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ABSTRACT: The spin relaxation of an Er3+ tetranuclear single-
molecule magnet, [Er(hdcCOT)I]4, (hdcCOT = hexahydrodicy-
clopentacyclooctatetraenide dianion), is modeled as a near-
tetrahedral arrangement of Ising-type spins. Combining evidence
from single-crystal X-ray diffraction, magnetometry, and computa-
tional techniques, the slow spin relaxation is interpreted as a
consequence of symmetry restrictions imposed on quantum
tunneling within the cluster core. The union of spin and spatial
symmetries describe a ground state spin−spin coupled manifold
wherein 16 eigenvectors generate the 3D quantum spin-space
described by the vertices of a rhombic dodecahedron. Analysis of
the experimental findings in this context reveals a correlation
between the magnetic transitions and edges connecting cubic and
octahedral subsets of the eigenspace convex hull. Additionally, the model is shown to map to a theoretically proposed quantum
Cayley network, indicating an underexplored synergy between mathematical descriptions of molecular spin interactions and
quantum computing configuration spaces.

■ INTRODUCTION
Many research efforts in molecular magnetism are pivoting
toward exploring and understanding behaviors of molecular
magnets in the context of quantum information science,
primarily focusing on quantum computation upon molecular
qubits.1−4 A recent National Academies5 report describes the
necessity of chemists to focus on design, synthesis, measure-
ment, and control of molecular quantum systems, prioritizing
addressing and controlling multiple electron spins in molecular
systems. To realize molecular versatility and scalability in
applications such as quantum computing, simulation, and
sensing, current mainstays of chemical intuition that rely on
symmetry, charge, and bonding must be adapted to the
presence of complex electron spin interactions. Recognizing
this, molecular magnetism researchers have sought better
control over how the choice of magnetic center and coupling
methodology6 determines the interplay between local (1-site)
and global (many-site) responses.7−10 The search to uncover
more fundamental spin-structure−property relationships has
led to a growing literature of transition metal,11−16 lanthanide,
and mixed-metal systems17−25 placed into multispin architec-
tures of clusters,26,27 chains,28,29 or extended frameworks.30−34

The majority of multinuclear (4 or more centers) lanthanide
cluster research has focused on dysprosium ions bridged with
oxygen,26,35−39 as dysprosium’s propensity toward an axially
anisotropic ground state allows for straightforward character-
ization of SMM (single-molecule magnet) behaviors.7 We set
out to utilize similar energetic perturbative design principles

for erbium,8 trapping it in an highly anisotropic ground state
environment through crystal-field effects. However, design of a
lanthanide-based cluster26 SMM via coupling mononuclear
SMMs rarely improves upon or even retains the slow relaxation
dynamics of the solitary ion, often due to mixing of crystal field
states via intraion coupling. To maximize the mapping of
single-ion bases onto the coupled cluster interaction, we
minimized the energy perturbation by reducing orbital-based
exchange interactions, instead relying on a dipole-coupling of
the highly anisotropic spins. To further reduce the free-
parameter space, a cluster was synthesized with spatial
orientation of the Ising axes that approximates the four 3-
fold rotation axes of a tetrahedron: [Er(hdcCOT)I]4,
(hdcCOT = hexahydrodicyclopentacyclooctatetraenide dia-
nion).

To address the complexity of this system, we impose
symmetry restrictions on the magnetic dipole−dipole portion
of the Hamiltonian through crystallographic relationships
between individual Er3+ centers.40−43 In such systems, the
eigenstates of the total angular momentum can be engineered
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to be highly predictable, controllable by external fields, and
resistant to random field fluctuations. Curiously, the Er3+ ion
has been incorporated into numerous molecular clus-
ters,37,44−54 displays high moment and anisotropy,55−57 yet
slow magnetization dynamics are observed in only one
instance, and only under induced field.58 Inspired by
pyrochlore structures well-known for spin-ice behavior,59

theoretical tetrahedral qubit design60 predicting minimal
decoherence, a four-dimensional proposed quantum network
with perfect spin transfer,61 and the potential to implement
Ising-type Hamiltonians for quantum computation,62 we
hypothesized that a tetranuclear, tetrahedral molecular
analogue would be an interesting subject of study. As such,
we present an investigation into the first tetranuclear erbium
cluster to exhibit slow magnetic relaxation and SMM behavior,
[Er(hdcCOT)I]4, and offer insights into the computationally
derived, dipole-coupled spin states responsible for its magnetic
characteristics.

