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ABSTRACT: Molecular systems are emerging candidates for quantum information
science (QIS) due to their unique quantum behaviors and structural tunability,
opening avenues for next-generation quantum technologies. While molecular
nanomagnets (MNMs) have emerged as promising spin-based qubit candidates,
achieving long coherence times and feasible readouts remains challenging. Among
molecular nanomagnets, single-molecule toroics (SMTs) stand out as a particularly
promising class, offering magnetically silent ground states, along with the unique
ability to modulate their intrinsic chirality. Realizing toroidal states in molecular
systems remains a significant hurdle, with the design and stabilization of
ferrotoroidal (FT) moments posing an even greater level of complexity. Moreover,
the anticipated slow relaxation of toroidal states has not been explicitly demonstrated, limiting their viability in molecular quantum
devices. In this work, we report a tridecanuclear [Ga7Dy6(N-mdea)6(ClCH2COO)6(NO3)6(OH)12(H2O)6]·3Cl (1) complex, which
exhibits an FT ground state. Remarkably, this complex shows slow relaxation of the toroidal states, experimentally observed for the
first time, with a quantum tunneling of magnetization (QTM) relaxation time of ∼3.5 × 108 s (∼11 years), far surpassing the
relaxation times reported for state-of-the-art Dy(III) based single-molecule magnets. The robust FT ground state in complex 1 is
unequivocally established by μSQUID and corroborated by ab initio calculations, marking a major advance in the field of SMTs. This
ultraslow relaxation, arising from quenched many-body tunneling processes, lays the foundation for integrating toroidal states into
quantum technologies and offers a new design paradigm for molecular complexes in QIS.

■ INTRODUCTION
Molecular magnets have emerged as promising platforms for
quantum information science (QIS), owing to their well-
defined spin states, long coherence times, and inherent
structural tunability.1 Among them, lanthanide-based com-
plexes, particularly those featuring Dy(III), have attracted
significant attention due to their strong magnetic anisotropy
and large orbital angular momentum.2,3 These properties
underpin the phenomenon of single-molecule magnetism
(SMM), where bistable magnetic states are separated by an
energy barrier to spin reversal.3 Landmark achievements, such
as magnetic hysteresis in Dy(III) complexes above liquid
nitrogen temperatures, underscore their technological poten-
tial.4 Yet, the practical implementation of SMMs remains
hindered by rapid quantum tunnelling of magnetization
(QTM) and inefficient magnetic relaxation suppression
mechanisms, factors that limit thermal stability and hinder
reliable initialization and readout in quantum devices.5 A
transformative approach to overcoming these limitations is
offered by single-molecule toroics (SMTs), a topological
evolution of SMMs.6,7 SMTs are characterized by vortex-like
arrangements of local magnetic anisotropy axes, which
generate closed-loop toroidal magnetic moments decoupled
from any primary magnetic direction.8 This nonmagnetic

ground state, ideally possessing zero net magnetic moment,
renders SMTs inherently resistant to uniform magnetic fields.
Additionally, the toroidal states can be modulated by the
external electric field,9 offering a viable solution for the read
and write problems currently existing in electron spin-based
molecular qubits. These combined properties make SMTs
particularly attractive for applications in quantum sensing,
molecular spintronics, and topologically protected qubit
encoding.10 However, controlling anisotropy axis orientation
to stabilize toroidal states is highly nontrivial. Initially, toroidal
moments were identified in planar {Dy3} triangles with in-
plane magnetic axes,6,11−13 but subsequent studies revealed
that nonplanar geometries such as cubane-like {Dy4} can also
host toroidal states.14 Enhancing the stability and detectability
of toroidal states requires careful molecular design (see
Scheme 1).15 Strategies include (i) increasing the number or
spatial separation of spin centers, (ii) reinforcing dipolar and
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exchange couplings, and (iii) exploiting the ferrotoroidal (FT)
moment, in which the local magnetic moments circulate
conrotatory, all clockwise or all anticlockwise, around the
molecular core. This head-to-tail arrangement cancels the net
magnetic moment, but the individual toroidal vectors add up,
giving a nonzero net toroidal moment. By contrast, in an
antiferrotoroidal (AFT) moment, neighboring toroidal units
circulate in opposite senses, so their toroidal moments cancel
each other.9,16,17 A key challenge is maximizing the FT-AFT
energy gap to protect the toroidal states from external
perturbations. This gap is governed by the ratio between the
centroid-to-centroid distance (h) of {Ln3} triangles and their
radius (r); a larger reduction in the h/r ratio enhances FT
stabilization (see Scheme 1).15,18 Accounting for an appro-
priate h/r ratio, the SMTs can exhibit enhanced slow magnetic
relaxation that is distinct from conventional SMMs.19 In
addition to symmetry-imposed selection rules and the absence
of net magnetization, many-body spin reversal is required,
making quantum tunnelling energetically forbidden and
drastically extending relaxation time scales.20−22 Realizing
such long-lived, magnetically silent states at the molecular level
would be a major advance for QIS.
To this end, we have experimentally showcased the

