj Quantum Information           (2022) 8:133 ; https://doi.org/10.1038/s41534-022-00647-8

INTRODUCTION
Electrical control of spins at the nanoscale offers significant
architectural advantages in spintronics, because electric fields (E-
fields) can be confined over shorter length scales than magnetic
fields (B-fields)1–5. In the context of qubits, the use of E-fields has
been already suggested as a strategy to generate entangling
two-qubit gates, either passing current pulses through mole-
cules in single-molecule spintronics, or by applying E-fields in a
P@Si crystal6–9.
Magnetic molecules are considered as an ideal platform in this

line since their spin Hamiltonian can be tailored by chemical
design10. Constructing two-qubit gates has been already explored
theoretically based on heterodimer systems, where the qubit
states are defined as identical to the spin states of the individual
molecular component11–16. These schemes are generally affected
by a weak “always-on” inter-qubit interaction that cannot be
completely switched off due to residue dipolar coupling, which
makes them hard to scale as it induces an unwanted two-qubit
evolution of the wavefunction. Other strategies employ a single
high-spin metal center that encodes multiple qubits, where most
of the logical operation, both single-qubit and two-qubit, require a
series of physical multi-step climbing on the energy levels of the
molecule17. Implementing two-qubit logical gates as independent
physical operations is challenging in practice.
Another challenge for molecular spin qubits is that they exhibit

fragile quantum coherence owing to the inevitable interaction
with the environment (spin and phonon baths). A significant
enhancement has been recently achieved via clock-transitions
(CTs), which protect from magnetic noise18–20. Nevertheless, at the
CT field, the two-qubit states would present a vanishing first-order
Zeeman effect and a vanishing magnetic moment, due to perfect
mixing within a tunneling-splitting electronic spin doublet MJ=
± 4. We will explore herein how these limitations may be
overcome by slightly moving away from the CT but preserving

some coherent protection and, at the same time, the use of a
directional E-field to electronically tune the transition frequencies
of the two interacting qubit molecules.
The polyoxometalate molecular anion ½HoðW5O18Þ2�9� (abbre-

viated to HoW10) with crystal structure Na9½Y1�xHoxðW5O18Þ2� �
35H2O (x= 1%) is a prime example of CT spin qubit18. The crystal
unit cell contains two inversion-symmetry related HoW10 anions,
slightly distorted (D4d symmetry) along their C4 axes (Fig. 1a). The
magnetic levels of a single HoW10 can be described by a
Hamiltonian, including crystal field, hyperfine, and Zeeman
interactions:

Ĥ ¼
X

k¼2;4;6

Xk
q¼�k

Bqk Ô
q
kðJÞ þ Ĵ � A � Î þ μBgeB0 � Ĵ � μNgNB0 � Î; (1)

where, Bqk corresponds to the crystal-field parameters (CFPs) in the
Extended Steven Operator notation (Ô

q
k ). J and I are the total

electronic and nuclear angular momentum, respectively, A
denotes the isotropic hyperfine interaction, ge (gN) and μB (μN)
correspond to the electronic (nuclear) gyromagnetic ratio and
Bohr magneton, respectively. The low-energy region of interest
comprises 16 electro-nuclear spin levels corresponding to the spin
doublet MJ= ± 4 and a nuclear spin I= 7/2 (Supplementary Fig. 1).
Each CT corresponds to an anticrossing between the 8th and the
9th levels (Supplementary Note 1).
A recent experimental study showed that one can achieve

coherent control over the spin of HoW10 molecules by using an
E-field pulse to manipulate the CT frequency21. This is realized in
practice due to a strong spin–electric coupling (SEC), which arises
from intrinsic symmetry breaking, a soft and electrically polariz-
able environment of the spin carriers, and a spin spectrum that is
highly sensitive to distortions. This allows to selectively address
the spins of identical HoW10 molecules pointing at different
directions.
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In this work, we theoretically demonstrate the possibility of
employing E-field pulses to effect entangling two-qubit quantum
gates within a 2-qubit Hilbert space resulting from two neighbor-
ing CT-protected molecules of HoW10. This involves finding a B-
field constituting a compromise between keeping some of the
protection from magnetic noise and allowing unitary evolution of
the qubit states. We start with a theoretical estimate of the effect
of temperature and B-field on the longitudinal (T1) and transverse
(T2) relaxation times of a HoW10 single qubit. Later, with the whole
Hamiltonian, we indicate the conditions and procedure to
implement arbitrary 2-qubit manipulations in this system.

RESULTS
Single-qubit relaxation
Prior to addressing the two-qubit system (i.e., the two inversion-
symmetry related HoW10 units of the crystal cell), let us analyze
the relaxation dynamics of an individual HoW10 molecule. Note
that, despite the CT protection, HoW10 presents relatively short
coherence times T2(5K)≃ 8 μs. We are interested in the role of
temperature because of the lack of such information both in
experiment and in theory, since previous works have focused on
the role of the spin bath for this compound22,23.
The dynamics of the entire system (electronic spins and

phonons) can be described by the time evolution of the density
operator, ρ̂ðtÞ.
_̂ρðtÞ ¼ � _ι

_
Ĥ; ρ̂ðtÞ� �

(2)

where Ĥ ¼ ĤS þ Ĥph þ ĤS�ph is the total Hamiltonian describing
the electronic spins (ĤS), the phonon bath (Ĥph) and their spin-
bath interaction (ĤS�ph), respectively. When phonon dynamics is
much faster than the spin relaxation (as it is the case here),
the Born-Markov approximation is safely invoked integrating out
the phonon component from the density matrix and making the
problem purely electronic in the presence of a phonon bath24. In
this regime, the dynamics of the electronic spin states can be
described by the reduced spin density operator (ρ̂S) within the
Redfield equation in the eigenvector representation of the spin
Hamiltonian ĤS

25–28,

_ρSabðtÞ ¼ �_ιωabρab �
X
cd

Rab;cdρ
S
cdðtÞ (3)

where ωab= (Ea− Eb)/ℏ, and Ea and Eb are the corresponding
eigenvalues. Rab,cd is the full Redfield tensor, which accounts for
the system relaxation due to the interaction with the thermal bath.
To evaluate the Redfield tensor, we need a spectral function for
the bath, which is taken from ref. 29, and the spin–phonon

couplings, which are estimated from ab initio calculations
(Supplementary Note 2).
We then solve the master equation (Eq. (3)) in time at different

temperatures. T1 and T2 are thus extracted by fitting the
exponential decays of magnetization at any temperature
(Supplementary Note 3). The temperature evolution of T1
predicted for HoW10 (Fig. 2a) reveals an exponential T1 – T
dependence over the temperature range of 3–11 K. An Arrhenius
fit of this Orbach process, T1 ∝ exp (Ueff/kBT), gives us an effective
energy barrier Ueff of 34.5 cm−1, which is virtually identical to the
half of the energy of the lowest-frequency molecular vibration of
HoW10 (68.4 cm−1)30. This relation is in line with the interpreta-
tion of the under-barrier relaxation in molecular nanomagnets
by Lunghi et al.29 and indicates that the longitudinal relaxation
of HoW10 within the ground doublet is assisted by the lowest-
frequency phonon mode at low temperatures. Our analysis also
shows that T2s are in the same order as for T1s, both following
the similar temperature trend (Fig. 2b). This behavior is in
accordance with the observed drastic T2 decrease upon
heating18, demonstrating that T2 is limited by T1, which is
mainly governed by the spin–phonon coupling with the lowest-
frequency phonon mode. We notice that our calculation under-
estimates T1 and T2 compared with the experimental estimates
determined at the CTs. This is partly due to the overestimation of
spin–phonon couplings computed within a single HoW10 model
in gas phase. On the other hand, Raman relaxation processes
(not considered here) may be important to estimate T1 more
precisely at low temperatures. However, a similar temperature
dependence behavior for Orbach and Raman relaxation
mechanisms have been shown as long as anharmonicity effects
are included as here through the spectral density (Supplemen-
tary Equation 16)31.
To gain an insight into the relaxation behavior in the vicinity of

CTs, relaxation times are further analyzed at different B-fields and
different temperatures. Figure 2c, d illustrate T1, T2 divergences
with the longest relaxation times observed at the CT, i.e.,
T1;2;Bz≠0 � T1;2;CT
� �

=T1;2;CT. This protection against vibrational
decoherence at the CT coincides with the well-known T2
protection from magnetic noise. The latter originates in the fact
that the Ho spin possesses a vanishing magnetic moment resulted
from mixing between MJ ¼ þ4j i and MJ ¼ �4j i (Fig. 1b). When
moving away from the CT, such mixing is broken by the Zeeman
effect and thereby the dipolar decoherence is activated. Since we
did not include dipolar decoherence in our model, it is not
surprising that the calculated T2 drop ( ~40%) at 10 mT away from
the CT is less intense than the sharp T2 divergence determined in
experiments.

Fig. 1 A weakly dipolarly coupled HoW10-HoW10. a Nearest inversion-related HoW10 pair within the crystal, illustrating their dipolar
interaction. Their magnetic axes point in opposite directions. b Calculated energies (left axis) and mixing degree (right axis) of the eigenstates
in terms of the MJ ¼ ±4j > spin states of HoW10 as a function of magnetic and electric fields. α and β are the eigenstate coefficients (i.e.,
Ψ ¼ α MJ ¼ þ4j i± β MJ ¼ �4j i) The first CT is located at Bmin = 24mT. The calculated CT frequency is≃ 11 GHz (≃9.1 GHz in experiment).
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Two-qubit gates
To explore the possibility of coherent control over a 2-qubit
Hilbert space, including generating entangled states, we con-
sidered two nearest HoW10 qubits as indicated in Fig. 1a. With a
protection of quantum coherence against spin-spin interactions,
it has been demonstrated that T2 was already saturated at 8 μs at
5 K in a 1% diluted HoW10 crystal18, in which 0.01% abundance of
HoW10 dimers can be expected. This value falls into the dilution
range of non-CT molecular spin qubits conventionally used for an
optimum T232,33. Although fully realistic, a technical difficulty of
operating on molecular spin qubit pairs in a disordered, diluted
system is that isolated molecules with similar transition energies
will be far more abundant than molecule pairs. We will outline
two independent ways of addressing this problem, based on
initialization and on two-qubit gates.
Figure 3 a illustrates a schematic diagram for a general two-

qubit system with identical (left) and inequivalent (right) qubits. In
the symmetric scenario (at the CT and zero E-field in HoW10 dimer
case), one would define all four states as linear combination of the
single-molecule states. Specifically, 00j is and 11j is, which are
energetically well-separated, correspond to the double ground
and double excited states, respectively. In addition, 01j is and 10j is
are degenerate in energy (Fig. 3a, left). Since the two molecules
are identical and uncoupled, the states of the two molecules in
01j is and 10j is are separable and independent. That electronic
situation is better understood not actually as a two-qubit system,
but rather as two single-qubit systems that happen to be close to
each other and function as two copies of the same qubit.
The key requirement for generating high-fidelity entangled states

is to have distinguishable transitions and switchable (symmetric to
asymmetric) operating qubit space. The former can be achieved

through activating dipolar interaction. However, the symmetric
scenario maintains under this circumstance, which resembles
previous theoretical proposals11–14. In order to have switchable
qubit states, an E-field is introduced in our case, which alters the
physical nature of the qubit space by breaking symmetry in 01j is
and 10j is and gives rise to asymmetric states (Fig. 3a right).
This feature will be discussed in detail later. At this stage, let us

first address the response of the HoW10 dimmer system to an
applied E-field. In reality, with an applied E-field, two symmetry-
inversion HoW10 molecules intrinsically experience opposite
directions of the field but with the same magnitude, that is, +E
for one molecule and -E for another. To simplify the description
and calculations, we apply the net E-field effect on just one of the
molecules, which is equivalent to the experimental scenario. The
microscopic description in terms of an effective Hamiltonian of
this system is as follows:

Ĥ
tot ¼ Ĥ

a
s þ Ĥ

b
s ðEÞ þ Ĥ

ex (4)

Ĥ
tot ¼ Ĥ

a
s � Ib þ Ia � Ĥ

b
s ðEÞ þ jdipa;bðBÞJa � Ib � Ia � Jb (5)

where Ĥ
a
s and Ĥ

b
s ðEÞ are the spin (crystal field + hyperfine +

Zeeman) Hamiltonians for HoW10 sites a and electrically tuned b.
The crystal-field parameters (CFPs) BqkðEÞ are determined by
establishing a relation between the given E-field and spin-energy
levels (Methods and ref. 21). Ĥ

ex
denotes the interacting

Hamiltonian, which accounts for the dipolar interaction (jdipa;b )
between the two sites a and b. This dipolar interaction is
dependent of B-field for a given two-site distance and orientations
(Supplementary note 4), and vanishes at the CTs where the
molecule is effectively diamagnetic (Fig. 3b).