■ RESULTS & DISCUSSION: SYNTHESIS &
MAGNETISM

Synthesis of tetranuclear [Er(hdcCOT)I]4 proceeds through
the addition of K2[hdcCOT](thf)2 to a suspension of ErI3 in
cold THF in a rigorously air-free environment. This procedure
generates the monomeric, Lewis-base adduct, Er[hdcCOT]I-
(thf)2 as pink-orange crystals. Subsequently, well-dried crystals
of the monomer are dissolved in hot toluene and reacted with

excess tetramethylaluminum (Al(Me)3) to abstract THF and
form the tetranuclear [Er(hdcCOT)I]4 as red-orange crystals
(Figure 1, synthetic scheme). Single-crystal X-ray diffraction
analysis shows that [Er(hdcCOT)I]4 crystallizes in space
group C2/c, with two unique erbium ions within the structure.
The full structure is composed of four bridging iodide ions
connecting four erbium centers situated 4.3645(6)−4.8670(5)
Å apart. The Er-hdcCOT units are oriented in a near-
tetrahedral environment with respect to the cluster center (τ4 =
0.94, where τ4 = 1 is an ideal tetrahedron).63−65 These units
generate the highly anisotropic ground states of each erbium
ion, with anisotropy axes directed through each of the
hdcCOT centroids. Befitting our previously introduced
intuitive model of analysis of anisotropy vectors for such
systems,40 and further corroborated by computational findings
in the following section, we are able to see the first spin-
structure relationship in this compound: tetrahedral crystallo-
graphic arrangement of Er-hdcCOT units generates a
tetrahedral spin-space of uncoupled ground Kramers doublets
on each erbium ion.

To understand the implications of such a spin-space
relationship, we collected static and dynamic data on finely
ground microcrystalline samples in an MPMS3 SQUID
magnetometer (Supporting Information, Section 4). Suscept-
ibility data were collected in field-cooled (FC) and zero-field-
cooled (ZFC) modes under an applied field of 100 Oe
between 2 and 300 K and plotted as the susceptibility-

Figure 1. Synthetic scheme and X-ray single-crystal structure of [Er(hdcCOT)I]4. Ellipsoids in structures represent carbon (gray), iodine (purple),
and erbium (pink). Two unique erbium ions within the structure are labeled as Er-1 and Er-2. Hydrogen atoms are omitted for clarity. Magnetic
data for [Er(hdcCOT)I]4: (A) thermal magnetic susceptibility between 2−300 K, collected in FC (purple) and ZFC (green) modes under an
applied field of 100 Oe, (B) isothermal magnetization at T = 2 K, 60 Oe/s sweep rate, (C) Arrhenius plots of relaxation times versus temperature
(blue diamonds; error bars are within markers for upper and lower error limits of τ values). Gray line is a fit to a multiterm relaxation model (eq
S1) with inset table depicting fit parameters.
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temperature product (χMT) vs temperature (Figure 1A). Both
curves depict a dramatic rise in thermal susceptibility as
temperature increases from 2 K, reaching maxima at 3.1 and
3.5 K, respectively, followed by a steep decrease at higher
temperatures, indicative of ferromagnetic coupling interactions
operant at these temperatures. Divergence between the FC and
ZFC curves at temperatures below 4.4 K indicates magnetic
blocking on the time scale of the measurement. By the
superparamagnetic blocking definition of T(τ = 100 s), the
blocking temperature is ∼3 K. Around 25 K, both curves begin
to slope upward, gradually increasing to a room temperature
χMT value of 41.79 emu mol−1 K. The compound presents
open hysteresis at T = 2 K, up to temperatures of ∼10 K,
saturates near 18 NAμB, and has a coercive field of Hc = 3500
Oe (0.35 T; Figure 1B).