unprecedented slow relaxation of toroidal states in the
molecular complex [Ga7Dy6(N-mdea)6(ClCH2COO)6
(NO3)6(OH)12(H2O)6]·3Cl (1). The unique arrangement of
Ga(III) ions in 1 not only enhances magnetic anisotropy but
also contributes to a reduced h/r ratio, a key parameter that
dictates the FT-AFT gap. Ab initio CASSCF/RASSI-SO/
SINGLE_ANISO/POLY_ANISO calculations suggest a vor-
tex-like alignment of magnetic anisotropy axes, which is
validated by μSQUID measurements, with an exceptionally
slow relaxation time on the scale of ∼11 years, the longest ever
reported for any MNMs, surpassing even the best Dy(III)
SMMs reported to date. These findings demonstrate how
topological design principles can yield robust, long-lived

toroidal states, an observation with far-reaching implications
for spin-based quantum technologies.

■ RESULT AND DISCUSSION
Synthesis, Structural Description, and Basic Magnetic

Characterization. Complex 1 was synthesized by reacting
Ga(NO3)3·xH2O, Dy(NO3)3·6H2O, N-mdea, chloroacetic
acid, and triethylamine in MeCN. The resulting gel-like
mixture was redissolved in a 1:1 mixture of MeOH and iPrOH,
and slow evaporation over 3−4 weeks yields colorless single
crystals. The single crystal structure solution reveals the
m o l e c u l a r f o r m u l a [ G a 7 D y 6 ( N -
mdea)6(ClCH2COO)6(NO3)6(OH)12(H2O)6]·3Cl (1). Com-
plex 1 crystallizes in the trigonal crystal system, R3̅ space group
(see Table S1). The detailed reaction scheme and structural
description of 1 are provided in the Supporting Information
text. Complex 1 possesses a unique metal core arrangement,
where the hourglass {GaDy6} core is sandwiched between two
{Ga3} triangles, forming a high-symmetry tridecanuclear
assembly (see Figure 1a and Figure S1). Interionic separations
are illustrated in the packing diagram (see Figure S2), and the
geometry of individual Ga(III)/Dy(III) centers was further
evaluated via shape analysis (see Table S2). Notably, the
reduced {Dy3−Dy3} centroid-to-radius ratio in complex 1 (h/r
= 2.375 Å), ∼0.2 Å shorter than in related systems, is expected
to significantly influence dipolar interactions and promote the
stabilization of toroidal states (see Table S3−S4 for selected
bond lengths and angles).15,23 The bulk phase purity was
confirmed by powder X-ray diffraction prior to conducting
direct current (DC) and alternating current (AC) magnetic
susceptibility measurements (see Figure S3).
Variable-temperature DC magnetic susceptibility data

(measured at 0.1 T) shows that a χmT value of 84.48 cm3 K
mol−1 at 300 K for 1 aligns well with the theoretically expected
value for the six magnetically diluted Dy(III) ions (see Figure

