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Qudits are anticipated to streamline quantum computation by minimizing iterations, lowering error rates, and
facilitating error correction. It has been shown that Dy(i)-based molecular systems can act as qudits with
expanded Hilbert spaces. Achieving a robust intramolecular interaction, whether exchange or dipolar, is
crucial for spanning the Hilbert space of qudits; hence, short Dy(in)---Dy(i) distances are required. Looking for
multilevel systems that can be employed as qudits, we have synthesized and characterized two dysprosium-
based isotopologues: [**Dy,(BTFA)4(PHZP),I° (1/=>?) and [1**Dy,(BTFA)L(PHZP),I°® (2'=®), where BTFA =
3-benzoyl-1,1,1-trifluoroacetone and PHZP = N'-[(E)-(pyrazin-2-yl)methylidene]pyrazine-2-carbohydrazo-
nate. Both complexes showed slow magnetic relaxation at zero applied magnetic field. ySQUID investi-
gations, at milli-Kelvin temperatures, and direct and alternating current magnetic measurements reveal dis-
tinctions in the magnetic behavior between the two complexes and an operative interaction between the Dy
() centers. We find that the presence or absence of the nuclear spin plays a minor role in the magnetic pro-

Received 18th June 2024, perties above 2 K. On the contrary, at milli-Kelvin temperatures, uSQUID studies show enhanced relaxation in
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Introduction

The study of Single-Molecule Magnets (SMMs) has witnessed sig-
nificant advancements in recent decades, driven by the
quantum nature of their magnetic properties and their potential
applications in quantum computing'™® and spintronics.””
Lanthanides, such as Dy(m), Tb(u), Ho(ur), and Er(m), have par-
ticularly gained prominence due to their substantial magnetic
anisotropy and large magnetic moment.® > Additionally, lantha-
nide-based SMMs (Ln-SMMs) have been suggested as frame-
works for Quantum Information Processing (QIP) schemes,"* "’
functioning as quantum bits (qubits) or qudits. This proposition
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, attributed to several quantum tunnelling pathways enabled by hyperfine and quadrupole interactions.
The interplay between the antiferromagnetic coupling and enhanced relaxation indicates that the exchange
coupling influences the relaxation mechanisms at different temperature ranges.

was validated by implementing a quantum algorithm,'® in a

single molecular unit from the prototypical [TbPc,]” SMM, incor-
porated within a hybrid spintronic structure,'**>?

The magnetization dynamics of Ln-SMMs result in mag-
netic bistability, which is essential for their potential appli-
cations. The factors influencing the magnetization dynamics
of SMMs are complex, with the magnetic anisotropy of the
spin carriers and their interactions being the most important
parameters. Typically, the intrinsic nature of the f-electrons,
shielded by the outer shell electrons, is responsible for the
weak magnetic interactions between the lanthanide centers.
However, interactions and anisotropy have been shown to
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Scheme 1 The possible mechanism of hydrolysis process of the ligand from 3,6-dipyrazin-2-yl-1,2,4,5-tetrazine (BPTZ, left) to N'-[(E)-pyrazin-2-yl)

methylidene]pyrazine-2-carbohydrazonate (PHZP, right).

influence the relaxation dynamics of multinuclear lanthanide
SMMs.>072°

Upon reviewing the literature related to SMMs, we were
prompted to focus more on systems wherein magnetic units
are linked through bridging ligands to form high-dimensional
frameworks.”” In such molecules, the selection of organic moi-
eties (ligands) is meticulous, aiming to adjust the physical pro-
perties of the resulting compounds.”’®° Our research team
has successfully synthesized two dinuclear dysprosium SMMs
with isotopic enrichment, using a highly n-conjugated polyhe-
teroaromatic molecule as a bridging ligand.>® The findings
presented in the study demonstrated that the strength of the
intramolecular interaction (exchange or dipolar) is a crucial
factor for spanning the Hilbert space of qudits, foreseeing a
preference for shorter Dy(m)---Dy(m) configurations.*®

