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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(WsO1g),]1°~. We find that in crystals of this polyoxometalate
the vibrational mode previously found to be vibronically active at low temperature does not couple signifi-
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is necessary for spin relaxation in this system. Finally, we discuss implications for the spin—phonon coup-
ling of [Ho(WsO4g),1°~ deposited on a MgO (001) substrate, offering a simple methodology that can be
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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." ™ Starting from single-molecule
magnets (SMMs) based on transition metal clusters,” 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.*’
Eventually, the SIM strategy lead to the design of coordination
spheres resulting in record potential energy barriers and hys-
teresis temperatures above liquid nitrogen.®'° 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."' " 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
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extrapolated to estimate the effects on spin relaxation of different surfaces, including 2D materials.

calculations.""® 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.”'®'” It has been
shown in different ways that spin states in magnetic molecules
couple most strongly with local vibrations,'®'®'® rather than
with lattice phonons as is the case for other magnetic solids.>’
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.>'* 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 ferroelectrics®® 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.>*
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,
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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.>**” 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 7} in molecular spin qubits.?®

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(W;0;5),]°”, 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.”® 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.>** 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 spins®
and magneto-infrared spectroscopy.®® In Liu et al.,>® 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.,*® 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 Nag[Ho(W5Os3),]-35H,0, 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(W5043),]”” have identified the more
crucial vibronically active vibrations.*® Specific M; spin energy
levels couple to various HoOg rocking and stretching modes.
This includes asymmetric HoOg stretching with cage tilting,
and, in particular, the vibrational mode n = 1, presenting the
lowest vibrational frequency v = 8.6 cm™" (Fig. 1). This mode
can be approximated as a torsion along the near-C, 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 7;.>® The vibronic coupling S, 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
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Fig. 1 (a) Structure of the molecular anion [Ho(Ws01s),]°", superim-
posed with vectors indicating the atomic displacements for normal
mode n = 1 and the (x,y,z) reference frame. (b) Vibronic coupling S, vs.
vibrational frequency for molecular normal modes in [Ho(W5O4g),1°".

these vibrational modes, and in particular n =
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.?” 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.**

Let us say we want to model the effect on a local excitation
of a phonon field p,s where a = x is the unit vector of the
phonon amplitude and f = x is the unit vector of the phonon
propagation direction. For simplicity we can take as an
example the longitudinal phonon y,, 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 d, can be defined by con-
sidering, for each atom, the equilibrium coordinates e, and
the distortion b, which is proportional to the position e; along
the propagation vector f:

1, couple

dy=¢e,+Db-e (1)

The application of a longitudinal phonon ., to an atom
with equilibrium coordinates (e.ey,e;) results in the distorted
coordinates (ex + b-eyeye,). As an example for transverse
phonon let us take u,,, which results in the distorted coordi-
nates (ex + b-e,eye;) (see Fig. 2). Three longitudinal phonons
Hxxstyyshzz and six transverse PhONONS ey fzyflysflyzsfzstzy AN
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

This journal is © The Royal Society of Chemistry 2021
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Phonon amplitude b,

Atomic position u,

Fig. 2 Left: Long-wavelength transverse phonon ., 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 b, along the phonon
amplitude direction z that is directly proportional to its position u, along
the propagation direction x. Right: Relative effect of transverse phonon
Jizx ON [Ho(W5014),]°~ with respect to the central Ho** ion. Color code:
Ho (green), W (gray) and O (red).

employing just 9 model phonons. Fig. 2 illustrates the relation
between phonon amplitude and atomic position for the
example of a transverse phonon j,,, as well as the qualitative
effect of such a phonon on the molecular anion [Ho
(W5045),]°~, 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
Hap * Hop = 1 for any a,f. The vibronic-phonon coupling S(y,qp)
is simply calculated as the scalar product between the normal-
ized displacement vectors defining each normal mode 7 and
each of the idealized phonons /i, in absolute value:

S(/‘n‘u/}) = }fi : ﬁaﬂ‘ (2)

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.**

Application to [Ho(W;5045),]°~

Fig. 3 shows the coupling of each molecular normal mode of
vibration to our 9 model phonons (for full details, see ESI}).
Since S(n,qp) = 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(uy.s) < 0.2. Additionally,
vibrations n = 4, 5, 6 (24, 30, 43 cm™ ") couple strongly with the
three phonons propagating along the molecular axis
HxxsflyxHzx- 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.

This journal is © The Royal Society of Chemistry 2021
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Inspecting the numbers in some detail (see ESIf) we find
that for mode n = 1 all vibronic-phonon couplings S(u ) 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,*® 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(W;0;5),]°", a strongly frequency-dependent
shoulder was observed in y”, 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.>* 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™' 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.*® Recent studies in this system have already eluci-
dated the role of localized vibrational modes in its spin relax-
ation.* Calculations on a thin slab model*® identified surface
phonons in the region of 150 cm™, 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 piyz,pixy and gy, respectively. Our analysis evidences that
it would be an advantageous environment for [Ho(W50;5),]°”
anions, since the first molecular vibrations which are signifi-
cantly coupled to this kind of phonons would be n = 5 at
25-30 em™~". 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{Mo50,;3(OMe),NNC¢H,-p-NO,},]*~,**
the molybdenum analogue to [Ho(W;5044),]°”, the magnetic
ion presents an equivalent coordination sphere in a chemically
identical structure, except for the presence of two apical -NO,~

Dalton Trans., 2021, 50, 11071-11076 | 11073
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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 i piyy.piz- are thus in the diagonal, and transverse phonons iy fixz.tiyxtyzizxtizy IN their corresponding extra-

diagonal locations.

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
a-cyclodextrins rings, which have been experimentally com-
bined with polyoxopalladates,”> or rotaxanes that can form
surface-attached rotaxanes on gold substrates,” 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 graphene** or transition metal dichalcogenides
in which charge density waves are also present.*

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.>* We

1074 | Dalton Trans., 2021, 50, 11071-11076

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 NagHoW,,034-xH,0. 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-a-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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