Scheme 1. Progress over the Years in Identifying SMT/FT Moments in the Ground Statea

aThe “h” and “r” in bottom right corner panel represent the centroid-to-centroid distance (h) between the {Dy3} triangles and their radius (r).
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1b). With decreasing temperatures, the product of χmT
gradually decreases to 75 K due to Stark sublevel depopulation,
followed by a sharp decline to 20.5 cm3 K mol−1 at 1.8 K,
indicating dominant antiferromagnetic (AFM) interactions and
magnetic anisotropy/dipolar coupling. The isothermal-field-
dependent magnetization measurements show a gradual
increase in magnetic moment and reach a final value of
32.08 NμB at 1.8 K (7 T). This value is significantly smaller
than the theoretically expected magnetic moment, indicative of
strong magnetic anisotropy associated with Dy(III) ions in
complex 1. A careful analysis of the magnetization data for
complex 1 reveals a characteristic low-field S-shaped curve (see
Figure S4), indicative of SMT behavior (vide inf ra).17,23,24

AC susceptibility measurements performed on a polycrystal-
line sample of 1 reveal no out-of-phase (χ″) signal in the
absence of a static DC magnetic field. However, upon applying
an optimum DC field of 2400 Oe, frequency-dependent χ″
maxima emerge below ∼6 K (see Figure S5a-b), indicating

field-induced SMM behavior. The Cole−Cole plots were fitted
using the generalized Debye model to extract relaxation times
(τ) and distribution parameters (α), revealing the presence of
more than one relaxation process (Figure S5c). Fitting
temperature-dependent relaxation times to the equation τ =
τ0exp(Ueff/kBT) yielded two Orbach-type processes, with
effective energy barriers of Ueff = 8.29 ± 0.27 K (τ0 = 5.2 ×
10−8 s) and Ueff = 1.17 ± 0.03 K (τ0 = 11.2 × 10−8 s),
consistent with distinct quantum tunnelling regimes (see
Figure S5d, Table S5−S6). A similar two-step relaxation
behavior has been observed in related FT complexes.25

Theoretical Estimation of Ferrotoroidal-Antiferrotor-
oidal Gap and Toroidal Blocking. The triangular {Dy3}
units in 1 make it a suitable candidate for exploring the toroidal
magnetic behavior. To investigate this and gain deeper insights
into its electronic structure, we performed ab initio CASSCF/
RASSI-SO/SINGLE_ANISO/POLY_ANISO calculations
using the MOLCAS 8.2 suite (see computational details in
Supporting Information).12,26,27 Our investigation proceeded
in three steps. First, we assessed the single-ion anisotropies of
the six Dy(III) centers. Their calculated ground state Kramers
doublet (KDs) g-tensors (gx ≈ 0.105, gy ≈ 0.236, gz ≈ 19.616)
are similar to each other, which is not surprising considering
the highly symmetric nature of 1 that exhibits pseudo-S6
symmetry. The computed g-tensors reveal the pronounced
axial anisotropy, and the easy axes arrange in a vortex/circular
pattern within each {Dy3} triangle (see Figure 2), suggesting a

toroidal ground state. This is consistent with the S-shaped
magnetization curve observed for 1. Further detailed analysis
reveals that in both {Dy3} triangles of 1, the orientation of easy
axes (head to tail) is arranged in the same direction, i.e., an FT
scenario is witnessed in 1. The energy gaps between the
ground and first excited Kramers doublets span 68.1−69.6
cm−1, and all Dy(III) centers display significant zero-field
QTM in their single-ion analogue (see Figure S6 and Table
S7). This is consistent with the rhombic g-tensors computed
for these states. Clearly, the nonaxial crystal field parameters
significantly contribute to the spin Hamiltonian, preventing
zero-field SMM behavior (see Table S8).28 This explains the
absence of out-of-phase susceptibility signals when HDC = 0 in
1.

Figure 1. (a) Molecular crystal structure of the cationic core of
complex 1 (color code: Ga(III), light violet; Dy(III), cyan; Cl, green;
O, red; N, blue; C, gray). (b) DC magnetic susceptibility of complex
1. Inset: Magnetization at 1.8 K was performed with experimental
data (symbols) and computed values (solid orange line).