The group of ligands based on 1,2,4,5-tetrazine®'*
worthy in coordination chemistry due to their easy functionali-
zation and redox activity, which can augment magnetic
communication among metal ions.>*% In this context, the
ligand 3,6-dipyrazin-2-yl-1,2,4,5-tetrazine (BPTZ) emerges as an
appealing choice. By introducing isotopically enriched ***Dy(m)
and '*'Dy(m), we attempted the syntheses of BPTZ-based Dy(m)
complexes. To our surprise, instead of obtaining two BPTZ-con-
taining compounds, we discovered the creation of two
distinct isotopologues: ['®*Dy,(BTFA),(PHZP),]° (1**?) and
[1°4Dy,(BTFA),(PHZP),]° (2°?). The BPTZ ligand was found to
have been transformed into a new ligand, N'-[(E)-pyrazin-2-yl)
methylidene]pyrazine-2-carbohydrazonate (PHZP), as illustrated

is note-

Fig. 1

in Scheme 1. The two complexes showed SMM characteristics
at zero applied magnetic field. We investigate the impact of the
metal-metal distance on the intramolecular interaction as well
as the effect of the nuclear spins on the dynamic properties of
two dinuclear Dy(m)-SMMs through studies involving AC mag-
netic susceptibility and single crystal pSQUID data conducted
at sub-Kelvin temperatures. We find similar relaxation beha-
viors down to 2 K temperature for both systems, which is a
direct consequence of the short Dy(ui)---Dy(u) distance-enhan-
cing the intramolecular interaction (exchange or dipolar).
However, low-temperature uSQUIDs investigations of the mag-
netization reversal reveal significant differences in the relax-
ation mechanism between the two isotopologues (I = 0, 5/2).

Results and discussion
Syntheses and structures

Complexes 1% and 2U"% were obtained by reacting one
equivalent of ligand BPTZ with two equivalents of Ln
(BTFA);(H,0), precursor, in which Ln = '**Dy(m) (I = 5/2) for
10552 and ***Dy(m) (I = 0) for 2%, respectively (see ESI{ for
details). Crystals of 1" and 20~ suitable for single crystal
X-ray studies, were grown from a mixture of ethanol and di-
chloromethane. X-ray single crystal studies reveal both com-
plexes to be isomorphic, crystallizing in the triclinic P1 space
group with two symmetry-related molecules residing in the
unit cell (Fig. 1c).

(a) Crystal structure of [Dy,(BTFA)4(PHZP),]. The green arrows represent the anisotropy axis for each Dy(i) obtained from ab initio CASSCF

calculations; (b) polyhedral representation of the Dy(m); (c) unit cell of [Dy,(BTFA)4(PHZP),] showing the two molecules residing in the unit cell,

related by an inversion center.
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The ligand BPTZ is highly susceptible to nucleophilic attack
by OH™, causing the opening of the tetrazine ring and generat-
ing the asymmetrical N'-[(E)-pyrazin-2-yl)methylidene]pyrazine-
2-carbohydrazonate (PHZP) ligand (Scheme 1).*°"*" Both Dy(m)
ions are bridged by two PHZP ligands. Each Dy(u) coordinates
in a tridentate chelating mode (N1, N2, and O2) with one of
the ligands and a bidentate mode with the second ligand (O1
and N6). Two BTFA units complete the coordination sphere,
forming a N3O nine-coordinated environment around each
metal center (Fig. 1a). The Dy-O and Dy-N bond lengths are in
the range of 2.325(3)-2.460(3) A and 2.497(3)-2.721(3) A for
155 and 2.325(2)-2.460(2) A and 2.485(3)-2.712(3) A for
279 respectively. The amide oxygen atoms (O1 and 02)
within the PHZP ligands form bonds in the deprotonated
imidic acid mode (O7), acting as bridges between the two Dy
(m) ions and resulting in the formation of a Dy,0, quadrilat-
eral geometry. The Dy1-O-Dy2 angles are 115.7° for 17=? and
2079 The intramolecular Dy---Dy distance for 1/ and 2¢=%
is 4.065(5) A and 4.064(3) A, respectively. Analysis of the degree
of distortion of the coordination environment of the lantha-
nides is performed using SHAPE,** resulting in different N;Oq
environments for Dy1 and Dy2 for 1/°*/?) and 2/=) (Table S21).
The nine-coordinated Dy1 ions in both 1= and 2% rep-
resent a spherical tricapped trigonal prism motif with the
same D;, symmetry, and the continuous shape measure
(CShM) values are determined to be 1.885 and 1.858, respect-
ively. Dy2 in 12 and 2% jons represent the uniform
Muffin arrangement with the same Cy symmetry, and the con-
tinuous shape measure (CShM) values are determined to be
2.253 and 2.250, respectively (Fig. 1b).