Fig. 2 Longitudinal and transverse relaxation times. a Calculated T1 and bT2 as a function of temperature at the CT and at 20 mT away from
the CT. The dashed line in b indicates the T2 limit of 300 μs estimated from nuclear spin bath in ref. 22. c T1 and d T2 divergences around the CT
at different temperatures. The curves serve as a guide for the eye.
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Within the two dipolarly coupled molecules, the 16 levels of the
individual molecules are combined into a 256 manifold (Fig. 3c).
Without loss of generality, and since our Hamiltonian does not
include terms that are extradiagonal in the nuclear spin, we
consider only states involved in the first CT at Bmin = 24mT. Our
operating two-qubit space is thus defined as the 4 levels resulting
from the weak dipolar coupling between MJ ¼ ± 4;MI ¼ �1=2j iðaÞ
and MJ ¼ ± 4;MI ¼ �1=2j iðbÞ states for sites a to b, respectively.
We label these four electro-nuclear spin states as 00j i, 01j i, 10j i,
and 11j i, independently of their physical nature, which will depend
on the applied B- or E-field.
As discussed above, dipolar coupling is firstly needed to make

two molecules inequivalent (δf ¼ Eð 10j iÞ � Eð 01j iÞ≠ 0), which is
realized by moving B-field away from the CT region. Figure 3d
illustrates δf as a function of the deviation from the CT. A high B-
field is not actually required to achieve this inequivalence, indeed
around B= 12mT the exchange becomes non-negligible
(δf= 0.1 MHz).
In the next step, an E-field is applied to generate asymmetric

two-qubit states. In our working conditions (B-field= 12mT, E-
field= 300 V per 2 mm), the spins of the two molecules are
coupled whereas the two qubits are uncoupled. This is evidenced
by the fact that each of the states 00j ias, 01j ias, 10j ias, 11j ias are
eigenstates of the static Hamiltonian (eq. (4)), as can be seen from
the wavefunction composition of the HoW10 pair (Supplementary
Tables 5–8). Besides, the two single-qubit frequencies ℏω1 and
ℏω2 no longer correspond to the two single-molecule excitation
energies, i.e., the eigenstates of the pair as our working space are
not the eigenstates of the individual molecules due to dipolar
interaction. Despite that, single-qubit addressability is not
disturbed since transition frequencies are still distinct.
This framework is able to effect two-qubit gates, but first we

briefly address the issue of initialization since our starting state

would be the �4;�1=2j iðaÞ � �4;�1=2j iðbÞ (Fig. 3c, e, black). One
can apply a sequence of pulses to transfer the population from the
ground state of the bimolecular Hamiltonian to the ground state
of our operating space. We estimated a possible initialization
sequence by analyzing the wavefunction within a hyperfine basis
( Ma

I ;M
b
I

�� �
, Supplementary Note 5). Note that the dipolar interac-

tions are strong enough that this initialization step is able to
distinguish between isolated molecules and pairs of neighboring
HoW10 qubits within the diluted crystal.
Here, we employ a specific case for illustration of single- and

double-qubit operations, namely the generation of a Bell state
involving 00j ias and 11j ias. Once the initial state 00j ias is prepared,
the E-field is turned on and a microwave π-pulse is applied to
promote the 00j ias ! 10j ias transition (Fig. 3e, f). The eigenstates
after switching off the E-field are 10j is and 01j is, thus Rabi-like
oscillations start between 10j ias and 01j ias. These coherent
oscillations constitute a two-qubit SWAP gate by switching
10j ias ! 01j ias. More exactly, any desired rotation between these
two states can be achieved by choosing the time of the operation,
including the notable

ffiffiffiffiffiffiffiffiffiffiffiffi
SWAP

p
that together with single-qubit

rotations forms a universal gate set. The
ffiffiffiffiffiffiffiffiffiffiffiffi
SWAP

p
gate operation

would result in entangled states that can be read-out in Bell states
as Ψ±

23 ¼ 1ffiffi
2

p ð 01j ias ± 10j iasÞ. To generate the desired Bell state,

applying a π-pulse to Ψ±
23 enables population transfer from

10j ias ! 00j ias and 01j ias ! 11j ias simultaneously because of
their indistinguishable energy gaps, i.e., Φ±

14 ¼ 1ffiffi
2

p ð 00j ias ± 11j iasÞ
(Fig. 3g). In other words, the transition frequency corresponding to
each qubit is independent on the state of the two-qubit system.
This unambiguous correspondence between logical operation
and physical operation in a switchable two-qubit space
constitutes a key difference between our proposal and previous
approaches11–14,17,34,35.

Fig. 3 Two-qubit entanglement generation. a Scheme of the qubit states in absence and presence of an E-field. b Calculated dipolar
exchange (jdipa;b ) of the 16 spin levels of a HoW10 molecule interacting with its neighboring molecule. The MJ= ± 4 levels with the same MI are
overlapped. c Energy levels of the coupled HoW10 dimer in the presence of an E-field (300 V) with 2 mm interelectrode distance. The four
operating levels are highlighted. The two middle levels (red and blue) are close to each other. d δf as a function of B-field with (red) and
without (black) applied E-field. The SEC effect is indicated by their difference (blue). e The operating space around the first CT and the
generation of the entangled states Ψ±

23 and Φ±
14 at 12 mT. f Pulse sequence and g related initial and Bell states.
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Physical implementation and pulse duration time
Let us give some estimates on practical details. The typical times
for two-qubit gate operations will be given by the inverse of the
interaction energy between the two molecular spins. With δf= 0.1
MHz at 12mT as discussed above, a half rotation (

ffiffiffiffiffiffiffiffiffiffiffiffi
SWAP

p
) would

take in the order of 5 μs. The duration of microwave π-pulses
(800 ns) was used in experiment to selectively excite qubits with
narrow frequency around 3MHz in the presence of the E-field21.
Thus, the overall time needed (≃7 μs) for the pulse sequence
illustrated in Fig. 3f is comparable to the T2 value at 5 K. However,
our calculations above show that the phonon-mediated decoher-
ence below 3 K would be so weak that T2 would rise to the order
of 1 ms, indicating that the decoherence caused by the spin bath
would dominate. The nuclear spin bath had been previously
estimated to produce a T2≃ 300 μs22, and the electron spin bath
can be conveniently lowered by dilution if needed, meaning a
conservative estimate of T2≃ 30 μs should be easily achievable,
and at the same time sufficiently longer than our estimated
operation time.
The pair of states 10j ias and 01j ias merit a separate discussion.

We have employed them here as two of the four states in a two-
qubit system, but they also could be employed as an exceptionally
protected single qubit (3rd-CT, Supplementary Fig. 11), with the
other states being auxiliary. The idea that inter-qubit dipolar
interactions and spin-phonon interactions need to be suppressed,
and the proposal to do that by having antiferromagnetically
ordered spin qubits via chemical design has been around for some
time now36. A similar strategy has been achieved experimentally
in so-called flip-flop qubits4. One can appreciate the unusual
protection against magnetic noise in the energy differences in
Fig. 3d, and in the energy levels themselves in Supplementary
Figs. 8 and 9.
As mentioned above, a key difficulty from working with pairs of

magnetic entities within a diluted crystal is getting past the signal
from the monomers, which will be statistically much more
abundant. To supress single-qubit signal one needs to design
pulse sequences, as in the example above, where all single-qubit
operations add up to full 2π single-qubit rotations, so all the single
qubits will be back to the ground state and not contribute to the
detected signal. For qubit pairs, which experience two-qubit
rotations, the same pulse sequence results in non-trivial opera-
tions. The extension of the same strategy to other quantum
circuits is discussed in Supplementary Note 6, where other
challenges for this scheme that may arise from the low symmetry
of the crystal structure are discussed, together with possible
strategies to address them.

DISCUSSION
Our work presents a general methodology to investigate the
possibility of generating entanglement in a 2-qubit Hilbert space
constructed from two molecular spin qubits. To do so, one must
determine the qubit relaxation times, and the details of the
pulse sequence, including transition frequencies and pulse
duration times. Of course, to obtain a reliable entangled state,
relaxation times place an upper limit to total pulse duration
times. Here, we investigated a CT qubit in HoW10. The inversion-
symmetric HoW10 pair in a diluted crystal offers several
features including the robust coherence close to the CTs, the
strongest spin-electric response and the resulting switchable
operating space between symmetric and asymmetric two-qubit
states. Our results offers a promising strategy towards the use of
HoW10 molecular spin qubits in constructing a fully addressable
two-qubit quantum processor, which not only avoids the
“always-on” inter-qubit interaction by local E-field control, but
also realizes one-to-one correspondence between logical and
physical operations.

The approach presented in the present study can be
employed to CT and non-CT systems. Further, our scheme can
be directly employed to study the recently discovered Lu (II) CT
system and its viability for entanglement generation19. Finally,
note that the existence of a highly protected subspace might be
exploited for further schemes in a way that this two-qubit system
can be considered as two physical qubits able to temporarily
store a single logical qubit, as an approach to built-in quantum
error protection.

METHODS
Ab initio calculations
The time-independent electronic structure of HoW10 was com-
puted using the multiconfigurational Complete Active Self-
Consistent Field Spin-Orbit (CASSCF-SO) method as implemented
in the OpenMOLCAS program package (version 18.09)37. The
molecular geometry was extracted from the single-crystal X-ray
structure. Scalar relativistic effects were taken into account with
the Douglas-Kroll-Hess transformation using the relativistically
contracted atomic natural orbital ANO-RCC basis set with VDZP
quality for all atoms. The active space consisted of 10 electrons on
the 7 f-orbitals of Ho3+ ion. The molecular orbitals were optimized
at the CASSCF level in a state-average (SA) over 35 quintets of the
ground state term (L= 6 for Ho3+). The wave functions obtained
at CASSCF were then mixed by spin–orbit coupling by means of
the RASSI approach. The crystal-field parameters (CFPs) used for
the system Hamiltonian (Eq. (1)) were calculated using SINGLE_-
ANISO module implemented in OpenMOLCAS38. .

DFT calculations
The structural optimization of the crystallographic coordinates (in
vacuum) and the vibrational modes calculations were carried out
at DFT level using the Gaussian16 package in its revision A.0339.
Vibrational frequency calculations were performed using both the
fully optimized structure and the X-ray crystal structure with no
optimization. The PBE0 hybrid exchange-correlation functional
was used for both optimization and frequency calculations in
combination with Stuttgart RSC ANO basis set with effective core
potential (ECP) for the Ho3+ cation. CRENBL basis set have been
used for W with corresponding ECP potential and 6-31G(d,p) basis
set had been used for oxygen. An “ultra-fine” integration grid and
“very tight” SCF convergence criterion were applied. Dispersion
effects were taken into account using the empirical GD3BJ
dispersion correction.

Spin–electric couplings
To quantify the spin–electric couplings (SEC), we established a
relation between the change in the dipole moment and spin-
energy levels. As the dipole moment depends on the electronic
cloud distribution, it will be directly affected by an induced E-field.
To quantify the change of dipole moment, we used vibrational
normal mode basis, as they are orthogonal, and we know for fact
that each molecular perturbation can be decomposed of linear
combination of normal basis. A central assumption in our
methodology is that the rise in potential energy (Uα ¼ 1

2 κq
2
α)

due to the displacement of the atomic positions -in the form of a
harmonic oscillator- is exactly matched by the stabilization of the
potential energy (UE=− p ⋅ E) due to the change in the molecular
electric dipole in presence of an external electric field. In absence
of E-field, spin-energy levels in lanthanide-based complexes can
be characterized by time-independent crystal-field Hamiltonian
ĤCFðJÞ,

ĤCFðJÞ ¼
X

k¼2;4;6

Xk
q¼�k

Bqk Ô
q
kðJÞ (6)
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where Bqk and Ô
q
kðJÞ correspond to the crystal-field parameter and

the Stevens operator of rank ‘k’ respectively, and ‘J’ is total angular
momentum. From eq. (6), it is evident that external E-field will
modify the crystal-field parameters; i.e., “Bqk ! BqkðQðEÞÞ” and
Hamiltonian takes the form ĤCFðJÞ ! ĤCFðJ;QðEÞÞ, where Q(E)
accounts for the perturbative displacement caused by the change
in the electronic cloud as a consequence of the E-field.
To numerically simulate this effect, we firstly distort the

molecular geometry along the displacement vector for each
normal mode α. The distortions are quantified by zero-point
displacement for each normal mode, i.e., qα ¼ ±

ffiffiffiffiffiffiffiffiffiffiffiffiffi
_ω=κα

p
, here κi

is the spring mass constant, which can be easily extract from
DFT calculations. At each distorted geometry, we compute the
dipole moment ‘pα’ by single-point calculations in the presence of
the environment described as a point-charge approximation.
The obtained ‘pα’ is then used in E(qα)=− Uα/∣Δpα∣ to quantify
how much distortion qα is produced in each normal mode
“α” by an induced E-field. The effective total distortion will be a
linear combination of orthogonal basis defined in the normal
mode basis:

QðEÞ ¼
X
α

qαðEÞ ¼ q1ðEÞ þ q2ðEÞ þ ¼ þ q3N�6ðEÞ (7)

where qα(E) is the distortion induced at a given electrical field for
the normal mode α, which can be further expressed in terms of
normal vector as:

qα ¼ qα

nx;α

ny;α

nz;α

0
B@

1
CA (8)

nx,y,z,α are the normal vector coordinates in x, y, and z direction.
Lastly, the effective total distortion (Q(E)) for given E-field is added
to the equilibrium molecular geometry to re-compute the spin-
energy levels at the CASSCF level.

Spin vibrational couplings
The interaction of the electronic spins with the nuclear degrees of
freedom (phonons) also known as spin–phonon couplings (SPC)
is a source of decoherence in molecular qubits. Spin, phonons,
and spin-phonon Hamiltonians are defined below. (Note that the
spin Hamiltonian is equivalent to the CF Hamiltonian previously
described.)