Figure 2. Orientation of the magnetic anisotropy axis: (a) FT
configuration, with blue arrows on each Dy(III) center obtained from
single-ion calculations and the parrot green line representing the ideal
triangular tangent; (b) AFT configuration. The light violet arrow
shows the magnetic moment along the z direction (Mz component)
of each triangle.
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Second, to evaluate the magnetic coupling between the
Dy(III) ions and elucidate the energies of the exchange-
coupled states in 1, we employed the POLY_ANISO suite,
using parameters extracted from SINGLE_ANISO calculations
as input. POLY_ANISO uses the Lines model (Si = 5/2) to
incorporate exchange interactions (Equation S1) with user-
inputs JLines,ex for each pair, while pairwise on-site dipolar
interactions (JIsing,dip) are calculated (Equation S2,3) based on
Dy(III) ions coordinates and easy-axis vectors. Note that
interactions for all six Dy(III) ions (i.e., both intra- and
intertriangular interactions) were incorporated.

As the dipolar interactions were fixed to their on-site
calculated values, the exchange interactions needed to be
estimated. For this purpose, the DFT calculations on an
isostructural Gd(III)-based system were performed to get an
initial guess of its order of magnitude (see supplementary text
for more details). Eventually, their precise values were
estimated based on the fitting of experimental DC suscepti-
bility and magnetization data (see Figure 1b). The best fit
yields isotropic intratriangular exchange JLines,exintra = −0.030 cm−1

and intertriangular exchange energy JLines,exinter = −0.023 cm−1,
while the dipolar interactions remain fixed to their on-site
calculated values of the order: JIsing,dipintra ≈ −2.95 cm−1 and JIsing,dipinter

Figure 3. (a) Energy spectrum illustrating magnetic relaxation and toroidal states for complex 1. The red double-headed arrow indicates the energy
gap between the ground FT state |±T1, ±T2⟩ and the first excited AFT state |±T1, ∓T2⟩. The brown double-headed arrow marks the energy
separation between the FT state and the magnetic states (ΔEFT‑Mag). (b) Computed Zeeman splitting diagram with the magnetic field applied along
the x-axis; (c) the field applied along the z-axis.
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≈ −0.19 cm−1. For a comparison between dipolar and
exchange contributions, JLines,ex were converted to their Ising
analogue (see Equation S5) as JIsing,exintra = −0.38 cm−1 and JIsing,exinter

= −0.29 cm−1.
Importantly, the intratriangular coupling is the dominant

contribution, as it governs the formation of the vortex
arrangement. In contrast, the role of the small intertriangular
interaction, consistent with the larger Dy···Dy separations
between the two triangles (see Figure 1b, Figure S4), is
primarily to split the FT and AFT states. The dominance of
dipolar intratriangular interactions is evident, as verified by the
fact that the low-temperature magnetization curves (see Figure
S7) cannot be fitted without incorporating the dipolar
contribution. However, the intertriangular exchange, being
comparable to the intertriangular dipolar interaction, critically
influences the FT-AFT gap.
Eventually, the inter- or intratriangular total interactions

(exchange + dipolar) can be represented by JIsing,total = JIsing,ex +
JIsing,dip, or the corresponding total interaction (‘-2J’) between
the actual moments (mJ,i = 15/2), related by JIsing,total ≈ 450J
cos(60°) (Equation S4,5). The latter estimates J = −0.015
cm−1 (for intratriangular interaction) and = −0.002 cm−1 (for
intertriangular interaction), with a reasonable agreement with
the low-temperature measurements (vide inf ra).
Finally, we mapped the collective anisotropy of each Dy(III)

ion in complex 1 to unambiguously establish the nature of the
ground state. We found that each Dy(III) easy axis is canted by
∼9° from its triangular plane (see Figure S8), and two
competing states emerge. The ∼9° canting arises from the
off-plane μ3-OH charges steering the Dy(III) anisotropy axes,
modulated by subtle structural corrugation that mitigates the
Dy···Dy dipolar interaction while maintaining the overall
configuration. In the FT state, the individual toroidal moments
with respect to center of mass (T = ∑i = 1