The purity of the phases in the polycrystalline samples of
175 and 21" was assessed through powder X-ray diffraction
(PXRD) analysis. The observed PXRD patterns for both 1¢=%/?)
and 2% demonstrated good agreement with the simulated
patterns (Fig. S2t), indicating that both samples consist of a
single crystalline phase.

Magnetic properties

Static magnetic studies. The static magnetic susceptibility
studies for both complexes were carried out on polycrystalline
samples with a DC field of 1 kOe, in a temperature range from
2 K to 300 K (Fig. 2). At room temperature, the experimental
mT values are 28.1 ecm® K mol™! for 17 and 28.4 cm® K
mol™! for 20 respectively. These results agree with the
anticipated values for two uncoupled Dy(ii) ions (with J = 15/2
and g; = 4/3). The yuT products gradually decreased until
reaching around 20 K, after which a rapid decline occurred,
ultimately reaching 15.2 cm® K mol~* for 1°*? and 16.3 cm?
K mol ™" for 27°% at the lowest temperature of 2 K. This obser-
vation can be attributed to the depopulation of the excited
Stark sublevels and antiferromagnetic exchange coupling
between the two Dy(u) ions in the complexes (vide infra).

The magnetization-field curves (M(H)) for both complexes
were also examined within the magnetic field range of 0 to 7 T
and a temperature range of 2 to 5 K, revealing a swift rise at
low magnetic fields, as depicted in the insets of Fig. 2. At high

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The ymT vs. T plots for compounds (a) 1/=>? and (b) 2/=?). Inset:
M(H) data at different temperatures. Solid lines are the fits using the CF
parameters obtained from CASSCF calculations as described in the main
text.

magnetic fields, the magnetization shows near horizontal
behaviour, with recorded values of 10.1ug for 1%? and
10.4u5 for 2979, at 7 T. These M(H) values closely align with
the anticipated values for two Dy(m) ions featuring a well-
defined J = 15/2 ground doublet, approximately ~10ug.
Dynamic magnetic properties. To investigate the magnetiza-
tion dynamics, alternating current (AC) magnetic suscepti-
bilities studies were conducted. Both complexes display the
distinctive SMM signature at zero applied magnetic field.
Contrary to the observation in other isotopologue
complexes,>**** the AC susceptibilities for 1% and 20=°)
are quasi-superimposable as shown in Fig. S6.1 For both com-
plexes, we find that at the lowest temperature (2 K), a
maximum is observed at 180 Hz in the out-of-phase com-
ponent (y;,), which slowly shifts towards higher frequencies
with increasing temperature up to 8 K. Employing a general-
ized Debye model, the symmetric semicircle Cole-Cole data
are fitted between 2 and 6.8 K (Fig. S4 and S4ft). This fitting
process allows for the extraction of relaxation times (z) and the
distribution of relaxation times (a values): 0.05(3) < a < 0.18(4)
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for 11552 0.04(3) < a < 0.14(6) for 2'=?, tending to be larger at
lower temperatures (Fig. S3 and S41). This observation
suggests a relatively narrow distribution of relaxation times for
172 and 2079, The temperature dependence of the relaxation
times (z(T)) is practically equal for both complexes (see
Fig. 3b, d, S6 and S71) and can be effectively fitted using the
following eqn (1):