A combination of standard AC susceptibility and extended
frequency space techniques32,40,66,67 were utilized to inves-
tigate dynamic magnetic behavior. These data are summarized
as curves of the natural log of relaxation times versus inverse
temperature in order to emphasize the connection to, and
deviation from, Arrhenius behavior (Figure 1C). Using a
standard phenomenological model, the data is fit to a
combination of basic mechanisms: Orbach, Raman, and
dipolar (eq S1; dipolar term introduced in prior works32,40).
At higher temperatures, the relaxation dynamics are consistent
with typical SMM Arrhenius behavior, with relaxation through
thermal excitation, following the Orbach mechanism. The
extracted experimental barrier, Ueff = 177 cm−1, is in range with
the high-temperature dynamics of other Er-COT compounds
and derivatives,8,32,40−42,66,68−75 and outperforms its mono-
meric counterpart66 (reported Ueff = 147 cm−1).

In the context of [Er(hdcCOT)I]4, the dipolar term
encompasses the weakly temperature dependent processes
occurring within the ground spin manifold over the temper-
ature range of 2−7 K. In this temperature regime, magnetic
relaxation dynamics will be most influenced by small energetic
perturbations arising from dipolar coupling interactions
between the ground Kramers doublets of each spin center
(KD0, MJ = ± 15/2), and will give rise to 2n dipole-coupled
states, where n is the number of spin centers. Within this
context, this small perturbation amounts to a fit Deff = 0.43
cm−1. The dipolar attempt time (τD = 138 s) and nearly
thermal independent behavior are consistent with symmetry
restrictions on transitions in a closely spaced manifold of states.
Intrigued by the geometric manifestation of the isolated spin
spaces, we sought more quantitative corroboration from a
computational and theoretical study.

■ RESULTS & DISCUSSION: COMPUTATIONAL
INVESTIGATION

To facilitate our computational study, we took an energetically
perturbative approach with respect to the electronic structure
of the cluster. First, we utilized CASSCF methods with
Single_Aniso, RASSI, RASSCF, and SEWARD modules of
OpenMolcas76−78 to gain insight into the spin−orbit coupling
present at the single-ion level within each spin center. Then,
we utilized the Poly_Aniso module of OpenMolcas to
investigate the spin−spin interactions within the cluster and
the emergent dipole-coupled quantum space. These calcu-
lations were completed on a set of compounds (Supporting
Information, Section 6) to understand the complex spin
structure of the cluster and the consequences of symmetry
restrictions on the wave function, with the main focus of this

work being on two analogues: crystallographic near-tetrahedral
[Er(hdcCOT)I]4, (τ4 = 0.94) and Er-Td, an idealized model
cluster, [ErCOTI]4, with Td symmetry imposed on the Er−I
core using the Largent−Polik−Schmidt algorithm79,80 (τ4 = 1;
Figure 2; Supporting Information, Section 6).

Single-ion calculations were completed on crystallographic
coordinates of each erbium center in [Er(hdcCOT)I]4 and Er-
Td and describe the single-ion energy surface composed of
Kramers doublets (KDs) of each magnetic ion. Computations
show that single-ion energetics are comparable between
crystallographic and idealized structures, with highly aniso-
tropic (gz = 17.96, gx,y = 0.00), nearly pure MJ = ± 15/2 ground
states (KD0), and MJ = ± 13/2 first excited states (KD1),
separated by ∼85 cm−1 (vide infra; Supporting Information,
Section 6). As expected, and seen in prior compounds, the
main anisotropy axes of the ground Kramers doublets (KD0) of
each spin center lie along the Er-COT vector (Figure 2, shown
for Er-Td and depicted with green lines). It would be expected
that this single-ion electronic profile would be operational at
higher temperatures. Interestingly, the experimentally derived
barrier (Ueff = 177 cm−1) is over twice the energy of the first
available excited state, and approaches, but does not reach, the
second excited state (KD2 = 244 cm−1). This is likely due to a
high degree of mixing between KD2 and KD3, which
encompass MJ = ± 1/2 and ±11/2 states with ∼50% purity.
In the idealized tetrahedral cluster, the purity of these states
increases substantially (up to 92%), but KD2 becomes a
primarily MJ = ± 1/2 state, making it highly susceptible to
facilitate relaxation, even when coupled.