ĤS ¼
X

k¼2;4;6

Xk
q¼�k

Bqk Ô
q
kðJÞ (9)

Ĥph ¼
X
α

_ωαðnα þ 1=2Þ (10)

ĤS�ph ¼
X

k¼2;4;6

Xk
q¼�k

∂Bqk
∂qα

	 

0
q̂αÔ

q
kðJÞ (11)

ωα denotes the frequency for mode α whereas nα corresponds to
the phonon level. q̂α denotes the a dimensional phonon

coordinate and the term
∂Bqk
∂qα

� �
0
is the SPC constant for a given

phonon-α. To evaluate this coupling term, we start by computing
the zero-point energy displacements; i.e., qα ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_ωα=kα

p
, where kα

is the spring mass constant for a given phonon-α. We then distort
the equilibrium molecular geometry qeq within a limit of−qα→
+ qα along the displacement vectors nx,y,z for each mode-α using:
qdist,α= qeq+ qjnx,y,z. For each distorted geometry qdist,α, we
performed ab initio electronic structure calculations (CASSCF-SO)
and extracted the CFPs (Bkq) in Steven’s operator definition. The
obtained CFPs are fitted with second order polynomials to

evaluate the first-order SPC for a given phonon, i.e.,
∂Bqk
∂qα

� �
0
.
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Supplementary Note 1. ENERGY LEVELS OF THE SINGLE HOW10 MOLECULE

The spin energy level scheme for HoW10 can be described by the following Hamiltonian:

Ĥ =
∑

k=2,4,6

k
∑

q=−k

Bq
kÔ

q
k(J) + Ĵ ·A · Î + µBgeB0 · Ĵ − µNgNB0 · Î , (1)

where, Bq
k are the CFPs in Extended Steven Operator (Ôq

k). J and I are the total electronic and nuclear angular
momentum, respectively, whereas “A” denotes the isotropic hyperfine interaction. ge (gN ) and µB (µN ) correspond to
the electronic (nuclear) gyromagnetic ratio and Bohr magneton, respectively. For HoW10, J=8, I=7/2 and A=0.02768
cm−1 (830 MHz) [1], ge=1.25 and gN=1.668. B0 is the applied magnetic field.

In the ground 16-level electronuclear spin manifold (|±MJ ,±MI⟩), the levels of a single HoW10 molecule correspond
to a electronic spin doublet that is hyperfine coupled to a single nuclear spin octuplet. In both cases, the spin resides
in the Ho3+ ion. This results in 4 CTs, equispaced in terms of magnetic field and of identical transition frequency,
always corresponding to transitions between the 8th and 9th levels. Note that, although the levels involved at the
CTs are the same (the 8th and 9th levels), they are different in nature due to the multiple crossings in this dense
spectrum. Figure 1 displays the energy evolution of the electronuclear states as a function of a B-field applied along
the easy axis of the magnetization (B0z).

Supplementary Figure 1. Calculated Zeeman diagrams for the 16 states of the MJ=±4, I = 7/2 electro-nuclear spin ground
manifold vs a B-field applied along the easy axis of the magnetization (B0z). The electronic spin wavefunction varies contin-
uously, with perfect mixing at each CT, as the curve attains zero slope, and pure electronic spin state at effectively infinite
distance from the CT. The nuclear spin wavefunction is always pure, since no extradiagonal term acting on the nuclear spin is
included in the Hamiltonian.
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Supplementary Note 2. RELAXATION DYNAMICS: REDFIELD THEORY

The total Hamiltonian is decomposed in the spin, phonon and spin-phonon Hamiltonians as described in Eqs. 8, 9
and 10 respectively in main text. For convenience, we write Eq. 10 in a more compact way as

ĤS−ph =
∑

α

(

∂ĤS

∂q̂α

)

0

q̂α =
∑

α

V̂ αq̂α (2)

The dynamics of the total system (electronic spin states + the phonon bath) can be described by the time evolution
of density operator ρ̂. In interaction picture, this is defined as:

dρ̂(t)

dt
= − ι̇

ℏ

[

ĤS−ph(t), ρ̂(t)
]

(3)

integral form of Eq. 3 takes the form for time 0 → t as follows:

ρ̂(t) = ρ̂(0)− ι̇

ℏ

∫ t

0

ds
[

ĤS−ph(t), ρ̂(s)
]

(4)

By inserting Eq.4 in Eq. 3 and taking trace over phonon bath, this leads to:

d

dt
ρ̂s(t) = − 1

ℏ2

∫ t

0

dstrB

[

ĤS−ph(t),
[

ĤS−ph(s), ρ̂(s)
]]

(5)

At this point, we have to make some approximations. First, the coupling between the system (electronic spin states)
and phonons is weak and can be treated as a perturbation. Second, the process is Markovian meaning phonon bath
relaxation is much faster than the time scale for the spin dynamics. These approximation can be enumerated as,

1. ρ̂(t) ≈ ρ̂s(t)⊗ ρ̂Beq (weak-couplings, Born-approximation)

2. ρ̂s(s) → ρ̂s(t), t′ = t− s (Markov-approximation)

After casting these approximations, the time evolution of the reduced system takes the form:

d

dt
ρ̂s(t) = − 1

ℏ2

∫ ∞

0

dt′trB

[

ĤS−ph(t),
[

ĤS−ph(t− t′), ρ̂s(t)⊗ ρ̂Beq

]]

(6)

By substituting the definition of ĤS−ph from Eq. 2 into Eq. 6,

d

dt
ρ̂s(t) = − 1

ℏ2

∫ ∞

0

dt′trB
∑

α

[

V̂ α(t)q̂αq(t),
[

V̂ α(t− t′)q̂α(t− t′), ρ̂s(t)⊗ ρ̂Beq

]]

(7)

After expanding the commutator followed by some mathematical steps, Eq. 7 is expanded as:

d

dt
ρ̂s(t) = − 1

ℏ2

∫ ∞

0

dt′
∑

α

{

[

V̂ α(t)V̂ α(t− t′)ρ̂S(t)− V̂ α(t)ρ̂s(t)V̂ α(t− t′)
]

trB
(

q̂α(t)q̂α(t− t′)ρ̂Beq
)

−
[

V̂ α(t− t′)ρ̂s(t)V̂ α(t)− ρ̂s(t)V̂ α(t)V̂ α(t− t′)
]

trB
(

q̂α(t− t′)q̂α(t)ρ̂
B
eq

)

}

(8)

Eq. 8 can be expressed in terms of the eigenstates of ĤS leading to:

dρsab(t)

dt
+ ι̇ωabρ

s
ab = − 1

ℏ2

∫ ∞

0

dt′
∑

α

{

[V α
ac(t)V

α
cd(t− t′)ρsdb(t)− V α

ac(t)V
α
db(t− t′)ρscd(t)] trB

(

q̂α(t)q̂α(t− t′)ρ̂Beq
)

−

[V α
ac(t− t′)V α

db(t)ρ
s
cd(t)− V α

cd(t)V
α
db(t− t′)ρsac(t)] trB

(

q̂α(t− t′)q̂α(t)ρ̂
B
eq

)

}

(9)
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where ρsab = ⟨b| ρ̂s |a⟩ is a reduced system density matrix element and ωab = (Eb−Ea)/ℏ, being Eb and Ea eigenvalue
energies of the spin Hamiltonian.

Explicit time dependencies for the spin-phonon coupling can be described by going back to the Schrödinger picture
V α
ab(t) = ⟨a| eι̇HStV̂ αe−ι̇HSt |b⟩,

dρsab(t)

dt
+ ι̇ωabρ

s
ab =− 1

ℏ2

∑

α

{

∑

j

δbdV
α
ajV

α
jc

∫ ∞

0

dt′e−ι̇ωjct
′

trB
(

q̂αq(t)q̂α(t− t′)ρ̂Beq
)

− V α
acV

α
db

∫ ∞

0

dt′e−ι̇ωdbt
′

trB
(

q̂α(t)q̂α(t− t′)ρ̂Beq
)

− V α
acV

α
db

∫ ∞

0

dt′e−ι̇ωact
′

trB
(

q̂α(t− t′)q̂α(t)ρ̂
B
eq

)

+
∑

j

δcaV
α
djV

α
jb

∫ ∞

0

dt′e−ι̇ωdjt
′

trB
(

q̂α(t− t′)q̂α(t)ρ̂
B
eq

)

}

(10)

The Fourier transformation of the bath correlation function can be written as
∫ ∞

0

dt′e−ι̇ωijt
′

trB (q̂α(t)q̂α(t− t′)ρ̂eqB ) =
1

2

∫ ∞

0

dt′e−ι̇ωijt
′

trB

[

eι̇ωαt′ â†αâα + e−ι̇ωαt′ âαâ
†
α

]

=
1

2

∫ ∞

0

dt′e−ι̇(ωij−ωα)t′ n̄α +
1

2

∫ ∞

0

dt′e−ι̇(ωij+ωα)t′(n̄α + 1) (11)

where, n̄α = trB
[

â†α, âα
]

is average phonon number. By using the definition of
∫∞
0

dt′e−ι̇ωt′ = πδ(ω), Eq. 10 becomes:

dρsab(t)

dt
+ ι̇ωabρ

s
ab = − π

2ℏ2

∑

α

{

∑

j

δbdV
α
ajV

α
jcG(ωjc, ωα)− V α

acV
α
dbG(ωdb, ωα)

− V α
acV

α
dbG(ωca, ωα) +

∑

j

δcaV
α
djV

α
jbG(ωjd, ωα)

}

(12)

where G(ω) denotes the phonon spectral density, which contains the information of the temperature dependence of
spin-dynamics carried by molecular vibrations. Within the harmonic approximation, where phonons are undamped,
this is described by dirac-delta function [2, 3],

G(ωij , ωα) = δ(ωij − ωα)n̄α + δ(ωij + ωα)(n̄α + 1) (13)

The spin-phonon coupling constant expressed in eigenvectors in Eq. 12 can be conveniently written in MJ basis as
follows:

V α
ab =

∑

κ

∑

λ

⟨a|κ⟩ ⟨κ| V̂ α |λ⟩ ⟨λ|b⟩ (14)

Note that the matrix elements in MJ basis (i.e., |κ⟩ ≡ |MJ⟩) are the ones directly evaluated by the ab initio CASSCF

calculations since the spin Hamiltonian ĤS has been built in these basis.
Finally, Eq. 12 can be written in a more compact and general way:

dρsab(t)

dt
= −ι̇ωabρ

s
ab −

∑

c,d

Rab,cdρ
s
cd(t) (15)

where, Rab,cd corresponds to the full tetradic RedField tensor. To calculate this tensor, we therefore need to estimate
the spin-phonon coupling matrix elements, which were previously calculated from ab-initio electronic structure cal-
culations (see Supplementary Table 2 and Ref. [4]), and a expression for the phonon spectral density G(ω). For the
latter, we are using, instead of Eq. 14, the expression proposed by Lunghi et al.[5–8], which is more appropriate for
real molecular systems since it incorporates anharmonicity. This spectral density reads as:

G(ωij , ωα) =
1

π

[

∆α

∆2
α + (ωij − ωα)2

n̄α +
∆α

∆2
α + (ωij + ωα)2

(n̄α + 1)

]

(16)
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where, n̄α = 1
eβℏωα−1

, is the Bose-Einstein population at a temperature T and β = 1/kBT . ∆α is the Lorentzian
vibrational linewidth. Temperature dependence of spectral line-width can be defined as:

∆2
α =

∂ ⟨Hvib,α⟩
∂β

=
(ℏωα)

2eβℏωα

(eβℏωα − 1)
2 (17)

where, β = 1/kBT , kB is the boltzman constant.
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Supplementary Table 1. Energy level scheme (in cm−1), predominant Mj microstate contribution ( 10%) and expectation
value of total angular momentum ⟨Jz⟩ for the ground multiplet of HoW10 calculated at CASSCF level on the crystallographic
coordinates. The atomic coordinates are oriented with the easy axis of magnetization along the z axis.

ECASSCF (cm
−1) MJ ⟨Jz⟩ ECASSCF (cm

−1) MJ ⟨Jz⟩

0.00 47.5% |±4⟩ -5.53 0.36 47.5% |±4⟩ 5.53

26.24 47.2% |±3⟩ -3.06 27.92 47.2% |±3⟩ 3.06

50.08 48.7% |±5⟩ -5.31 50.31 48.7% |±5⟩ 5.31

86.70 48.2% |±2⟩ -2.19 96.34 48.2% |±2⟩ 2.19

155.59 48.9% |±1⟩ -1.23 156.90 48.9% |±1⟩ 1.23

178.90 46.6% |±6⟩ -6.36 179.05 46.6% |±6⟩ 6.36

181.88 94.3% |0⟩ 0.00

279.97 49.3% |±8⟩ -9.20 279.97 49.3% |±8⟩ 9.20

315.99 49.1% |±7⟩ -7.53 315.99 49.1% |±7⟩ 7.53
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Supplementary Table 2: Spin-vibrational coupling coefficients -
∑

k=2,4,6

∑k

q=−k

(

∂B
q
k

∂qα

)

in (cm−1), numerical derivatives are obtained

by fitting the evolution of CFPs (Bq
k) along the displacement vector of

normal mode-α with second order polynomial.

α = 68.4 cm−1 α = 94.5 cm−1 α = 149.0 cm−1

(k,q)
(

∂B
q
k

∂qα

)

(cm−1)

(

∂B
q
k

∂qα

)

(cm−1)

(

∂B
q
k

∂qα

)

(cm−1)

(2, -2) -0.04796 0.09267 -0.00031

(2, -1) 0.00172 -0.00505 0.00306

(2, 0) -0.00369 0.00375 0.00279

(2, 1) 0.16933 -0.30027 -0.00370

(2, 2) -0.00956 0.01411 -0.01288

(4, -4) -0.00010 0.00010 0.00013

(4, -3) -0.00085 -0.00069 -0.00001

(4, -2) 0.00011 -0.00003 0.00016

(4, -1) -0.00094 -0.00051 0.00000

(4, 0) -0.00003 -0.00003 -0.00002

(4, 1) -0.00028 0.00014 -0.00003

(4, 2) -0.00016 -0.00006 0.00014

(4, 3) 0.00034 -0.00042 -0.00010

(4, 4) -0.00010 0.00005 -0.00020

(6, -6) 0.00000 -0.00001 0.00000

(6, -5) -0.00008 -0.00005 0.00000

(6, -4) 0.00000 0.00000 0.00000

(6, -3) -0.00004 -0.00002 0.00000

(6, -2) 0.00000 0.00000 0.00000

(6, -1) 0.00002 0.00001 0.00000

(6, 0) 0.00000 0.00000 0.00000

(6, 1) 0.00000 0.00001 0.00000

(6, 2) 0.00000 0.00000 0.00000

(6, 3) 0.00000 -0.00001 0.00000

(6, 4) -0.00001 0.00000 0.00000

(6, 5) -0.00003 0.00001 0.00000

(6, 6) 0.00000 0.00000 0.00000
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Supplementary Note 3. DETERMINATION OF LONGITUDINAL (T1) AND TRANSVERSE (T2)
RELAXATION-TIME

To investigate transverse and longitudinal spin relaxation times, T1 and T2 respectively. We solved the full RedField
theory described in Eq. 15 and 12. From these equation, it is possible to calculate the evolution of a given eigenstate
which in turn can be used to calculate the evolution of expected magnetization value:

〈

M⃗(t)
〉

=
∑

a

⟨a| ρs(t)M⃗ |a⟩ (18)

Longitudinal Relaxation time T1: For the determination of T1, we prepared the state in system eigenstate of Ĥs,
ρs(t = 0) = |0⟩ ⟨0|, where |0⟩ represents the lowest eigensate of ĤS . This populated state is then quenched by thermal
bath at a given temperature. The decay of the expected magnetization in this process is fitted exponentially as follows:

Mz(t) = (Mz(0)−Mz(∞))e−t/τ +Mz(∞) (19)

In HoW10, the ground state is |0⟩ = |MJ = −4⟩ at CT. Evolution of expected Mz(t) in time is shown in Fig. 2 at 5
and 6 Kelvin.
Transverse Relaxation time T2: For the determination of transverse relaxation time T2, we prepared the initial
density in superposition eigenstate of Ĥs, ρ

s(t = 0) = |0⟩ ⟨1|. As indicated above in the description of full Redfield
tensor Rab,cd, combination of ab,ab will be realized as coherence relaxation. Decay profile is fitted with exponential
to obtain the transverse relaxation times.