7t =10" exp(—Uest/kT) + CT" + tqrm ! (1)

where the first term is the rate of Orbach process, the second
one corresponds to the Raman process and the third term is
the rate of Quantum Tunneling of the Magnetization (QTM).
The best-fit yields values of Ueg = 37(1) K (26(1) ecm™), 7, = 8(1)
x 1077 s, C=28(6) s K", n = 2.4(2), tqrm = 1.01(1) x 107 * s,
R*=2.2x10"* for 1", and Uy = 41(2) K (28(1) cm™), 7= 7
(1)x1077s,C=9(1) s™' K", n=3.2(1) and zqrm = 9.2(1) x 107*
s, R = 1.4 x 107 for 2" (Fig. S7a and bt). As anticipated
from a straightforward examination of their y,, profiles, the
relaxation parameters are nearly identical. Note that the n
parameter of the Raman process was found to be small.*>*
Low Raman n parameters have been ascribed to low vibrational
modes,*” which can be better described by the sum of contri-
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butions arising from phonon modes, with the second term in
(1) being replaced by:

(2)

TRaman

hw;
g o)

T (ew(E) )
In (2) the w; describe the active vibrational modes. The best
fit requires the inclusion of a single vibrational mode, yielding
Uesr = 29.9(7) K (20.8(5) em™), 7o = 1.4(1) x 107% 5, C; = 1497
(783) 7', @y = 3.8(9) em ™', 7qrm = 9.8(2) x 107! 5, R = 1.9 x
107 for 1775 and U = 30.1(1) K (20.9(6) ecm™), 7, = 1.5(2) x
107% s, Cy = 65542(1064) s™', @, = 6.4(4) cm™", 7grm = 9.0(6)
x 107" s, R = 1.8 x 10~ (Fig. 3b and d). The w; are found to be

low, as expected for molecular systems.*>84°

Sub-Kelvin pSQUID studies. Strikingly, although dynamic
magnetic studies demonstrated the anticipated SMM character-
istics under zero DC field of the isotopologues, a clear
distinction between the two isotopologues was not perceptible
as  previously observed in comparable isotopologue
studies.?**344%93% Tg explore the variations in the relaxation
dynamics and the nuclear spin effects, magnetic hysteresis curves
were measured employing a puSQUID array down to sub-Kelvin

(b) 10000 4+ it g
8000 % Fit (Orbach + Raman + QTM) E
3 ----Orbach F
6000 E V—R;r:an JE
- 1 ---QT™ SOk
«» 4000 - E
ol ] E
2000 - }
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Fig. 3 Experimental frequency-dependent magnetic susceptibility data at zero applied DC (Hpc) field and variable temperatures (yy(v)) for (a) 10=5/
2 and (b) 2'=° (c) temperature dependence of the magnetic relaxation time #(T) under zero field for 1Y=>2 (pale blue) and 2=? (light orange). The
solid red lines in panels are the best fit to eqn (1) with the second term being that given in eqn (2), consisting of the Orbach and Raman relaxation
processes, while the dashed and dashed-dotted lines are the decomposition for each process.
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temperatures. The studies were carried out on single crystals of
102 and 2079, with the field applied along the principal aniso-
tropic axis.”” Hysteresis loops were obtained at different sweep
rates and temperatures, ranging from 5 K to 30 mK and from 0.5
to 64 mT s~* (Fig. 4). Well-defined two-step hysteresis loops were
obtained for complexes 19°*? and 2/, with the width of the
loops increasing as the temperatures decreased and the sweep
rates increased, confirming the SMM behavior.