n ri × Si where ri is the
position vector of the ith paramagnetic ion and the Si is the
local spin operator) of the two {Dy3} units add, i.e. Ttot. = T1 +
T2 where T1 and T2 are the toroidal moment from each {Dy3}
unit, while their z-components of magnetization cancel. The
computed toroidal moment for each {Dy3} is 67.94 μBÅ (see
Figure S9; see supplementary text for more detail). In the AFT
states, the toroidal moments cancel, i.e., Ttot. = T1 − T2, and the
z-components of magnetization add up (∼1 gμBmJ). Crucially,
the weak intertriangular exchange lifts the FT−AFT degener-
acy by 0.39 cm−1, cementing the FT state as the true ground

state (see Figure 3; Figures S10−S11 show the degenerate
situation in its absence). This FT−AFT gap is, to our
knowledge, the largest yet reported for a discrete molecular
complex (see Figure S12). This is enabled by high molecular
symmetry and the incorporation of two diamagnetic {Ga3}
layers, which act as dielectric spacers while maintaining 6-fold
symmetry, suppressing magnetic exchange and enhancing
charge uniformity (the electric dipole moment is ∼10-fold
higher than in {CrDy6}; Figure S13). As a result, complex 1
attains a truly nonmagnetic FT ground state, akin to the
nonmagnetic state first observed in a planar {Dy4} cluster, in
contrast to the 3 μB plateau of {CrDy6} or the residual 0.56 μB
moment in the first reported {Dy3} triangle.

8,13,17 Simulated
Zeeman spectra further underscore this behavior and show
directional sensitivity. With the field applied along x or y, FT
and AFT states remain degenerate; along z, the AFT state
splits owing to its tiny moment, whereas the FT state is
immune (Figure S14). A spin-flip manifold appears from 3.52
to 3.76 cm−1 (24-fold degenerate), followed by additional
magnetic states beyond 6.04 cm−1 (see Figure 3a). Two level
crossings are predicted: one at 0.36 T between AFT and spin-
flip states and another at 0.41 T between FT and spin-flip
states (see Figure 3b). For magnetic fields in z-directed fields,
FT remains degenerate, but the AFT states show significant
splitting (Figure 3c). The lowest AFT tunnelling gap is only
4.4 × 10−16 cm−1 (see Tables S9−S10, Figure S15), implying
exceptionally slow tunnelling and reinforcing the stability of
the FT ground state. A preliminary comparison of the low-
frequency modes between the {Dy3}

29 and complex 1 was
carried out through vibrational spectrum analysis (see Figure
S16; supplementary text for more detail). Taken together,
these calculations show how a high molecular symmetry,
strategic diamagnetic spacing, and delicately balanced exchange
interactions conspire to produce an unusually robust FT in
complex 1.
Toroidal State and Its Slow Relaxation Detected via

μSQUID Measurements. Dominant QTM Transitions in
M(H) Loops at Sub-Kelvin Temperatures. To investigate the
toroidal ground states, we performed μSQUID magnetometry
(see Supporting Information for details) down to a 30 mK
temperature on single crystals of complex 1. At 30 mK, the
sweep rate-dependent M(H) curves (see Figure 4a), for fields
applied along a line of symmetry (see later) show a
characteristic shape typical of triangular toroidal sys-

Figure 4.Magnetization vs field (M(H)) curves in a single crystal of complex 1 (crystal #1) measured by μSQUIDs. (a) at a fixed bath temperature
T = 30 mK and different field sweep rates and (b) at a fixed field sweep rate = 16 mT/s and different bath temperatures. The inset shows the
derivatives m hd /d

M
1

s0
= dM/dH corresponding to panel (a). The measurements are shown for a direction of the magnetic field closely aligned

with an easy axis.
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tems.15,17,30 A distinct step at ∼0.34 T indicates an antilevel
crossing between an AFT and a spin-flip state, consistent with
the Zeeman diagram (see Figure 3b). Although several
additional crossings above 0.34 T are indicated in the Zeeman
diagram, most of these are forbidden many-body cotunnelling,
as detailed later. Temperature-dependent M(H) curves (see
Figure 4b) reveal that QTM steps smooth out and hysteresis
diminishes above 1 K, suggesting enhanced underbarrier
thermal relaxations.
At 30 mK, the prominent zero-field QTM transitions in the