Mx,y(t) = (Mx,y(0)−Mx,y(∞))e−t/τ +Mx,y(∞) (20)

Coherence relaxation for HoW10 is presented in Fig. 3 at 5 and 6 Kelvin.
T1/T2 around CT: To determined the T1/T2 divergence with magnetic field, we solve the full Redfield tensor at

different B-Field around CT, decay profile for expected Mz and Mx,y at 5 K is shown in 4 and 5 respectively. In
Fig. 6, we show the T1/T2 at different B-Field and also at different temperature. Detailed values are provided in
Supplementary Table 3 and 4.
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Supplementary Figure 2. Longitudinal (T1) relaxation-time-temperature dependence at magnetic field of CT.
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Supplementary Figure 3. Transverse (T2) relaxation-time-temperature dependence at magnetic field of CT.
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Supplementary Figure 4. Longitudinal (T1) relaxation at magnetic field of 0 and 20 mT.
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Supplementary Figure 5. Transverse (T2) relaxation at magnetic field of 0 and 20mT.
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Supplementary Figure 6. a)- Longitudinal (T1) and b)- transverse (T2) relaxation-time-temperature dependence at magnetic
field of -20 to 20 mT. c)- T1 and d)- T2 divergences at CT at different temperatures.
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Supplementary Table 3: Longitudinal relaxation time (T1) in µs at dif-
ferent B-field and different temperatures.

Temperature
(K)

-20 mT -15 mT -10 mT -5 mT 0 mT +5 mT +10 mT +15 mT +20 mT

3 617.843 633.518 676.230 808.439 1026.615 808.440 676.230 633.518 617.842

4 9.999 10.247 10.927 13.028 16.459 13.028 10.927 10.247 9.999

5 0.825 0.845 0.901 1.076 1.363 1.076 0.901 0.872 0.825

6 0.151 0.155 0.165 0.198 0.252 0.198 0.165 0.160 0.151

7 0.045 0.046 0.047 0.058 0.074 0.058 0.049 0.046 0.045

8 0.017 0.018 0.019 0.023 0.029 0.023 0.019 0.018 0.017

9 0.008 0.009 0.009 0.011 0.014 0.011 0.009 0.009 0.008

10 0.005 0.005 0.005 0.006 0.008 0.006 0.005 0.005 0.005

11 0.003 0.003 0.003 0.004 0.005 0.004 0.003 0.003 0.003

Supplementary Table 4: Transverse relaxation time (T2) in µs at different
B-field and different temperatures.

Temperature
(K)

-20 mT -15 mT -10 mT -5 mT 0 mT +5 mT +10 mT +15 mT +20 mT

3 607.138 611.257 667.961 793.881 991.274 793.881 667.961 611.257 607.138

4 9.890 10.139 10.775 12.686 15.864 12.686 10.775 10.139 9.890

5 0.817 0.757 0.783 1.050 1.334 1.050 0.783 0.757 0.775

6 0.127 0.155 0.153 0.180 0.231 0.180 0.153 0.155 0.151

7 0.042 0.043 0.042 0.048 0.057 0.048 0.042 0.043 0.042

8 0.017 0.018 0.019 0.022 0.028 0.022 0.019 0.018 0.017

9 0.008 0.008 0.009 0.011 0.014 0.011 0.009 0.008 0.008

10 0.004 0.004 0.005 0.006 0.007 0.006 0.005 0.004 0.004

11 0.002 0.002 0.003 0.003 0.004 0.003 0.003 0.003 0.002
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Supplementary Note 4. ENERGY DEPENDENCE VS ELECTRIC AND MAGNETIC FIELD WITHIN
THE 2-QUBIT OPERATING SPACE

A. Dipolar Couplings, jdip.a,b (B)

To understand the origin and evolution of the dipolar coupling between the two HoW10 molecules we need to
analyze the expectation value of their magnetic moments as they depart from the CT. Indeed, exactly at the CT the
neighbours are exactly independent, since they neither experience any first order effect from magnetic field, nor do
they themselves create a magnetic field around them. The left panel of Fig. 7 displays a combined information on the
electronic and nuclear part of the wavefunction, and can be best understood having Fig. 1 in mind. It can be seen as
depicting the derivative of each level in Fig. 1, multiplied by a constant factor, in each case corresponding to MI .

At high magnetic field approximation, the magnetic moment of Ho spin is saturated and its squared expectation

value ⟨Jz⟩2 is 16. Its dipolar coupling, jdip.sat. , can be calculated using the well-known equation in cgs units as follows:

jdip.sat. =
µ2
B

|r|3
[

ḡa · ḡb − 3 (ḡa · r̄) (r̄·) ḡb
]

(21)

where ḡi is the corresponding g-tensor, which is obtained from multiconfiguratinoal ab initio calculations; r̄ is the unit

vector at the direction from site a to b and |r| is the length between these two sites. jdip.sat. of -0.0012 cm−1 is derived
considering the nearest neighbour at distance |r|= 11.2 Å. The dipolar coupling at a given magnetic field away from

the CT, jdip.a,b , is dependent of the B-field and can be expressed by a variant of Eq. 21 as:

jdip.a,b (B) =
⟨Jz⟩a · ⟨Jz⟩b
MJ,a ·MJ,b

µ2
B

|r|3
[

ḡa · ḡb − 3 (ḡa · r̄) (r̄·) ḡb
]

(22)

where ⟨Jz⟩ is the expected angular momentum, which is varied by the B-field and is identical to MJ = ±4 at high
B-field approximation, where the magnetic moment of Ho3+ spin is saturated. The right panel of Fig. 7 shows the
B-field dependence of the diplolar coupling, which cancels completely at each CT and has a locally square dependence
in its vicinity since the dipolar coupling between the two molecules is a direct consequence of their expectation value
⟨Jz⟩.

Supplementary Figure 7. a) Expectation Jz values of the 16 spin levels at different magnetic fields for HoW10, considering the
hyperfine interaction of the ground doublet (MJ = ± 4) with the nuclear spin (I = 7/2). b) Calculated dipolar interaction

(jdip.a,b ) of the 16 spin levels of a HoW10 molecule with its neighboring molecule in a two-qubit pair.
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B. Energy Level Scheme for Di-nuclear system

Let us first locate the four energy levels that constitute our operating space among the large space of 256 electronu-
clear spin states created by a dimer of HoW10 molecules, each with a 16 level manifold. As will be seen in more detail
in the next Supplementary Section, the natural levels to consider as a 2-qubit operating space are levels 64, 123, 124
and 193. They correspond, in very good approximation, to the four combinations of the ground and excited states of
the CT in the two HoW10 molecules (ground-ground, ground-excited, excited-ground, excited-excited).

Essentially, the upper and lower levels behave vs the magnetic field as regular CTs, since they can be well approx-
imated as the addition of the CT energies of molecule 1 and molecule 2. In turn, the intermediate levels behave vs
the magnetic field as almost perfect diamagnetic systems, since they can be well approximated as the substraction
of the CT energies of molecule 1 and molecule 2. The levels are highlighted in Supplementary Figures 8 and 9,
with increasingly detailed zooms to allow distinguishing the behaviors of the two intermediate levels and their subtle
deviation from perfect diamagnetism. Note that we employed this approximation of two independent molecules only
in this text description: all representations correspond to the actual coupled system.

Supplementary Figure 8. a) Spin energy levels evolution of 256 levels for coupled HoW10 pair at different magnetic field and at
0 V electric field, and b) its zoomed-in scheme focusing on the vicinity of the first CT. The selected four levels are highlighted
as black, red, blue and green for levels 64, 123, 124 and 193, respectively. c) Zoomed-in scheme of the middle 128 levels in b)
showing a nearly horizontal behavior upon magnetic fields. d) Zoomed-in scheme of the horizontal levels focusing on levels 123
and 124.
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Supplementary Figure 9. a) Spin energy levels evolution of 256 levels for coupled HoW10 pair at different magnetic field and at
300 V electric field, and b) its zoomed-in scheme focusing on the vicinity of the first CT. The selected four levels are highlighted
as black, red, blue and green for levels 64, 122, 124 and 193, respectively. c) Zoomed-in scheme of the middle 128 levels in b)
showing a nearly horizontal behavior upon magnetic fields. d) Zoomed-in scheme of the horizontal levels focusing on levels 122
and 124.
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C. Wavefunction composition vs electric and magnetic field within the 2-qubit operating space

Wavefunction information for moderate electric field and moderate deviation from the CT in the composition of
the 4 states of our operating space.

Supplementary Table 5: Moduli of the different components of the wave-
functions for coupled HoW10 dimer, |Mj,a,Mj,b⟩ ⊗ |MI = −1/2⟩ of four
levels at 24 mT (CT), 18mT, and 12 mT at 0 volts.

Magnetic
Field

State
number

Energy
(GHz)

|−4a,−4b⟩ |−4a,+4b⟩ |+4a,−4b⟩ |+4a,+4b⟩

24mT 64 -8279.39 0.252 0.250 0.250 0.248

123 -8268.38 0.500 0.000 0.000 0.500

124 -8268.38 0.000 0.500 0.500 0.000

193 -8257.37 0.248 0.250 0.250 0.252

18mT 64 -8279.42 0.215 0.249 0.249 0.288

123 -8268.38 0.497 0.003 0.003 0.497

124 -8268.38 0.000 0.500 0.500 0.000

193 -8257.34 0.288 0.249 0.249 0.215

12mT 64 -8279.51 0.182 0.245 0.245 0.329

123 -8268.38 0.489 0.011 0.011 0.489

124 -8268.38 0.000 0.500 0.500 0.000

193 -8257.25 0.329 0.245 0.245 0.182

Supplementary Table 6: Moduli of the different components of the wave-
functions for coupled HoW10 dimer, |Mj,a,Mj,b⟩ ⊗ |MI = −1/2⟩ of four
levels at 24 mT (CT) and 18 mT at 300 volts. Degeneracy is broken by
the electrical field.

Magnetic
Field

State
number

Energy
(GHz)

|−4a,−4b⟩ |−4a,+4b⟩ |+4a,−4b⟩ |+4a,+4b⟩

24mT 64 -8278.92 0.252 0.250 0.250 0.248

122 -8267.92 0.250 0.248 0.252 0.250

124 -8267.91 0.250 0.252 0.248 0.250

193 -8256.91 0.248 0.250 0.250 0.252

18mT 64 -8278.95 0.215 0.249 0.249 0.287

122 -8267.92 0.251 0.286 0.213 0.251

125 -8267.91 0.247 0.217 0.289 0.247

193 -8256.88 0.287 0.249 0.249 0.215

12mT 64 -8279.04 0.182 0.245 0.245 0.329

122 -8267.92 0.253 0.321 0.174 0.253

126 -8267.91 0.236 0.190 0.337 0.236

193 -8256.78 0.329 0.245 0.245 0.182



16

Supplementary Table 7: Complex coefficients of the wavefunctions for
coupled HoW10 dimer, |Mj,a,Mj,b⟩ ⊗ |MI = −1/2⟩ of four levels at 24
mT (CT), 18mT and 12 mT at 0 volts.

Magnetic
Field

State
number

Energy
(GHz)

|−4a,−4b⟩ |−1/2⟩ |−4a,+4b⟩ |−1/2⟩ |+4a,−4b⟩ |−1/2⟩ |+4a,+4b⟩ |−1/2⟩

24mT 64 -8279.39 0.356 +0.354ι̇ 0.252 -0.432ι̇ 0.252 -0.432ι̇ -0.480 -0.135ι̇

123 -8268.38 -0.568 +0.421ι̇ -0.002 -0.002ι̇ -0.002 -0.002ι̇ -0.292 0.644ι̇

124 -8268.38 0.000 0.362 -0.607ι̇ -0.362 +0.607ι̇ 0.000

193 -8257.37 -0.495 + 0.053ι̇ -0.176 -0.468ι̇ -0.176 -0.468ι̇ 0.410 -0.289ι̇

18mT 64 -8279.42 0.462 + 0.038ι̇ -0.085 -0.491ι̇ -0.085 -0.491ι̇ -0.488+0.221ι̇

123 -8268.38 -0.417 -0.569ι̇ -0.032 +0.040ι̇ -0.032 +0.040ι̇ -0.641 -0.294ι̇

124 -8268.38 0.000 0.602 -0.370ι̇ -0.602 + 0.370ι̇ 0.000

193 -8257.34 -0.434 -0.316ι̇ 0.183 -0.464ι̇ 0.183-0.464ι̇ 0.460 + 0.056ι̇

12mT 64 -8279.51 -0.355 -0.236ι̇ -0.161 + 0.467ι̇ -0.161 + 0.467ι̇ 0.572 +0.045ι̇

123 -8268.38 -0.638 -0.287ι̇ -0.018 + 0.103ι̇ -0.018 + 0.103ι̇ -0.697 +0.059ι̇

124 -8268.38 0.000 0.706 -0.037ι̇ -0.706 +0.037ι̇ 0.000

193 -8257.25 0.497 + 0.286ι̇ -0.131 +0.477ι̇ -0.131+ 0.477ι̇ -0.426-0.006ι̇
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Supplementary Table 8: Complex coefficients of the wavefunctions for
coupled HoW10 dimer, |Mj,a,Mj,b⟩ ⊗ |MI = −1/2⟩ of four levels at 24
mT (CT), 18mT and 12 mT at 300 volts. Degeneracy is broken by the
electrical field.