The hysteresis loops are a common feature for two Ising-
like spins that are antiferromagnetically coupled: around zero
field, they exhibit an S-shaped curve with two tunnel steps at
positive and negative fields.*>®*° The presence of S-shaped
loops and the observation of the tunnel steps for yoH, < +0.2 T
suggest the existence of two antiferromagnetically coupled Dy
(m) ions within the system. The occurrence of these steps is
attributed to the transition from parallel (ferromagnetic) to
antiparallel (antiferromagnetic) alignment of the Dy(i) aniso-
tropic moments. An additional step is observed at zero field,
which corresponds to the pinning of some molecules to the
ferromagnetic state.’***®" Upon comparing the hysteresis
curves for 177 and 2U=%, it is apparent that the nuclear spin-
bearing system results in narrower loops, signifying a more
effective relaxation mechanism, as previously observed.**
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32mT/s
16 mT/s
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0.5 4mT/s
2mT/s
— 1mT/s
— 0.5mT/s
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Theoretical calculations. For a deeper understanding of the
magnetic relaxation mechanisms in 1 and 2, we con-
ducted Complete-Active-Space Self-Consistent Field (CASSCF)
calculations on the binuclear Dy(ur) systems. These models
were based on the structures determined through X-ray experi-
ments. The analysis was carried out using OpenMolcas and
the SINGLE_ANISO programs,®> *® replacing one of the Dy(m)
ions with diamagnetic Y(u). Tables S3-S61 present the lowest
Kramer’s doublets (KDs) and the g factors of 1/ and 2079,
The effective g, tensors for 1/=/2) (Dy1), 102 (Dy2), 2=
(Dy1) and 2% (Dy2) are 19.5920, 19.5186, 19.5772, 19.5362
respectively, which are closely approaching the Ising-limit
value of 20, indicating a significant uniaxial anisotropy of each
Dy(u) fragment. Tables S7-S10f show wave functions, charac-
terized by a definite projection of the total moment |m;) for
the lowest two Kramer’s doublets (KDs) of individual Dy(m)
fragments in both complexes. The findings explicitly reveal the
non-equivalent nature of the two individual Dy(u) sites within
each complex. Furthermore, due to the non-equivalent nature
of the Dy(m) ions, the easy axes are also not colinear, with an
angle of ~30° between the anisotropy axes (green arrows in
Fig. 1a). The ground KDs for the Dy(m) fragments are all predo-
minantly composed of m; = +15/2, and their first excited states

(C) 1.01 — 64 mT/s
32mT/s
0.75 16 mT/s
8 mT/s
0.5 4 mT/s
2mT/s
0251 — 1mT/s
n — 0.5mT/s
§ 0.0
=
-0.25
-0.5
-0.75
-1.01

M/M,

-0.4 -0.2 0.0 0.2 0.4

WH,! T

Fig. 4 Sweep-rate dependent pSQUID studies for (a) 1/=>? and (c) 2= collected at 30 mK and temperature dependence of the uSQUID data for

(b) 19=5/2 and (d) 2Y=? collected at a sweep-rate of 8 mT s,

This journal is © The Royal Society of Chemistry 2024
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are mostly composed of a mixture of several m; states. The
energy gaps between the ground and the first excited Kramer’s
doublet for each Dy(m) fragment are determined as follows:
91.7 K (64.2 cm™, Dy1) and 111.3 K (77.9 ecm™*, Dy2) in 102,
91.2 K (63.8 cm™?, Dy1) and 121.7 K (85.2 cm™, Dy2) in 2079,
Notably, these gaps exceed the fitted barriers, suggesting the
involvement of multiple relaxation processes in the
relaxation.®”*® The fitted 7 '(T') corroborate the emergence of
Orbach and Raman processes. Additionally, the transition
magnetic moment matrix element for the ground state is com-
parable in both complexes, as depicted by the green line in
Fig. S8, while highlighting that the most viable relaxation
pathway is through the first excited state.