At lower temperatures, transitions between ground and
excited KDs become less thermally accessible, and relaxation
dynamics are governed by transitions within intramolecularly
coupled ground KDs of each magnetic center.40 To provide
insight into this low-temperature relaxation behavior, we
generated a phenomenological model of dipole−dipole
exchange between the four highly anisotropic, Ising-type,

Figure 2. Computationally derived tetrahedral single-ion quantum
space of Er-Td with anisotropy axes arising from each spin center’s
ground Kramers doublet (KD) represented by green lines.
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ground KDs (MJ = ± 15/2) of each magnetic center in the
cluster(s) through the Poly_Aniso module of OpenMolcas.
The outputs of these calculations provide the dipole-coupled
energy manifolds of [Er(hdcCOT)I]4 and Er-Td, their
eigenvalues, and projections in space. Both compound
symmetries yield manifolds composed of 16 eigenstates,
eight doublets (calculated as pseudospin, S̃ = 1/2, due to the
highly axial single-ion states), situated between 0.0 and 4.7
cm−1 and referred to as dipole doublets (DD0−7; Table 1). As

hypothesized, further degeneracies and interrelationships
between states are evident for both the crystallographic and
idealized cluster, with Er-Td most clearly elucidating
symmetry-induced aspects of the spin structure. The first
three multiplets (DD0−2) approach a 6-fold degeneracy. States
DD3,4 and DD5,6 are each 4-fold degenerate, generating two
sets of quartets at nearly identical energies. State DD7 is unique
in that its eigenvalues are both nearly zero, indicating an
antisymmetrization of all four constituent states.

Intrigued by these initial findings, we sought further
indications for how the observed degeneracies could be
contextualized in terms of spin and crystallographic symmetry.
Our interpretation centers on a geometric analysis based on
Er-Td, in which we project eigenvectors of each multiplet from
the center of the cluster, scaled by eigenvalue, and generate a
three-dimensional visualization of the dipole-coupled magnetic
energy surface representing the available quantum space within
the low temperature range (Figure 3A). Figure 3A depicts the
local magnetic axis of each dipole doublet and highlights the
aforementioned degeneracies in three-dimensional space. The
convex hull of the available quantum space forms the rhombic
dodecahedron, a Catalan solid.81 Within this, are three
subspaces composed of an octahedron, a cube, and a set of
points at the origin. States DD0−2 are situated orthogonally
with respect to each other and take on the configuration of an
octahedron (orange, Figure 3A), following their energetic
degeneracies. States DD3−6 each project through the center of
one of the four COT-rings, generating a cube (cyan, Figure
3A), highly reminiscent of the ground KDs. State DD7 projects
almost perfectly onto the origin of our geometric representa-
tion (magenta, Figure 3A).

To further discuss transition probabilities within this
context, the coordinate system is fixed along the main
magnetic axis, aligned with DD0. The appropriate vector
components of each state are projected onto the main
magnetic axis (represented with purple dashed arrows, Figure
3B), upholding both the degeneracy and energy of each state.
This process retains DD0 as the ground state and main axis of

Table 1. Computationally Derived Parameters of Dipole-
Coupled Quantum Spaces of Idealized Er-Td and
Crystallographic [Er(hdcCOT)I]4.