Magnetic
Field

State
number

Energy
(GHz)

|−4a,−4b⟩ |−1/2⟩ |−4a,+4b⟩ |−1/2⟩ |+4a,−4b⟩ |−1/2⟩ |+4a,+4b⟩ |−1/2⟩

24mT 64 -8278.92 -0.490 -0.109ι̇ 0.009 + 0.500ι̇ 0.017 +0.500ι̇ 0.480-0.133ι̇

122 -8267.92 0.103 -0.489ι̇ -0.498+0.014ι̇ 0.501-0.023ι̇ -0.139-0.480ι̇

124 -8267.91 0.246 -0.436ι̇ 0.483 +0.137ι̇ -0.481 -0.128ι̇ 0.011 -0.500ι̇

193 -8256.91 0.471+0.162ι̇ -0.047+ 0.498ι̇ -0.039+0.498ι̇ -0.495+0.079ι̇

18mT 64 -8278.95 0.447+ 0.125ι̇ 0.018 -0.498ι̇ 0.009-0.499ι̇ -0.523+0.116ι̇

122 -8267.92 0.460+0.199ι̇ 0.091 -0.526ι̇ -0.071+ 0.456ι̇ 0.499 -0.041ι̇

125 -8267.91 -0.454 -0.201ι̇ 0.084-0.458ι̇ -0.088 +0.531ι̇ -0.495+0.036ι̇

193 -8256.88 -0.490 -0.218ι̇ 0.090-0.491ι̇ 0.082-0.492ι̇ 0.463-0.034ι̇

12mT 64 -8279.04 -0.216+0.368ι̇ 0.473 + 0.143ι̇ 0.476 +0.135ι̇ 0.023-0.573ι̇

122 -8267.92 0.233 + 0.446ι̇ 0.427-0.372ι̇ -0.309+ 0.279ι̇ 0.415+0.284ι̇

126 -8267.91 0.243 +0.421ι̇ -0.316+0.301ι̇ 0.414 -0.408ι̇ 0.413+ 0.257ι̇

193 -8256.78 -0.500 -0.281ι̇ 0.135 -0.476ι̇ 0.127-0.478ι̇ 0.426 0.009ι̇
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Supplementary Note 5. TECHNICAL REQUIREMENTS OF PULSES: INITIALIZATION, 1- AND
2-QUBIT OPERATIONS

Supplementary Table 9 displays the simple correspondence between physical operations and logical operations. In
sum, the only three kinds of physical operations in our proposal are the two single-qubit rotations (implemented
by microwave pulses) and a two-qubit rotation (implemented by switching off the E-Field during a specific time).
With adequate times and microwave B1 field intensities corresponding to π EPR pulses, these correspond to Pauli
σx operations and an adequate time τ corresponds to the SWAP gate, but of course in all cases adjusting the times
arbitrary rotation angles can be achieved.

Supplementary Table 9. Gate operations

Operation pulses

σx(1) ℏω1(π)

σx(2) ℏω2(π)

SWAP E -Field (τ)

Let us now offer some technical details for the qubit register initialization, single qubit rotations and two-qubit
operations.

A. Initialization

This significant level crowding in practice means that in a thermalized system the effective population to start the
quantum manipulation will be significantly smaller in experiments targeting pairs of molecules than for individual
molecules. The simplest way of improving this is via a moderate cooling, from T = 5 K to T = 3 K or below.
The thermal population of states can be estimated via a Boltzmann distribution, see Supplementary Table 10. This
strategy has limitations, in the sense that cooling down to a significantly lower temperature, to the order of 50 mK,
removes all population from the operating space.

Supplementary Table 10. Percentage populations of the states of interests at different temperatures at CT (0.024mT) with 0
volt, for the bimolecular system.

State
number

∆E
(GHz)

0.05 K 1 K 2 K 5 K

1 0 79.752 1.268 0.740 0.511

64 17.76175 0.000 0.541 0.483 0.431

123 28.76909 0.000 0.319 0.371 0.387

124 28.76909 0.000 0.319 0.371 0.387

193 39.77642 0.000 0.188 0.285 0.349

While in principle it is optional, the proposed initialization sequence is expected to increase the signal-to-noise ratio
and thus is desirable in this case. It consists in a series of 8 π pulses that transfer population from a (+7/2,+7/2)
nuclear spin state to a (-1/2,-1/2) nuclear spin state via allowed ∆MI = ±1 transitions. The exact transition energy
depends on the applied magnetic field. At 12mT away from the CT, the sequence consists in the following frequencies
(in GHz): 2.95, 2.66, 1.96, 0.48, 2.94, 2.65, 1.96, and 0.48, as seen in Fig. 3d in the main text.

For the best results in a given diluted crystal, one could apply quantum optimal control to choose the initialization
pulse sequence that maximizes the (T2-weighted) amplitudes of the echos within the operating space[9].
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Supplementary Figure 10. Initialization scheme showing the population transfer from the ground level (green) to the first
operating level (black) by using 8 consecutive π pulses.

B. Single qubit rotations

In presence of an electric field, the transition energy for qubit 1 is higher than for qubit 2. In both cases, the
transition frequency resulting from our calculations is approximately 11.00 GHz (from the experiment, we know this
to be approximately 9.15 GHz at the CT). For an electrical field of 150 V/2mm that affects the two molecules in
opposite ways (or, in our calculations an electrical field of 300 V/2mm affecting one of the molecules, with respect
to a case with no electric field), this generates a shift of about 3 MHz (Supplementary Figure 11). Experimentally,
selective addressing has already proven to be achievable in this system under an external electric field of 300V/2mm
affecting the two molecules in opposite ways. This requires soft pulses of at least a duration of 400 ns for π/2 and
800 ns for π pulses.

The length of the pulses, adjusted for the intensity of the B1 magnetic component of the microwave pulse, will
allow to obtain any desired rotation angle.

C. Two-qubit operations

The only two-qubit operation that is straightforward in the present scheme is the SWAP operation. More exactly,
any desired rotation between the |01⟩ and |10⟩ states can be achieved by choosing the time of the operation, including

the notable
√
SWAP that together with single-qubit rotations forms a universal gate set. Any other operations need

to be constructed from combination of these straightforward gates.
As explained in the text, the SWAP operation starts as soon as the E field is turned off, and can be viewed as

a kind of ”anti-pulse”: it is the absence of E field that makes the two qubits indistinguishable, and this change in
the set of the Hamiltonian eigenstates triggers the rotation. The typical times will be given by the inverse of the
interaction energy between the two molecular spins. At 12 mT away from a CT, this interaction is in the order of 0.1
MHz (Figure 3c in main text, black line), meaning a full rotation would take in the order of 10 µs. This is comparable
to the T2 value at 5 K, but conveniently below the estimated T2 times at 3 or even 4 K, meaning any cooling below
5 K would suffice.
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Supplementary Figure 11. δf as a function of the B−field in the presence of an E−field of 300 V, and its best 3rd and 4th

order polynomial fits. The 4th order polynomial fit returns to a 3rd order protection from magnetic noise (a 3rd-order CT).

Supplementary Note 6. STRATEGIES TO DEAL WITH LIMITATIONS OF THE PROPOSAL

As indicated in the main text, operating dimers within a diamagnetically diluted crystal involves a crucial technical
difficulty, namely dealing with the signal from monomers, which will be statistically more abundant. In the example
operation discussed in the main text, which generates the superposition Φ±

14 = 1√
2
(|00⟩ ± |11⟩) the signal of the

monomers is naturally suppressed, since they experience a full 2π rotation.

Interestingly, this is not an isolated case. For different quantum operations, it is possible to translate the desired
sequence into one that also cancels out any excitations of the monomers, i.e. for both transition energies the total
rotation must be a multiple of 2π, and any Hadamard gate needs to be canceled out. For example, the quantum
circuits depicted in Fig. 12, obtained by using the online simulator quirk at https://algassert.com/quirk , show how
different coherent superpositions of two qubits, (symmetric or asymmetric) can be achieved by pulse sequences that
can be trivially shown to have no effect on isolated qubits.

Another experimental limitation of the proposed scheme derives from the low symmetry of the crystal structure.
In contrast to simpler solids, in this molecular crystal there is a mismatch between the idealized D4d (or even C4)
symmetry of the single molecule and the number of countercations (9), determined by the charge. This causes every
one of the nearest neighbours from a molecule in the crystal to be distinct, both in terms of distance and relative
orientation. In practice, this means that in a real diluted sample there will not be a unique dipolar coupling between
pairs of HoW10 neighbours, but instead a distribution of couplings. Indeed, in the crystal if one focuses on a ”central”
HoW10 molecule there are in the order of 20 possible non-equivalent near-neighbours at comparable distances around,
and of course an infinity more at larger distances. Half of the neighbours will have the same orientation as the
central molecule, with the other half presenting an inversion-related orientation. This means (a) in 50% of the cases,
neighbouring pairs will not be distinguishable by means of an electric field, with the result being that this part of the
protocol will fail for those pairs of molecules and (b) throughout the sample there will be a spread of dipolar coupling
values, both in magnitude and in sign. For the experiment, this means that the duration of the electric field pulse
will need to be empirically adjusted to maximize the echo.

A further, related, real-world limitation of the stability of this highly protected qubit are local electric fields caused
by the crystal environment. Any electric fields caused by a crystalline defect and felt by the qubit molecules, e.g.
a Na+ vacancy in the vicinity of one of the HoW10 molecules, will have the same qualitative effect as the external
electric field pulse, i.e. break the symmetry between the two HoW10 entities and cause an alteration in the expected
spin dynamics. Empirically, different crystallization procedures can be tested to address this.
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Supplementary Figure 12. a) Sequence of logical operations that generate an entangled state involving |00⟩ , |01⟩ , |10⟩ , |11⟩. b)
Same sequence, but omitting the effect of the 2-qubit gates, produces no net effect on the single qubits. c) Sequence of logical
operations that generate an entangled state involving |00⟩ , |01⟩. b) Same sequence, but omitting the effect of the 2-qubit gates,
produces no net effect on the single qubits.

SUPPLEMENTARY REFERENCES

[1] Shiddiq, M. et al. Enhancing coherence in molecular spin qubits via atomic clock transitions. Nature 531, 348–351 (2016).
[2] Gatteschi, D., Sessoli, R. & Villain, J. Molecular nanomagnets, vol. 5 (Oxford University Press, 2006).
[3] Orbach, R. Spin-lattice relaxation in rare-earth salts. Proceedings of the Royal Society of London. Series A. Mathematical

and Physical Sciences 264, 458–484 (1961).
[4] Blockmon, A. L. et al. Spectroscopic analysis of vibronic relaxation pathways in molecular spin qubit [ho (w5o18) 2] 9–:

Sparse spectra are key. Inorg. Chem. 60, 14096–14104 (2021).
[5] Lunghi, A., Totti, F., Sessoli, R. & Sanvito, S. The role of anharmonic phonons in under-barrier spin relaxation of single

molecule magnets. Nat. Commun. 8, 1–7 (2017).
[6] Lunghi, A. & Sanvito, S. The limit of spin lifetime in solid-state electronic spins. J. Phys. Chem. Lett. 11, 6273–6278

(2020).
[7] Briganti, M. et al. A complete ab initio view of orbach and raman spin–lattice relaxation in a dysprosium coordination

compound. J. Am. Chem. Soc. 143, 13633–13645 (2021).
[8] Lunghi, A. Toward exact predictions of spin-phonon relaxation times: An ab initio implementation of open quantum systems

theory. Sci. Adv. 8, eabn7880 (2022).
[9] Spindler, P. E., Schops, P., Kallies, W., Glaser, S. J. & Prisner, T. F. Perspectives of shaped pulses for epr spectroscopy.

J. Magn. Reson. 280, 30–45 (2017).



Chapter6
Conclusion

The present Thesis aims to explore the use of molecular spin-qubits embodied by single-

molecule magnets (SMMs) for quantum information processing and high-density mag-

netic storage. It employs a theoretical perspective but is supported with experimental

evidence. The ultimate goal is to coherently manipulate spins and thereby process quan-

tum information. In particular, this thesis focuses on addressing the three challenges

faced by molecular spins: (1) understanding the relationship between spin states with

environmental fluctuations (optical and acoustic phonon), (2) advancing towards coher-

ent manipulation of spin-states with E-field and finally (3) proposing ways for quantum

information processing based on spin qubits. The main conclusions obtained from the

discussions in Chapters 3-5 are summarized here.

Chapter 3: Decoupling spin-states with phonon density of states

In this chapter, coupling of spin-state with phonon density of states also known as spin-

vibrational couplings (SVCs) has been thoroughly investigated by establishing a relation

between electronic spin and their nuclear coordinate. Firstly, relaxation pathways are

depicted in CT-system HoW10 by means of vibronic model in the presence of SVCs. Later,

we employed a simplified model, vibronic-phonon model, considering the anti-crossings

between low-lying optical branches and acoustic phonons to depict the energy dissipation

in spin Hamiltonian of HoW10. And finally the concept of SVCs are extrapolated to

Dy3+- based SMMs to decouple-spin states from vibrations.