The before-mentioned results showcase that for tempera-
tures above 2 K, both relaxation mechanisms are not affected
by the presence or absence of nuclear spins, while notable
differences are visible at sub-Kelvin temperatures. The CASSCF
obtained single-ion electronic characteristics show that relax-
ation is viable through the first excited state. However,
although the magnetic anisotropy in Ln-SMMs complexes typi-
cally arises from individual Dy(wm) ions, the slow relaxation
dynamics of the complexes are notably impacted by inter-
actions between Dy-Dy pairs, hence, the description of the
relaxation must be that of dimeric species. To assess the inter-
actions operating between the Dy(m) pairs, the y7T(T) and
M(H) were simultaneously fitted using the Lines model® as
implemented in PHL.”® The Lines model, employs an isotropic
exchange between the spin component of the angular
momenta of the Dy(u) ions (S = 5/2). A Hamiltonian of the fol-
lowing form was employed:

A

ij = HiF + gk (ny(l) +]Dy(z))Hz

bl 3)
+ Jiines (Spy(1)Spy(2))

where H; , = >
k=2,4,6, ~k<q<k

expressed as Steven’s operators (0}), and B} are the ligand
field parameters obtained from CASSCF. Jin, Sin and gy are the
spin-orbit, spin-only state and Landé g-factor for Dy(u),
respectively. The best simultaneous fits for 1" and 2=
yields: Jiines = +0.141(1) K (+0.098(1) em™) for 12 and
+0.178(1) K (+0.124(1) em™) for 2U"%. The Lines exchange
fitted parameters can be projected onto the total spin of the
Dy(m) ion, Ze., (J = 15/2) leading to Jyines(/ = 15/2) = +16 mK
(+0.01 cm™) for 1¥? and +20 mK (+0.014 cm™") for 2U=°),
Furthermore, the pSQUID loops reveal the exchange field
(Hex), With Hey = Jioway/gps, where my = 15/2, gr = 4/3 and py is
the Bohr magneton, which allows the extraction of the
exchange interaction by identifying the inflexion points in the
hysteresis loops. The derivative of the temperature-dependent
hysteresis loops (Fig. 5) shows a tunnelling event occurring at
+0.130 T in 2V, whereas, for 1V"°?), tunnelling is spread out
over a +0.200 T range. The total (exchange + dipolar) coupling
can be estimated by examining the tunnelling event that
occurs at +0.130 T in 2U"9, resulting in Jiow = +15.5 mK
(+0.011 cm™). This value is very close to the strongest com-

B0} is the ligand field Hamiltonian
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ponent of the dipolar matrix (i.e., Ja? = +14 mK (+0.01 cm™"))
for a '**Dy---'**Dy distance of 4.064(3) A (see ESI section 1.5%)
and to the Jiines, all projected onto a J = 15/2 state, hence the
interaction in the isotopologues is mainly dipolar.

Based on the Lines model, it is readily visible that the SMM
character in 1¥°*/? and 2/ arises from the thermal population
of the first excited state lying at ~2 K above the ground state. In
this scenario, relaxation occurs between the first excited coupled
states and the second coupled excited state (at ~90 K) via the
Orbach mechanism (Table S15}). Note that experimentally
obtained barriers are smaller than the separation gap between
these two states, hence, the Raman process and QTM play a role
(see Fig. 3b and d). At temperatures above 2 K, the relaxation
dynamic is dominated by the strong exchange interaction operat-
ing between the Dy(m) ions, which shifts to relatively high fields
(+0.130 T) the commonly occurring [at zero field] QTM.

Nevertheless, at very low temperatures the situation is
different, as evidenced by the uSQUID loops. Below 2 K, the ther-
mally mediated mechanisms are less efficient, and QTM
becomes predominant. By understanding the magnetic charac-
teristics at lower energy levels for 1V"*? and 2=%), one can eluci-
date the specific impact of the presence or absence of nuclear
spins in both complexes. The large Hilbert space of the isotopo-
logues here studied and the number of parameters involved, e.g.,
Ligand Field Parameters, g-values, Euler angles, nuclear spins
and exchange interaction, a J = 15/2 makes the rationalization of
the sub-Kelvin temperature data computationally expensive.
Hence, to bypass this problem, the spin effective formalism (Ses
=1) is invoked, with pure axial g-tensors i.e., g = g = 0; &, = 20
and the Euler angles for each Dy(m) ion obtained from the
CASSCCEF calculations. Nonetheless, Seg = %, at first order, mixed
strongly by transverse fields, prompting huge tunnelling split-
ting not representative m; = +15/2 states, thus, we employ a ficti-
tious S = 3/2 systems with an arbitrarily large Zero Field Splitting
(D) parameter D = —100 cm ™. The g-values were maintained iso-
tropic (ger = gy = &2 = 20/3) since the anisotropy is projected on
the ZFS, while the anisotropy of the D term was rotated employ-
ing the Euler angles obtained from CASSCF.