Er-Td [Er(hdcCOT)I]4

DDn, n = energy (cm−1) eigenvalue energy (cm−1) eigenvalue

0 0.00 ±20.98 0.00 ±19.45
1 0.01 ±20.67 0.08 ±20.11
2 0.02 ±20.58 0.52 ±22.52
3 1.17 ±18.12 1.30 ±17.45
4 1.17 ±18.08 1.30 ±17.45
5 1.18 ±17.85 1.36 ±18.46
6 1.19 ±17.81 1.36 ±18.46
7 4.69 ±0.23 4.72 ±0.80

Figure 3. Computationally derived quantum space of Er-Td. (A)
Rhombic dodecahedral dipole-coupled quantum space composed of 8
dipole doublets (DDs), labeled numerically. Color corresponds to
octahedral (orange) and cubic (cyan) subspaces, as discussed in the
text. (B) Simplified representation of (A) depicting projection of
states onto the main magnetic z-axis, to generate (C) dipole-coupled
energy manifold of states and transition probabilities between them,
depicted with as arrows with most (red) and least (blue) probable
transitions.
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anisotropy, while fully mixing the projections of its degenerate
counterparts, DD1 and DD2. States DD3−6 have partial
projections and so retain a scaled version of their cubic
representation. This is more clearly evidenced in a familiar
energy manifold depicted in Figure 3C, where each DD is
organized by its respective energy and moment. The
most(least) likely transition probabilities between states are
depicted with red(blue) arrows, relating to transition matrix
elements connecting eigenstates through a Zeeman perturba-
tion.82

Within this idealized model, it is possible to clearly see the
impact of symmetry and geometry of the quantum space and
begin to relate and rationalize experimentally derived data. The
experimental findings at low temperatures coincide with our
theoretical predictions and computational modeling; DD0 is
the ferromagnetically coupled exchange state responsible for
the ZFC/FC and hysteretic behavior seen experimentally
within the low-temperature regime. Its 2-fold degeneracy arises
from the nature of anisotropy, which aligns individual spins,
creating an energetic equivalence between the “all-in” and “all-
out” configurations. In this context, these are quantized by a
total pseudospin of S̃ = ± 2.

The probabilities of transitions follow magnetic dipole−
dipole selections rules (ΔS = ± 1) and are equivalent to a
single step on one of the edges connecting to DD0 on the
rhombic dodecahedron. This is equivalent to a single spin-flip
and is closely related to the concept of Hamming distance83

from information theory. The fully ferromagnetically coupled
ground state (DD0, S̃ = ± 2) is most likely to transition to one
of the cubic states (DD3−6, S̃ = ± 1), each of which is
representative of a “one-in, three-out” (or vice versa) spin
configuration. It is unlikely to transition to DD1 or DD2 (S̃ =
0), which allows it to maintain its large anisotropy. As
expected, quantum tunnelling of magnetization (QTM) in the
dipole-coupled ground states is greatly suppressed (10−17 vs
10−5 in KD0) and is similarly suppressed within the cubic states
(∼10−20

, Figure 3C). There is no direct pathway involving the
smallest distance (one edge) between states on either side of
the barrier, and QTM becomes a four-step spin-flip process
strongly impacted by dipole coupling present among spins.

From fitting our experimental data, the predicted dipolar
energy splitting was determined to be Deff = 0.43 cm−1,
whereas the calculated dipolar barrier is ΔE(DD0, DD7) = 4.7
cm−1, indicating that the highest energy state, DD7, is unlikely
to be involved to an appreciable degree. It is further unlikely
that the dipolar barrier is composed of DD2 (E = 0.52 cm−1;
Supporting Information Figure S10) as calculated for crystallo-
graphic [Er(hdcCOT)I]4, as this transition would be
disallowed by dipolar selection rules, which is further
confirmed through calculated matrix probabilities. Following
the analysis of the idealized tetrahedral compound, Er-Td, it
appears most likely that the dipolar barrier is composed of the
cubic states (E ∼ 1 cm−1), access to which are allowed by
selection rules, and which are within the order of magnitude of
the experimentally derived dipolar barrier.