Initially, we simulated far infrared spectra in the presence of high magnetic field using

spin-states, vibrational levels, and SVC in a vibronic model. The product eigenstates

resulting from the vibronic model are further used to obtain the absorption spectra, this

enabled to explore the interaction of charge, structure and magnetism and gain insight

into the relaxation pathways in HoW10. We found two strong magneto-infrared regions
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near 63 cm−1 and 370 cm−1. Prior region corresponds to mixing of crystal field level MJ

= ±5 (and very likely the MJ = ±2 levels) with nearby phonons such as asymmetric

HoO8 stretching with cage tilting while latter corresponds to interaction of MJ = ±7

with various HoO8 rocking and stretching modes.

The influence of the phonon density of states to spin levels are further analyzed by

determining the couplings between optical and acoustic phonons. A vibronic-phonon

model is developed considering the anticrossings between low-lying optical branches and

acoustic phonons in HoW10. We found that the first vibrational mode, which presents

significant vibronic coupling and had been attributed to play a crucial role in spin-lattice

relaxation does not couple significantly to long-wavelength lattice phonons, neither lon-

gitudinal nor transverse, thus revealing that further intramolecular energy transfer via

anharmonic vibrations is involved in the spin relaxation process.

The concept of spin-vibrational couplings is further extended towards molecular mag-

netism for high density magnetic storage application. A computational efficient approach

combines ab initio and effective charge electrostatic calculations to identify the key molec-

ular vibrations responsible for the magnetic relaxation in lanthanide-based single ion

magnets and thus be able to establish some valuable structure-property guidelines for a

more optimized rational design. From our outcomes, we can suggest some design strate-

gies for potential SIMs with high blocking temperature: (1) the choice of molecules that

are simple and rigid in the vicinity of the metal to provide sparse molecular vibrations

in the low-energy region and (2) the use of ligands that maximize ligand-field splitting

to achieve energetically well-separated low-lying spin energy levels, thereby minimizing

energetic resonances between the available vibrations and the excitations required for

barrier crossing.

Chapter 4: Quantum coherent spin–electric control in a molecular nanomagnet at

clock transitions

In this chapter, spin-electric coupling (SEC) has been investigated both experimen-

tally and theoretically in the polyoxometalate molecular anion [Ho(W5O18)2]
9−.65 The

molecular spin Hamiltonian is modulated by the E field via the SEC, leading to a

shift δf in the ESR frequency. The observed spin-electric coupling constant in HoW10

(δf/E = 11.4Hz(V m−1)−1) surpasses the previously reported SECs for transition-metal-

based molecular magnet, i.e., δf/E < 1Hz(V m−1)−1. It is also an order of magnitude

larger than recently reported rare-earth doped YAG (δf/E ≈ 1Hz(V m−1)−1). Note

however that it is quite similar to a piezoelectric material – Mn2+ in ZnO – δf/E up to

12 Hz(V m−1)−1.
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This significant SEC in HoW10 is due to its electrically polarizable environment in

the presence of a pre-existing deviation from high symmetry (D4d) which results in a

spin spectrum that is highly sensitive to distortion. These distinctive features provide a

general recipe for future candidate exhibiting high SECs. The strong SEC in HoW10 is

sufficient to shift the frequency to the scale greater than the natural line width, this will

be beneficial for selectively addressing the spins using local E-field at practical level. It

also raises the possibility of using E-field to control the spins for coherent spin-photon

interface in molecular spintronic devices. Further, the current example of molecular

nanomagnet HoW10, showing high SEC can be used for quantum and classical spintronic

technologies.

Chapter 5: Electrical two-qubit gates within a pair of clock-qubit magnetic molecules

In this chapter, we have presented a scheme for entanglement generation in a two-

qubit Hilbert space, resulting from two molecular spin qubits. The key requirements for

generating high-fidelity entangled states in the present scheme are to have distinguishable

transitions and a switchable (symmetric to asymmetric) operating qubit space. Herein,

both are achieved by a combination of controlled dipolar interaction and an E-field. As

a further constraint, qubit lifetime places an upper limit for time required to generate an

entangled state.

The proposed scheme is employed on a CT-protected dimer of HoW10 molecules within

a diluted crystal which is coupled through dipolar interaction. Firstly, the temperature

and magnetic field dependence of decoherences process in qubit states are analyzed using

Redfield relaxation theory, this is to determine the realistic conditions for operating times

on qubit states. Later, a two-qubit Hilbert space is constructed from CT states of two

neighboring inversion-symmetry related molecules. The dipolar interaction is activated

by slightly moving away from CT field, this provides distinguishable transitions within

two-qubit states. The observed strong spin electric effect in HoW10,
107 a modest E-

field of 300V/2mm is enough to have switchable operating space. Our results offer a

promising strategy towards the use of HoW10 molecular spin qubits in constructing a fully

addressable two qubit quantum processor which not only avoids the always-on inter-qubit

interaction by local E-field control, but also realizes one-to-one correspondence between

logical and physical operations.

The present scheme presented can be employed to both CT and non-CT systems.

Further, our scheme can be directly employed to study the recently discovered Lu (II) CT

system and its viability for entanglement generation.122 Finally, note that the existence

of a highly protected subspace might be exploited for further schemes in a way that this
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two-qubit system can be considered as two physical qubits able to temporarily store a

single logical qubit, as an approach to built-in quantum error protection.
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Chapter7
Resumen en castellano

7.1 Introducción

Con el paso del tiempo hay un aumento exponencial en los archivos de datos en casi

todos los aspectos de la vida. Este crecimiento exponencial de los datos no solo dificulta

su almacenamiento, sino que también eleva la complejidad computacional de procesar

la información. En las computadoras clásicas utilizadas hasta la fecha para procesar la

información, la cantidad de transistores en chips integrados se duplica cada año según

la Ley de Moore. Estamos a punto de llegar a un ĺımite donde una mayor integración

de transistores no es factible. Para sortear este obstáculo, un procesador cuántico es

una alternativa prometedora que se basa como unidad de información en los sistemas

cuánticos de dos niveles basado en estados de esṕın conocidos como “spin-qubit” y explota

el comportamiento cuántico al permitir la superposición entre estos estados de base.

Fue propuesto primero por P. Benioff y luego, más famosamente, R. P. Feynman.1,2

Esta caracteŕıstica fundamental de la computación basada en estados cuánticos es lo

suficientemente potente como para resolver problemas complejos en tiempo polinomial.

El primer ejemplo fue proporcionado por P. Shor en 1994, quien construyó un algoritmo

cuántico capaz de realizar la factorización prima de números enteros grandes en tiempo

polinomial.3

Para que un sistema f́ısico lleve a cabo el procesamiento de información cuántica,

debe cumplir con los criterios de DiVincenzo que enumeran las condiciones operativas

necesarias para hacer realidad la computación cuántica en un dispositivo experimental.4

Se han adoptado varios enfoques hasta el momento, y las propuestas más destacadas

incluyen: trampas de iones fŕıos,5–9 óptica cuántica,10,11 centros nitrógeno-vacante en

diamante,12–15 el uso de metales de tierras raras en redes cuánticas para comunicaciones

a distancia,16–20 puntos cuánticos21–23 y qubits superconductores.24–30 En todos estos

candidatos, el enfoque principal es la creación, el funcionamiento y la evaluación com-

parativa del rendimiento de qubit en dispositivos. Además, para el desarrollo de la
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tecnoloǵıa cuántica han surgido varias empresas de partenariados tanto privados como

público-privados como IBM, Microsoft, Rigetti, Atos, D-wave, etc. Todas estas empresas

explotan las diferentes propiedades de la materia que van desde semiconductores y super-

conductores, hasta defectos en sólidos para el desarrollo de dispositivos de comunicación

y computación cuántica.

En las últimas tres décadas, las moléculas magnéticas han ganado interés como

candidatas potenciales para tecnoloǵıas emergentes como computación y procesamiento

cuánticos, almacenamiento de memoria magnética, dispositivos de espintrónica e im-

agen por resonancia magnética nuclear.31–34 En camino hacia estas aplicaciones, han

surgido dos clases de moléculas magnéticas, moléculas magnéticas basadas en transición

y lantánidos. El descubrimiento de los llamados imanes de un único ión (SIM) o más

comúnmente imanes de una única molécula (SMM) en el caso de complejos polinucleares

de metales de transición,35 donde el comportamiento magnético es puramente de origen

molecular, abre una nueva v́ıa para mejorar las propiedades magnéticas. En los últimos

años, los SMM basados en lantánidos (Ln) han ganado un gran interés desde la obser-

vación de una relajación lenta de la magnetización lenta en el complejo bis(ftalocianinato)

de terbio en 200366 . La naturaleza distintiva de los complejos de lantánidos frente a los

de metales de transición se deriva de un momento magnético intŕınsecamente grande

y un fuerte acoplamiento esṕın-órbita. Las propiedades de los SMM basados en Ln se

pueden adaptar mediante diseño qúımico. Además de esto, estas moléculas se pueden

colocar en chips. Estas matrices moleculares ha demostrado un gran potencial para el

almacenamiento de memoria magnética de alta densidad, la espintrónica molecular y la

computación cuántica.36–38,45 Este creciente interés ha resultado en la śıntesis y caracteri-

zación de cientos de complejos de coordinación con biestabilidad magnética y una barrera

de enerǵıa para la inversión de la magnetización.39–44

Un camino realista hacia la computación cuántica usando qubits de esṕın molecular

pasa por dos puntos cŕıticos, A y B: o bien A1) un fuerte acoplamiento esṕın-microondas

para poder manipular qubits de esṕın molecular individualmente mediante chips (que ya

son escalables) o bien A2) un camino para la escalabilidad dentro del enfoque espintrónico

de Wernsdorfer que ya permite el acoplamiento a una molécula individual.45 Y B) un

control preciso del posicionamiento molecular y la preparación del circuito para que cada

molécula individual pueda colocarse en su lugar exacto sin destruir sus propiedades. La

pregunta B es una tarea para qúımicos sintéticos e ingenieros electrónicos, y en el pre-

sente trabajo nos centraremos en la pregunta A en particular en el objetivo A1. Dado

que el acoplamiento ”fuerte” se define en términos de poder actuar dentro de la escala de

tiempo que nos da el tiempo de coherencia, el estado cuántico definido en SMM enfrenta

dos desaf́ıos a nivel fundamental, 1)- obtener una coherencia cuántica más robusta, in-

cluso en presencia del interacción inevitable con el entorno, que consiste en la suma del
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baño espines y el baño de fonones. 2)- desarrollar nuevas formas de manipulación de esṕın

coherente para aplicaciones de computación cuántica. En primer lugar, la interacción de

los estados de esṕın con el baño de fonones, también conocida como acoplamiento de

esṕın-fonón (SPC), aprovecha la superposición de esṕın. Es necesario identificar aquellos

estados de enerǵıa de vibración o fonón que juegan un papel cŕıtico en la inversión de

la magnetización. Además de esto, estas interacciones deben investigarse más a fondo

por medio de un estado producto entre el esṕın y el grado de libertad del fonón, también

conocido como estado vibrónico, en presencia de diferentes campos magnéticos para in-

vestigar las v́ıas de relajación. Para una manipulación coherente de la información de

esṕın, el campo eléctrico se puede confinar en una escala de longitud más pequeña que

el campo magnético. En este contexto, las moléculas magnéticas son una plataforma

ideal porque exhiben un entorno de ligandos polarizable, lo que proporciona un fuerte

acoplamiento al campo eléctrico. Una vez que las interacciones ambientales se caracter-

izan por completo, se puede explotar la viabilidad de un sistema para la manipulación

coherente de la información de esṕın.

El objetivo de esta tesis es explorar la posibilidad, desde una perspectiva teórica, de la

manipulación coherente de la información de esṕın del qubit de esṕın molecular definido

en una molécula tipo Ln-SMM para aplicaciones de computación cuántica. Para ello,

se abordan varios desaf́ıos, como la frágil coherencia cuántica, el acoplamiento del esṕın

con el campo eléctrico y la comunicación entre qubits. La coherencia cuántica frágil se

aborda en detalle mediante el modelado de acoplamientos de esṕın-fonón, acoplamientos

vibrónicos y acoplamiento vibrónico-fonón. Se explora más la dependencia expĺıcita de la

temperatura y el tiempo utilizando la teoŕıa de relajación de Redfield. Los acoplamientos

de esṕın con el campo eléctrico se investigan a fondo en HoW10 contrastando las predic-

ciones teóricas con datos experimentales y, finalmente, se establece un marco teórico para

determinar un punto de operación óptimo (compromiso entre habilitar la comunicación

entre qubits y preservar la coherencia cuántica) para generar estados entrelazados uti-

lizando qubits de esṕın molecular.

Caṕıtulo 3: Desacoplamiento de estados de esṕın con densidad de estados de

fonones

Este caṕıtulo incluye tres trabajos que abordan minuciosamente diferentes aspectos

de las coherencias frágiles del spin-qubit molecular.

1. Acoplamiento esṕın-vibración para merecer el rendimiento de los SMM.

2. Modelo vibrónico que explota el estado del producto entre el esṕın y el fonón para

determinar las v́ıas de relajación.

3. Una relación entre vibraciones locales y fonones de longitud de onda larga, es decir,

acoplamiento vibrónico-fonón.
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Caṕıtulo 4: Control de esṕın eléctrico cuántico coherente en un nanoimán

molecular en la transición del reloj

Este caṕıtulo se concentra en la exploración de acoplamiento entre esṕın y campo

eléctrico en el anión molecular HoW10. Los acoplamientos más fuertes observados en

dicho sistema allanarán el camino hacia la computación cuántica práctica mediante el

control coherente de la superposición del estado de esṕın.