To initiate our low-temperature analysis, we first concen-
trate on the magnetic properties of the nuclear spin-free 20~
system, for simplicity. The CASSCF results indicate that the
single ion magnetic properties of the isotopologues are domi-
nated by the spin-orbit coupling and the interaction with the
ligands, yielding a large separation between the ground m; =
+15/2 and the first excited multiplet. This allows us to define
the complex as two isolated Ising spins coupled through an
effective interaction Jioe(S1-S,), where Jioa is an effective coup-
ling and $;-S,, are effective spin for each Dy(m). Hence, in the
presence of an external magnetic field applied along the easy
axis, the Hamiltonian for 20" is defined as:

YN = geprpippoH, Zsz + Jeotai ( Sy - Sz

ZS, D;i-8 (4

The first term in (4) is the Zeeman term, the second one
being the exchange interaction and the last one being the zero-

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Zeeman diagram obtained (top) and derivative of the temperature-dependent hysteresis loops from uSQUID studies (bottom) for (a) 2¢=°
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field splitting. gesr = 20/3 and Jiorar is the interaction between
the ions (projected on a S = 3/2 basis). The non-colinear
nature of the easy axes of the system is also taken into con-
sideration by employing the Euler rotations [in Z-Y'-Z" conven-
tion], as obtained from the CASSCF results (see ESI section
1.5%).

A crossing between the ground and the first excited state
occurs at +0.121 T when setting Jiora1 = +15.5 mK (+0.011 ecm ™)
as derived previously from the pSQUID exchange field.
Refinement of the interaction to the crossing point at +0.130 T
yields Jiorar = 16.7 mK (+0.012 ecm™"). The difference between
the Jiorar Obtained from pSQUID studies and the values
obtained by fitting the Zeeman diagram to the level crossing at
+0.130 T arise from the non-collinearity between the an-
isotropy axes of the Dy(u) ions.

Without an interaction operating between the Dy(um) ions,
QTM would be active at zero field, as observed for most SMMs,
with relaxation occurring also through the first excited state
(vide supra). In contrast, the presence of an exchange inter-
action causes the zero-field crossing to shift towards larger
fields (Fig. 5a). Furthermore, the interaction decreases the tun-
nelling transition probability within the ground doublet and
the first excited coupled state since it would involve a double
spin-flip process. Hence, for a field sweep from —0.5 T to +0.5
T the following processes occur: (i) at yoH, = —0.5 T (with the
field chosen along the easy axis of the Dy(m) ions) the sample
is polarized and all the spins are in the ground state |-15/2,