M(H) loops suggest that a substantial fraction of molecules
remains in excited states as the field is swept from saturation to
zero. This excited-state population significantly contributes to
the observed hysteresis but relaxes relatively quickly, resulting
in sweep rate-dependent M(H) curves (see Figure 4a) that
apparently resemble those typically seen in other toroidal
systems.17

However, an extremely slow relaxing component (i.e., a
fraction of the population) was found to coexist, contributing
subtly to the hysteresis, and could be isolated only via the long-
waiting relaxation studies. In the following steps, we first
present detailed angle-dependent M(H) studies that directly
confirm the toroidal ground state, followed by relaxation
measurements to reveal and characterize the slow-relaxing
component.
Confirming Toroidal Ground States by Angle-Dependent

M(H). To confirm toroidal ground states and realize the
intriguing contrast between the ‘in-plane’ (x-y: plane of the
Dy(III) triangle) vs ‘out-of-plane’ (z) behavior anticipated
from the Zeeman diagrams, we probe crystals from the same

batch with two different orientations: the Dy(III) triangular
plane (x-y) aligned with the μSQUID plane (Hx,y), and at 90°
(i.e., the z axis lying in the Hx,y plane). Figure 5a-b indicates the
angular dependence in the M(H) curves (at 30 mK) for these
two cases, respectively, by plotting their derivatives dm/dh =
(1/μ0Ms)dM/dH as a function of magnetic field direction (see
the underlying M(H) curves in Figures S17−S18).
The hexagonal-shaped anisotropy of the AFT to spin-f lip

transition (see Figure 5a) is ideally expected for fields varied in-
plane, confirming a cyclic/toroidal arrangement. Each Dy(III)
spin, with a ∼120° angle among its easy axes, can switch only
along its respective easy directions due to the strongly
dominating anisotropy, leading to three sets of parallel lines
of a hexagon. The magnitude of the switching field (μ0Hex)
depends on the effective interaction (J) at each site, as μ0Hex =
−2JmJ/(gJμB)27 (see supplementary text for more detail). In
this system, the bottom triangle is rotated by 60° with respect
to the top, yielding another perfectly superposing hexagon. We
note μ0Hex ≈ 0.34 T, leading to J ≈ −0.014 cm−1 in good
agreement with the calculated total intratriangular interaction
(vide supra).
For the external field along an easy axis, the M(H) curves

(see Figure 5c) show a flat region (dm/dh ∼ 0) from −0.3 to 0
T, indicating the toroidal ground states with a negligible in-
plane magnetic moment. The corresponding Zeeman diagram
in Figure 5g, with fields along the in-plane projection of a
Dy(III) easy axis, showed minimum Zeeman splitting of the
AFT states, while the FT states remain completely degenerate.
While for the external field along a corner of the anisotropy-
hexagon, the M(H) curves (see Figure 5d) show a ‘sickle’

Figure 5. Derivative vs field-angle maps (dm/dh(θ)), derived from angle-dependent M(H) curves at T = 30 mK and r = 64 mT/s, are shown for
two crystals (crystal #1, #2) of complex 1 in (a), (b) respectively. Crystal #1 and #2 were orientated differently in the μSQUID plane, with the
estimated orientations of the molecule depicted on the left of each figure. The hexagonal shape in (a) indicates that the measurement plane was
closely aligned with the Dy triangle plane for crystal #1, while crystal #2 was placed with the Dy triangle plane perpendicular to the measurement
plane according to panel (b). The sweep rate dependent M(H) curves at 30 mK corresponding to two specific angles depicted in each derivative
map are shown in (c)-(f) respectively. Simulated Zeeman diagrams that very closely correspond to each of these magnetic field directions are
shown in (g)-(j).
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shape with nonzero dm/dh throughout the relevant region. It is
possibly a signature of the slow-relaxing AFT states that
undergo small Zeeman splitting when the field is not aligned
with an easy axis.
The presence of the AFT states is further revealed in the