Caṕıtulo 5: Puertas eléctricas de dos qubits dentro de un par de moléculas

magnéticas de qubits de reloj

En este trabajo, demostramos teóricamente la posibilidad de emplear pulsos de campo

eléctrico E para implementar puertas lógicas que logren entrelazamiento cuántico de dos

qubits (protegidos además por transiciones de reloj) empleando dos moléculas vecinas de

HoW10 dentro de un cristal diluido. Esto implica encontrar un campo B que constituya

un compromiso entre mantener parte de la protección contra el ruido magnético y permitir

la cantidad necesaria de comunicación entre qubits por acoplo dipolar. Comenzamos con

una estimación teórica del efecto de la temperatura y el campo B en los tiempos de

relajación longitudinal (T1) y transversal (T2) de un solo qubit HoW10. Más adelante,

abordamos la interacción qubit-qubit. Con el Hamiltoniano completo, indicamos las

condiciones y el procedimiento para implementar manipulaciones arbitrarias de 2 qubits

en este sistema.

7.2 Moléculas imán

Las moléculas imán, nanoimanes moleculares o imanes unimoleculares (SMM por sus si-

glas en inglés) han demostrado un gran potencial para el avance de tecnoloǵıas emergentes

como el procesamiento y almacenamiento de información cuántica, dispositivos de es-

pintrónica, imágenes de resonancia magnética.31–34 Para mejorar aún más el rendimiento

de los SMM, es necesario descifrar el origen del comportamiento magnético en estas

moléculas magnéticas.

Los SMM basados en lantánidos (Ln) exhiben una naturaleza magnética distintiva

que se deriva de la estructura electrónica y se atribuye al aspecto de que los electrones 4f

están mayormente localizados en una capa interna que deja un gran momento orbital (L̂).

Este gran momento orbital y el fuerte efecto relativista dan lugar a un fuerte acoplamiento

esṕın-órbita que domina sobre el campo cristalino causado por el entorno del ligando que

rodea al ion metálico. Además, L̂ se acopla tan fuertemente con el momento de esṕın

(Ŝ) que Ŝ ya no se corresponde con un observable. Por lo tanto, el momento angular

total (Ĵ) es el buen número cuántico para describir las propiedades magnéticas en los

SMM basados en Ln. El débil campo cristalino resultante tiene un efecto menor en la

eliminación de la degeneración de los orbitales 4 f , sin embargo, un efecto tan pequeño
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es suficiente para ajustar las propiedades magnéticas mediante la elección cuidadosa del

entorno del ligando. Esta caracteŕıstica se distingue de los SMM basados en metales de

transición, donde el campo de ligando domina la interacción esṕın-órbita.

El estado de oxidación más estable para los iones Ln es trivalente (Ln3+) que se

caracterizan por configuraciones fn, ‘n’ es el número de electrones en la capa 4f . El

esquema de nivel electrónico correspondiente se puede entender considerando diferentes

contribuciones al hamiltoniano electrónico completo (ĤS), eq. 7.1:124

ĤS = Ĥ0 + Ĥee + ĤSO + ĤCF + Ĥzeeman + Ĥhyp. (7.1)

Primero, la interacción electrón-electrón (Hee) añadida al hamiltoniano atómico de un

electrón (H0) del ion Ln3+ divide la configuración electrónica de menor enerǵıa con difer-

entes orbitales angulares. cantidad de movimiento (2S+1L) del orden de 104 cm−1.125 En

segundo lugar, el acoplamiento entre el momento angular orbital y el esṕın del electrón

(interacción esṕın-órbita (HSO)) produce términos atómicos no degenerados caracteriza-

dos por el momento angular total “J” (2S+1LJ), esta fuerza de interacción es de alrede-

dor de 103 cm−1. El campo cristalino de ligandos (ĤCF ) divide cada término atómico

en 102 cm−1, produciendo además estados de enerǵıa con diferentes números cuánticos

magnéticos MJ . En presencia de un campo magnético externo, cada multiplete MJ exper-

imenta el escupitajo de Zeeman, produciendo estados ±MJ con un orden de 1-10 cm−1.

Finalmente, cada nivel de Zeeman puede dividirse aún más con una pequeña separación

de enerǵıa (0,1-1 cm−1) debido a la interacción electronuclear, también conocida como

interacción hiperfina.

En los SMM basados en Ln, los estados MJ que surgen del nivel básico de J están bien

separados de los multipletes MJ excitados, esta fuera de resonancia reduce la interacción

innecesaria del baño electrónico, lo que los convierte en candidatos perfectos para el

procesamiento de información cuántica. y almacenamiento magnético.

7.2.1 Hamiltoniano de campo cristalino

El campo cristalino se formula bajo la aproximación de campo débil, es decir, la división

de los niveles de enerǵıa debido al campo cristalino es débil en comparación con la enerǵıa

de interacción esṕın-órbita. Bethe lo introdujo por primera vez en 1929 para simular los

niveles de enerǵıa por f -elemento.127 Una vez que el ion Ln3+ se coloca en un entorno

de ligando, el orbital 4fn parcialmente lleno se divide creando una degeneración (2J + 1)

veces mayor, este efecto de campo de ligando se puede modelar mediante un potencial

creado por ligandos en el ion Ln3+ · El efecto de campo cristalino resultante es un orden

de magnitud más pequeño que el acoplamiento esṕın-órbita. El campo cristalino hamil-

toniano se puede escribir en términos de potenciales de campo ligando (V (r⃗)).128,129
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El campo cristalino hamiltoniano en forma de operador de Steven se muestra en la

ecuación. 7.2, donde ak son los coeficientes de Steven, rk es el valor esperado radial, Aq
k

y Bq
k son los parámetros del campo cristalino y Ôq

k(Ĵ) son los operadores de Steven.135

HCF (J) =
∑

k=2,4,6

k∑
q=−k

akA
q
k⟨r

k⟩Ôq
k =

∑
k=2,4,6

k∑
q=−k

Bq
kÔ

q
k(J) (7.2)

La conversión entre los operadores de Wybourne y Steven se puede encontrar en la ref.134

7.3 Relajación en moléculas imán (SMM)

El magnetismo en los SMM se puede caracterizar monitoreando su comportamiento

magnético en el tiempo. En el campo cero, el multiplete de tierra 2S+1LJ , que se muestra

en la Fig. 7.1a, se divide dando lugar al estado 2J + 1, la diferencia de enerǵıa desde la

tierra hasta el nivel de enerǵıa más alto se conoce como barrera de enerǵıa (barrera de

anisotroṕıa, ∆). Con un campo magnético externo cero, la población en cada estado MJ -

puede describirse mediante la distribución de Boltzmann (pi = e−Ei/kBT/
∑MJ

i=1 e
−Ei/kBT ),

que está en el rango (0 > pi > 1) a una temperatura dada. Cuando se aplica un campo

magnético externo, se levanta la degeneración de los estados fundamentales y se modi-

fica la barrera de anisotroṕıa, Fig. 7.1b. Si el sistema inicialmente tiene sus momentos

magnéticos paralelos al campo magnético aplicado, cuando el campo se invierte en di-

rección, el estado inicial se vuelve más energético (momentos magnéticos antiparalelos

a el campo) y el estado de equilibrio/menos energético tiene los momentos magnéticos

paralelos al campo. los el sistema intentará hacer la transición al último estado de menor

enerǵıa. Esto se conoce como relajación magnética, y se caracteriza por el tiempo que

tarda el sistema en relajarse, descrito por el tiempo de relajación, τ .

El sistema bajo investigación requiere un tiempo de relajación lento y una temper-

atura alta para usar en aplicaciones prácticas. El origen de la relajación puede ocurrir

a través de la interacción del esṕın con otros espines o bien a través del fonón reticular,

antes se conoce como relajación esṕın-esṕın y luego es relajación esṕın-fonón. Para un

mejor rendimiento de los SMM, es importante descifrar diferentes rutas de relajación me-

diadas por fonones. La relajación mediada por fonones puede tener lugar a través de un

mecanismo que depende de la temperatura. A bajas temperaturas, cuando la enerǵıa del

fonón coincide con la brecha de enerǵıa de dos niveles de esṕın, el esṕın tunelizará la bar-

rera y este mecanismo se caracteriza como un proceso directo y τ puede ser directamente

proporcional a la temperatura, es decir, τ = AT donde A es una preconstante determi-

nada emṕıricamente. A las temperaturas más bajas de unos pocos Kelvin, el mecanismo

de relajación dominante suele ser el túnel cuántico de la magnetización (QTM), que se

rige por factores ambientales, como la presencia de espines nucleares y acoplamientos
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Figure 7.1: a)- Representación cualitativa de la barrera de enerǵıa, ∆, también conocida
como barrera de anisotroṕıa. µ es el momento magnético que apunta en la dirección de la
flecha para cada estado. b) Elevación de degeneración de los dobletes cuando se aplica un
campo magnético externo Ĥ. Los estados de la izquierda se vuelven más energéticos ya
que el campo y el momento magnético en esos estados son antiparalelos. Los estados a la
derecha son menos energético porque el campo y los momentos magnéticos son paralelos.

dipolares. La QTM entre estados fundamentales magnéticos es naturalmente indepen-

diente de la temperatura. Esto se rige principalmente por la presencia de anisotroṕıa

transversal en el sistema. A una temperatura más alta, más de un fonón es accesible

y puede impulsar el proceso de relajación. En los casos en los que está involucrado un

fonón, el esṕın se promueve a estados excitados paso a paso y finalmente llega al otro lado

de la barrera emitiendo un fonón, este proceso se conoce como proceso de Orbach, este

proceso se asemeja a los procesos similares a Arrhenius donde el reactivo debe superar la

barrera energética. En este proceso, τ−1 tiene una dependencia exponencial τ−1
0 e∆/kBT ,

donde ∆ es la altura de la barrera. En los casos en los que están involucrados dos fonones

conocidos como proceso Raman, en este proceso la transición de esṕın entre dos estados

es directa pero a través de un estado intermedio. En el proceso Raman, el tiempo de

relajación se caracteriza como τ−1 = CT n+7, donde n es cero para el entero J y ±2 para

el medio entero J . El proceso de relajación general se obtiene ajustando las tasas de

relajación dependientes de la temperatura utilizando la ec. 7.3.

τ−1 = AT + CT n + τ−1
QTM + τ−1

0 e∆/kBT (7.3)

En todos los procesos de relajación mediados por fonones descritos anteriormente, dos

factores juegan un papel importante, la diferencia de enerǵıa entre los niveles de enerǵıa

de fonón y esṕın y los acoplamientos de esṕın-fonón. Las vibraciones de la red se deter-

minan mediante el método del primer principio DFT y los niveles de enerǵıa de esṕın

se determinan mediante el método ab-initio. con la información de ambos, uno podŕıa

determinar los acoplamientos de esṕın-fonón siguiendo los niveles de enerǵıa de esṕın en

coordenadas vibratorias.

253



7.3.1 Acoplamientos entre fonones y estados de esṕın

La interacción de los espines electrónicos con los grados de libertad nucleares (fonones),

conocidos como acoplamientos de esṕın-fonón (SPC) o acoplamientos esṕın-vibratorios,

es una fuente de decoherencia en los qubits moleculares y de relajación magnética. Los

hamiltonianos de esṕın, fonones y esṕın-fonón se definen en la ecuación. 7.4, 7.5 y 7.6

respectivamente. El hamiltoniano de esṕın es equivalente al hamiltoniano CF definido

para el multiplete más bajo en lantánidos.

ĤS =
∑

k=2,4,6

k∑
q=−k

Bq
kÔ

q
k(J) (7.4)

Ĥph =
∑
α

ℏωα(nα + 1/2) (7.5)

ĤS−ph =
∑

k=2,4,6

k∑
q=−k

(
∂Bq

k

∂qα

)
0

q̂αÔ
q
k(J) (7.6)

donde Bq
k y Ôq

k(J) corresponden al parámetro del campo cristalino y al operador de

Stevens respectivamente, J = {−MJ , ... + MJ} es total Momento angular definido en

base a MJ . ωα denota la frecuencia para el modo α mientras que nα corresponde al nivel

del fonón. q̂α denota la coordenada adimensional del fonón y el término
(

∂Bq
k

∂qα

)
0

es la

constante SPC para un determinado fonón-α. Para evaluar este término de acoplamiento,

comenzamos calculando los desplazamientos de enerǵıa de punto cero; es decir, qα =√
ℏωα/kα donde kα es la constante de masa del resorte para un fonón dado-α. Luego

distorsionamos la geometŕıa molecular de equilibrio q⃗eq dentro de un ĺımite de −qα → +qα

a lo largo de los vectores de desplazamiento n⃗x,y,z para cada modo-α usando: q⃗dist,α =

q⃗eq + qjn⃗x,y,z. Para cada geometŕıa distorsionada q⃗dist,α, realizamos ab-initio cálculos de

estructura electrónica (CASSCF-SO) y extrajimos los CFP (Bk
q ) en el operador de Steven

definición. Los CFP obtenidos se ajustan con polinomios de segundo orden para evaluar

el SPC de primer orden para un fonón dado, es decir,
(

∂Bq
k

∂qα

)
0
. También podemos definir

la fuerza de acoplamiento vibrónico total Sj para una vibración dada al concentrar el

efecto de los CFP individuales de la siguiente manera:176

Sj =

√√√√1

3

∑
k

1

2k + 1

k∑
q=−k

|
(
∂Bq

k

∂Qj

)
0

|2 (7.7)

7.3.2 Modelado de la relajación magnética: teoŕıa de Redfield

El spin-qubit molecular definido en el imán de una sola molécula basado en Lanthnide

exhibe una coherencia cuántica frágil debido a la interacción inevitable con los baños

de spin y fonón del entorno. Estas interacciones se cuantifican como acoplamientos de
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esṕın-fonón descritos en secciones anteriores. Para cualquier operación de computación

cuántica, es necesario extraer información de la vida útil de qubit. Estos tiempos de

relajación se caracterizan como tiempo de relajación transversal y longitudinal. Se ha

observado que los SPC son débiles y la relajación para el baño de fonones es mucho más

rápida que la dinámica de esṕın. En este escenario, la teoŕıa de Redfield es la mejor

manera de describir la dinámica de relajación de qubit en presencia de fonones.