Stimulated by discussion within the field of molecular
magnetism toward its applicability to quantum computing, we
set out to map a computational basis onto the dipole-coupled
quantum space of our tetranuclear compound. To discuss this,
we introduce a simple representation of the binary basis in ket-
form where the spin at each site is represented by a “0” or “1”
(Figure 4). In this depiction, the “all-in” state is represented by
|0000⟩ and the “all-out” by |1111⟩, corresponding to DD0. In

this context, traversing between states across one edge is
directly related to a unit Hamming distance and the
equivalence of one spin-flip per step. Furthermore, the
computational basis mapped onto our molecular system
becomes representative of a quantum Cayley network,61

proposed by Facer and co-workers, claimed to be adjustable
to perfectly route quantum information between nodes (in our
molecular system, these correspond to DD states). The
depiction from their work shows an identical configuration
of states (nodes) and mapped computational basis, however
the two center states are separated, as the quantum Cayley
network maps onto a four-dimensional hypercube instead of a
three-dimensional rhombic dodecahedron, as in our molecular
system.

Curiously, the rhombic dodecahedron is a vertex-first
parallel-projection of a four-dimensional hypercube into
three-dimensional space.84 We thus hypothesize that the
dipole-coupled quantum spaces of Er-Td and [Er(hdcCOT)I]4
may generalize through models that are constructed and
manipulated in a higher-dimensional space with projection
onto a lower dimensional measurement space only for
comparison with experiment. Such models may aid us in
rationalizing the superimposed center states (magenta, Figure
4), as well as time-reversal symmetry upon this surface.
Investigations to understand and mathematically depict this are
underway. Furthermore, we hypothesize that this system could
be implemented as a molecular manifestation of a quantum
Cayley network, wherein particular cubic states could be
accessed with an appropriate application of field. The example
we presented depicts an application of field along the z-axis of
the molecule, however, due to its crystallographic and
emergent quantum space symmetries, applications of field in
x- or y-directions could stimulate DD1 or DD2 to act as the
corresponding ground states. The projections of cubic states
could remain analogous to the example presented prior but
would project different sets of states onto the two sides of the

Figure 4. Binary computational basis in ket-representations mapped
onto the dipole-coupled quantum space. Numerically ordered circles
in orange, cyan, and magenta correspond to dipole doublets, as
discussed in the text.
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dipole barrier. Further investigations to test the propensity of
this system as an accessible quantum network are ongoing.

■ CONCLUSION
In this work we use a geometric approach for discussing the
spin structure of a lanthanide cluster, incorporating elements of
spin and spatial symmetry to facilitate connection between
synthesis, measurement, theory, and computation into a
unified hypothesis-driven model of spin architecture design.
Our analysis reveals that [Er(hdcCOT)I]4 has SMM
functionality driven by near-tetrahedral symmetry. Computa-
tional analysis further shows that this tetrahedral space
manifests into a 16-eigenstate dipole-coupled quantum space
with a rhombic dodecahedral convex hull composed of
octahedral and cubic subspaces. We show that despite
vanishingly small energy barriers to relaxation, the additional
restrictions on the spin symmetry inhibit QTM, and enforce
spin paths that respect magnetic dipole−dipole selection rules.
A thermal barrier (Ueff = 177 cm−1), well in excess of KD1, and
low-temperature relaxation time of 138 s are strong indicators
that [Er(hdcCOT)I]4 is an SMM because of spin-symmetry
restrictions on the Hamiltonian, not purely electrostatic
restrictions. Furthermore, we’ve shown that it is possible to
map a computational binary basis onto this system that uses
synthetic design and symmetry to leverage the advantages of
molecules to design quantum interactions bypassing the
standard qubit-by-qubit approach. From these results, we
envision the opportunity to further expand upon principles for
multinuclear magnetic architectures using the precision and
predictability of the dipolar interaction to bring the
fundamental goal of designing functional quantum spaces
closer to reality.
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