second kind of angular map with the ‘z’ axis of the molecule
within the measurement plane (see Figure 5b). Intriguingly,
the shape of the M(H) curve changes drastically as the field
direction varies from in-plane (see Figure 5e) to out-of-plane
(see Figure 5f) of the Dy(III) triangle, with the latter showing
a large transition near the zero field as the other two transitions
moved toward infinite fields (see Figure S16). The signal
strength (∼M) in the μSQUID measurements did not
significantly reduce between Figure 5e-f, confirming that six
Dy(III) spins of an AFT state (each at +9.4° angle out of the
triangle-plane) add up to 6gμBmJ sin(9.4°) ∼ 0.97gμBmJ out-of-
plane moment, comparable to the in-plane magnetic moment of
a single-spin-flip state. The same can be realized by comparing
the Zeeman diagrams and those computed from the ab initio
calculation (see the above section and Figure 5i-j): the slope of
the spin-flip states in Figure 5i is comparable to the slope of
the AFT states in Figure 5j. Notice that the dominant magnetic
part in Figure 5j is the AFT states, and in this case, the crossing
between the lower AFT and the lowest spin flip states moved
out of the maximum field range to infinity. Hence, the M(H)
loops in Figure 5f should bear an enhanced signature of the
AFT states’ relaxation.
Isolation of the Slow-Relaxing Components by Magnetic

Relaxation Measurements. The presence of AFT states is
indicated; however, the isolation of FT states remains
challenging, as the relaxation between the Zeeman-split AFT

states and the relaxation from AFT to an FT state are both
slow and indistinguishable. The zero-field QTM paths for these
states are mostly forbidden, while those for the excited-state
population are relatively probable. To extend this argument
further, the Zeeman diagrams show many crossings, but QTM
practically happens only at the crossings that involve one- or
two spin-flip events. An earlier study on a similar system17

utilized density matrix calculations to fit M(H) curves and
yield individual tunnel rates. It showed that one- and two-body
tunnelling rates are significantly higher than many spin-flip
cotunnelling events, as observed in other molecular mag-
nets.20,31 The zero-field QTM between the two Zeeman split
AFT states, and the QTM between an AFT and FT state in
Figure 5j are six-body and three-body tunneling processes,
respectively, hence mostly quenched.
Hence, a part of the population (spin-flip states) should

relax fast (via two-body tunneling and enhanced thermal
pathways), while the rest remaining in the AFT states should
show slower relaxation. Additionally, Figure 5j showed that
spin-flip states do not intersect the lower AFT state, implying a
likely increase in the initial AFT population for out-of-plane
measurement. To investigate these aspects, we measured
temperature-dependent magnetization relaxation (M(t))
curves in crystal #2 for magnetic fields in in-plane (see Figure
S19b) and out-of-plane (see Figure S19a) directions, i.e., along
the two arrows in Figure 5(b). Multiple parallel and serial
relaxation pathways can lead to significant deviation from a
stretched exponential relaxation curve;32 hence, scaling to a
master curve (see Figure 6a-b) is usually a more generic way to
obtain temperature-dependent mean relaxation times. In
Figure 6a-b, the master curve that considers only one mean-