La dinámica de todo el sistema (espines electrónicos y fonones) se puede describir

mediante la evolución temporal del operador de densidad, ρ̂(t), eq. 7.8.

˙̂ρ(t) = − ι̇

ℏ

[
Ĥ, ρ̂(t)

]
(7.8)

donde Ĥ = ĤS+Ĥph+ĤS−ph es el hamiltoniano total que describe los espines electrónicos

(ĤS), el baño de fonones (Ĥph) y su interacción spin-bath (ĤS−ph), respectivamente. En

los SMM basados en lantánidos, el espectro de baja enerǵıa se caracteriza por un campo

cristalino hamiltoniano, ĤS =
∑

k=2,4,6

∑k
q=−k B

q
kÔ

q
k(J). El hamiltoniano de fonones se

define por el modo normal de vibración (ωα), Ĥph =
∑

α ℏωα(nα + 1/2), α es el número

de fonón y, finalmente, el hamiltoniano interactivo entre el esṕın y el fonón se define por

la derivada del hamiltoniano de esṕın sobre la coordenada del modo normal del fonón

(qα), eq. 7.9. Como la dinámica del fonón es mucho más rápida que el sistema de esṕın,

se puede invocar la aproximación de Born-Markov donde se integrará el grado de libertad

del fonón. La dinámica resultante de la matriz de densidad reducida después de algunos

pasos matemáticos se describe en la ec. 7.10.

ĤS−ph =
∑

k=2,4,6

k∑
q=−k

(
∂Bq

k

∂qα

)
0

q̂αÔ
q
k(J) (7.9)

ρ̇Sab(t) = −ι̇ωabρab −
∑
cd

Rab,cdρ
S
cd(t) (7.10)

dónde,

Rab,cd = − π

2ℏ2
∑
α

{∑
j

δbdV
α
ajV

α
jcG(ωjc, ωα) − V α

acV
α
dbG(ωdb, ωα)

− V α
acV

α
dbG(ωca, ωα) +

∑
j

δcaV
α
djV

α
jbG(ωjd, ωα)

}
(7.11)

Rab,cd es el tensor de Redfield completo que explica la relajación del sistema debido a

la interacción con el baño termal. Contiene la información sobre diferentes rutas de

relajación dependiendo del número de estados involucrados, es decir, i)- aa,aa: relajación

de la población, tasa de pérdida de la población en a, ii)- ab,ab: relajación de coherencia
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o desfase, amortiguamiento de coherencia, iii- aa,bb: transferencia de población, tasa de

transferencia de población del estado b al estado a. iv- ab,cd: transferencia de coherencia,

velocidad a la que la amplitud en una superposición oscilante entre dos estados (c y d)

se acopla para formar una amplitud oscilante entre otros dos estados (a y b).

7.3.3 Modelado del acoplamiento vibrónico

Aunque las constantes de SPC, brindan información útil para identificar las vibraciones

que aprovechan la coherencia de esṕın. Pero aún se necesita explorar la información

de cuánto se ha visto afectado el estado de esṕın en śı mismo por estos SPC. Para

cuantificar el efecto de SPC en los estados de esṕın en presencia de fonones cercanos, se

debe considerar un estado acoplado de esṕın y vibración conocido como estado vibrónico,

eq 7.12. En el modelado del estado vibrónico, se puede construir un estado de producto

a partir de estados de enerǵıa de esṕın y fonón en presencia de SPC, el estado resultante

incluye toda la información del sistema. Se puede calcular un espectro de absorción a

partir de la transición permitida entre el estado vibrónico excitado y el fundamental, que

estará cerca de la realidad y luego se calculará mediante DFT donde no se consideran tales

acoplamientos. Este enfoque gana importancia, porque se podŕıan incluir propiedades

magnéticas de los estados de esṕın por medio del efecto Zeeman. En un campo magnético

dado, el estado de giro se acerca a los nuevos fonones que están lejos del campo magnético

cero, por lo que los nuevos fonones ganan importancia.

〈
M ′

J , nj ± 1
∣∣∣ĤS−ph

∣∣∣MJ , nj

〉
=

〈
M ′

J , nj ± 1

∣∣∣∣∣ ∑
k=2,4,6

q=+k∑
q=−k

Q̂j

(
∂Bq

k

∂Qj

)
0

Ôq
k(J)

∣∣∣∣∣MJ , nj

〉

=

〈
M ′

J

∣∣∣∣∣ ∑
k=2,4,6

q=+k∑
q=−k

(
∂Bq

k

∂Qj

)
0

Ôq
k(J)

∣∣∣∣∣MJ

〉
⊗
〈
nj ± 1

∣∣∣Q̂j

∣∣∣nj

〉
(7.12)

7.3.4 Acoplamiento entre estados de esṕın y campo eléctricos

Para cuantificar los acoplamientos entre estados de esṕın y campo eléctricos (SEC por

sus siglas en inglés), establecimos una relación entre el cambio en el momento dipolar

y los niveles de enerǵıa de esṕın. Como el momento dipolar depende de la distribución

de la nube electrónica, se verá directamente afectado por un campo E inducido. Para

cuantificar el cambio del momento dipolar, usamos la base del modo vibracional normal,

ya que son ortogonales, y sabemos de hecho que cada perturbación molecular se puede

descomponer en una combinación lineal de la base normal. Una suposición central en

nuestra metodoloǵıa es que el aumento de la enerǵıa potencial (Uα = 1
2
κq2) debido al

desplazamiento de las posiciones atómicas, en forma de un oscilador armónico - coincide
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exactamente con la estabilización de la enerǵıa potencial (UE = −p⃗ · E⃗) debido al cambio

en el dipolo eléctrico molecular en presencia de un campo eléctrico externo. En ausencia

de un campo E, los niveles de enerǵıa de esṕın en los complejos basados en lantánidos se

pueden caracterizar por un hamiltoniano de campo cristalino independiente del tiempo

ĤCF (J),

ĤCF (J) =
∑

k=2,4,6

k∑
q=−k

Bq
kÔ

q
k(J) (7.13)

donde Bq
k y Ôq

k(J) corresponden al parámetro del campo cristalino y el operador de

Stevens de rango ’k’ respectivamente y ’J ’ es el momento angular total. De la ecuación.

7.13, es evidente que el campo externo E modificará los parámetros del campo cristalino;

es decir, ‘Bq
k → Bq

k(Q⃗(E))’ y el hamiltoniano toma la forma ĤCF (J) → ĤCF (J, Q⃗(E)),

donde Q⃗(E) representa el desplazamiento perturbativo causado por el cambio en la nube

electrónica como consecuencia de la E- campo.

7.4 Desacoplamiento de estados de esṕın con densi-

dad de estados de fonones

Simulamos espectros infrarrojos lejanos en presencia de un campo magnético alto uti-

lizando dinámica de celośıa y modelo vibrónico para explorar la interacción de carga,

estructura y magnetismo y obtener información sobre las v́ıas de relajación en HoW10,

un modelo de sistema qubit con transiciones de reloj atómico. Encontramos dos regiones

magneto-infrarrojas fuertes cerca de 63 cm−1 y 370 cm−1, la región anterior corresponde

a la mezcla del nivel de campo cristalino MJ = ±5 (y muy probablemente los niveles MJ

= ±2) con fonones cercanos, como el estiramiento asimétrico de HoO8 con inclinación

de la jaula, mientras que más tarde corresponde a la interacción de MJ = ±7 con varios

modos de balanceo y estiramiento de HoO8.

Para revelar la disipación de enerǵıa en el espectro de esṕın al baño térmico del fonón

óptico y el fonón acústico, desarrollamos un modelo de vibrónico-fonón considerando los

cruces entre las ramas ópticas bajas y los fonones acústicos en HoW10. Descubrimos

que el primer modo vibracional, que presenta un acoplamiento vibrónico significativo

y se le ha atribuido un papel crucial en la relajación de la red de esṕın, no se acopla

significativamente a los fonones de red de longitud de onda larga, ni longitudinal ni

transversal, lo que revela que la transferencia de enerǵıa intramolecular adicional a través

de vibraciones anarmónicas está involucrada en el proceso de relajación de esṕın.Estos

hallazgos avanzan en la comprensión de cómo modelar la próxima generación de qubits

de esṕın molecular para tecnoloǵıas cuánticas.

El concepto de acoplamientos esṕın-vibratorios se ampĺıa aún más hacia el magnetismo
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molecular para aplicaciones de almacenamiento magnético de alta densidad. Un enfoque

computacional eficiente combina cálculos electrostáticos ab initio y de carga efectiva para

identificar las vibraciones moleculares clave responsables de la relajación magnética en

imanes de iones únicos basados en lantánidos y, por lo tanto, poder establecer algunas

pautas valiosas de propiedades de estructura para un diseño racional más optimizado. A

partir de nuestros resultados, podemos sugerir algunas estrategias de diseño para posibles

SIM con alta temperatura de bloqueo: (1) la elección de moléculas que sean simples y

ŕıgidas en la vecindad del metal para proporcionar vibraciones moleculares dispersas

en la región de baja enerǵıa y (2 ) el uso de ligandos que maximizan la división del

campo de ligando para lograr niveles de enerǵıa de esṕın bajos energéticamente bien

separados, minimizando aśı las resonancias energéticas entre las vibraciones disponibles

y las excitaciones requeridas para cruzar la barrera.

7.5 Control eléctrico del esṕın, manteniendo la co-

herencia cuántica, en transiciones de reloj de un

nanoimán molecular

El hamiltoniano de esṕın molecular es modulado por el campo E a través de la SEC,

lo que lleva a un cambio δf en la frecuencia ESR. La constante de acoplamiento de

esṕın eléctrico observada en HoW10 (δf/E = 11, 4Hz(V m−1)−1) supera los SEC infor-

mados anteriormente para imanes moleculares basados en metales de transición, es decir,

, δf/E < 1Hz(V m−1)−1. También es un orden más grande que el YAG dopado con tier-

ras raras recientemente informado (δf/E ≈ 1Hz(V m−1)−1). Aunque es bastante similar

al material piezoeléctrico – Mn2+ en ZnO – δf/E hasta 12 Hz(V m−1)−1.

Este SEC significativo en HoW10 se debe al entorno eléctricamente polarizable en

presencia de una desviación preexistente de alta simetŕıa (D4d) y el espectro de esṕın es

muy sensible a la distorsión. Estas caracteŕısticas distintivas proporcionan una receta

general para futuros candidatos que exhiban altos SEC. El fuerte SEC en HoW10 es

suficiente para cambiar la frecuencia a la escala mayor que el ancho de ĺınea natural,

esto será beneficioso para abordar selectivamente los espines utilizando el campo E local

a nivel práctico. También plantea la posibilidad de utilizar el campo electrónico para

controlar los espines de una interfaz esṕın-fotón coherente en dispositivos espintrónicos

moleculares. Además, el ejemplo actual de HoW10 de nanoimán molecular, que muestra

un alto SEC, puede usarse para tecnoloǵıas espintrónicas cuánticas y clásicas.
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7.6 Puertas eléctricas de dos qubits dentro de un par

de moléculas magnéticas de qubits de reloj

En este caṕıtulo, hemos presentado un esquema para la generación de entrelazamiento

en un espacio de Hilbert de dos qubits, resultante de dos qubits de esṕın molecular. Los

requisitos clave para generar estados entrelazados de alta fidelidad son tener transiciones

distinguibles y un espacio de qubit operativo conmutable (simétrico a asimétrico). Aqúı,

lo primero se logra mediante la activación de la interacción dipolar y luego mediante la

aplicación del campo E. Además, la vida útil de qubit establece un ĺımite superior para

el tiempo requerido para generar un estado entrelazado.

El esquema propuesto se emplea en una molécula de d́ımero HoW10 protegida por

CT en un cristal diluido que se acopla a través de una interacción dipolar. En primer

lugar, se analiza la dependencia de la temperatura y el campo magnético del proceso

de decoherencias en los estados de qubit utilizando la teoŕıa de relajación de Redfield,

esto es para determinar las condiciones realistas para los tiempos de operación en los

estados de qubit. Más tarde, se construye un espacio de Hilbert de dos qubits a partir

de los estados CT de dos moléculas vecinas relacionadas con la simetŕıa de inversión. La

interacción dipolar se activa al alejarse ligeramente del campo CT, lo que proporciona

transiciones distinguibles dentro de los estados de dos qubits. El fuerte efecto eléctrico

de esṕın observado en HoW10,
107 un modesto campo E de 300 V/2 mm, es suficiente

para tener un espacio operativo conmutable. Nuestros resultados ofrecen una estrategia

prometedora hacia el uso de qubits de esṕın molecular HoW10 en la construcción de un

procesador cuántico de dos qubits totalmente direccionable que no solo evita la interacción

entre qubits siempre activa mediante el control de campo E local, sino que también realiza

un Correspondencia a uno entre operaciones lógicas y f́ısicas.

El presente esquema presentado puede emplearse tanto para sistemas CT como no

CT. Además, nuestro esquema se puede emplear directamente para estudiar el sistema

Lu (II) CT recientemente descubierto y su viabilidad para la generación de entrelaza-

miento.122 Finalmente, tenga en cuenta que la existencia de un subespacio altamente

protegido podŕıa explotarse para otros esquemas de manera que este sistema de dos

qubits pueda considerarse como dos qubits f́ısicos capaces de almacenar temporalmente

un solo qubit lógico, como un enfoque para la tecnoloǵıa cuántica incorporada. protección

contra errores
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