Figure 6. Magnetization relaxation curves obtained after a field sweep from saturation field to zero, measured in crystal #2 at different bath
temperatures. The magnetic field direction was fixed to two specific directions within the μSQUID plane, as depicted in Figure 5. The raw data (SI)
at each temperature was scaled with a factor in the x axis to obtain a master curve. Panels (a), (b) show the scaled relaxation curves for the two
angles respectively, where the relaxation times are scaled to obtain a master curve for only the fast-relaxing components (fitted dashed line). Panels
(c), (d) show the scaled relaxation curves for the slow relaxing components, yielding a master curve that contains both relaxation times (fitted
dashed line). These yield two relaxation times for each angle as plotted in (e) as a function of 1/T.
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relaxation time, i.e. M(t) = M0e−(t/τ01)β1 with τ01 ≈ 45 s, clearly
does not capture the fraction that relaxes extremely slowly (see
circular mark in Figure 6a-b or large time region in Figures
S19a-b). To reconcile this information, the M(t) curves were
rescaled to the master curve that captures both the relaxation
time scales, see Figure 6c-d. A simulation with a double
stretched exponential M(t) = M0 [w1e−(t/τ01)β1 + w2e−(t/τ02)β2]
yields τ01 ≈ 41 s and τ02 ≈ 3.5 × 108 s (for both out-of-plane
and in-plane directions, see Figure 6c,d), i.e. two time scales
separated by several decades on the log scale.. A difference was
found in their relative weights by comparing in-plane and out-
of-plane directions (see supplementary text for more detail),
consistent with AFT states being the slow-relaxing component.
Interestingly, the low-temperature relaxation time of the slow
components (τ02 ≈ 11 years) counts among the largest
quantum tunnelling times reported in any single molecule
magnet (see Table S11).20,22,27

Finally, Figure 6e shows the obtained relaxation times τ1,2,
from the individual scaling, plotted as a function of 1/T and
fitted considering an Orbach, a Raman, and a QTM time
scale27 as ln(τ) = −ln[τ0−1exp(−Ueff/kBT) + CTn + 1/τQ] (see
supplementary text for more detail). Due to the missing high
temperature part, these fittings cannot be completely
rationalized.27 Rather, an effective barrier Ueff can be estimated
by assuming Arrhenius-like behavior (an Orbach process) at T
> 300 mK, to compare the fast and slow relaxing components
at higher temperatures. The obtained Ueff were ∼14 K for the
slow components and ∼3.5 K for the fast components,
indicating that both QTM time and thermal relaxation times
are larger for the toroidal states. Notably, these effective
barriers are comparable to the energy gaps between the toroidal
states (or spin-f lip states, respectively) and the cluster of
magnetic states located at the top of the Zeeman diagrams
shown in Figure 5. This suggests that a thermal relaxation
pathway from one chirality (or spin-flip orientation) to the
other is via the magnetic states.

■ CONCLUSIONS
Quantum information science (QIS) demands molecular
systems that offer long coherence times and tunable quantum
states, requirements that toroidal magnetic states are uniquely
suited to meet, owing to their magnetic silence, robustness
against uniform magnetic fields, and potential for electric-field-
driven chiral control. Yet, realizing slow-relaxing ferrotoroidal
(FT) ground states remains a significant synthetic and
conceptual challenge. In particular, achieving nonmagnetic
FT states with sizable FT−AFT energy gaps through the
coupling of multiple toroidal {Dy3} units has proven especially
elusive. In this work, we present the synthesis and full
characterization of a tridecanuclear heterobimetallic cluster,
[Ga7Dy6(N-mdea)6(ClCH2COO)6(NO3)6(OH)12(H2O)6]·
3Cl (1), where the {GaDy6} core adopts an hourglass-shaped
architecture, and the flanking {Ga3} triangles act as
diamagnetic dielectric layers. This structural motif stabilizes
the FT ground state and yields a record-high FT−AFT gap of
∼0.4 cm−1 by effectively tuning the h/r ratio. Ab initio
CASSCF calculations, static/dynamic magnetic data, and
single-crystal micro-SQUID measurements confirm the FT
ground state, marked by a distinct hexagonal in-plane
anisotropy. Complex 1 exhibits a fractional population with
quantum tunnelling of magnetization (QTM) relaxation time
of ∼3.5 × 108 s (∼11 years), among the slowest reported in
molecular magnets. This ultraslow relaxation arises due to the

quenched many-body tunneling between the AFT states and
AFT to the nonmagnetic FT states. This work provides a clear
molecular design blueprint for achieving robust and long-lived
toroidal states, an essential step toward realizing coherent,
magnetically silent, and stable spin architectures for QIS.
Future molecular designs will focus on quenching spin-flip
tunneling through the introduction of additional exchange bias,
thereby favoring full population of the toroidal ground state
and further extending QTM times. Combining this approach
with strategies to enhance blocking temperatures could lead to
significant advancements in the single-molecule magnet
performance.
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