This journal is © The Royal Society of Chemistry 2024

—15/2); (ii) as the magnetic field is swept from negative to the
positive field, the molecules remain in the ground state until
the external field compensates for the bias field and the spins
make a transition from the ferromagnetic to the antiferro-
magnetic order by QTM. Notice that |+15/2, F15/2) state is
split in two due to the non-colinear arrangement of the easy
axes, hence the crossings occur at yoH; ~ —0.110 T and —0.130
T; (iii) the next crossing occurs at zero-field, where some of the
spins that remain pinned to the ferromagnetic excited state
can tunnel via the antiferromagnetic excited state |+15/2, F15/
2); and (iv) the last transition happens at yoH, ~ +0.120 T
where the molecules relax non-adiabatically from the state |
+15/2, F15/2) to |[+15/2, +15/2). As observed, in the case of
279 QTM occurs at the three intersections between the
ground singlet and the excited doublet (~+0.130 T), with the
strongest transition occurring at the zero-field crossing.
Additionally, it must be noted that the M(H) curves (at
30 mK) for 20~ (Fig. 4c) exhibit thermal relaxation in addition
to QTM, observed as a slow change in magnetization, clearly
visible at faster sweep rates. In fact, in this case, thermal relax-
ation and QTM compete at such temperatures dramatically.
While ramping the field from negative saturation towards posi-
tive saturation, a large population remains in the ferro-
magnetic state |-15/2, —15/2) due to a small QTM gap at the
crossings with |+15/2, F15/2) at —0.120 T (see Fig. 5a). For
faster sweep rates, a large fraction of this population remains
pinned to |-15/2, —15/2) even after crossing zero field, due to
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a small QTM gap between states |-15/2, —15/2) and |+15/2,
+15/2). Next, due to the direct relaxation events following the
QTM event between states |+15/2, F15/2) and |+15/2, +15/2)
around +0.110 T (possibly increasing the spin temperature),
the thermal relaxation for the leftover population from the
state |—15/2, —15/2) is triggered causing an avalanche of relax-
ation eventually to |+15/2, +15/2). This results in a large deriva-
tive for fast sweep rates at +0.110 T (see star in Fig. 5a). For
slow sweep rates, this specific peak is smaller since most of
the population could tunnel from |-15/2, —15/2) to |+15/2,
+15/2) at zero field. Hence, the change in magnetization at
+0.110 T is mainly due to QTM between states |+15/2, F15/2)
to |+15/2, +15/2) and not enhanced by an avalanche of relax-
ation from the state |-15/2, —15/2). Eventually, a pure thermal
relaxation event between states |+15/2, F15/2) to |+15/2, +15/2)
is observed, which shifts towards higher fields for slower
sweep rates, as evidenced by the last peak near positive satur-
ation in Fig. 5a moving towards +0.3 T for slower sweep
rates.®”

In contrast, the M(H) curve (at 30 mK) for 19" in Fig. 4a
exhibits fast transitions at the crossing fields, as the curves at
different sweep rates fall on top of each other indicating QTM-
dominated transitions. The different relaxation behavior
between Fig. 4a and c is attributed to the presence of nuclear
spin in the latter and is discussed next. The four previously
discussed processes [(i) to (iv)] also occur in 19>, Contrary,
however, 1" bears a nuclear spin capable of inducing
hyperfine-QTM. The presence of a nuclear spin in 1¢=%/?
changes the form of the Hamiltonian, which now incorporates
the hyperfine (An,p) and quadrupolar (Pquaq) interactions as
follows:

2
19H = 1% 4> " ApypI’ - 67 + Pauaa L1 (5)
i=1

The Zeeman diagram for 1Y as shown in Fig. 5b, was

obtained by fixing Jiow as for 20°%, while the hyperfine and
quadrupolar interactions were fixed to Ay, = 107.1 mK
(0.074 cm™") [projected from an m; = 15/2 to a S = 3/2 basis]
and Pgyaq = 19.6 mK (0.014 cm™).

As depicted in Fig. 5b, in addition to the interaction
between the Dy(ui) centers, the Zeeman diagram shows (27 +
1)" hyperfine states with numerous crossings over a wider field
range than for 2U°%, Mainly at the crossings that conserve
nuclear spin (i.e. Am; = 0), hyperfine-QTM is active, facilitating
the relaxation of the system at a larger field span or causing
the QTM occurrence to shift from +0.130 T to various field
values. This is evidenced in the much stronger #~QTM shown
at the £0.130 T crossing compared to the crossing at zero field.
Another effect that can enhance QTM further in such systems
is the non-axial arrangement of the quadrupole tensor. For
simplicity, the quadrupole interaction axis is assumed to be
aligned with the ligand field axis and the interaction is uniax-
ial. However, generally, this axis can be tilted from the ligand
field easy-axis. Moreover, the quadrupole term can be expand-
able to axial and non-axial terms.”! Together with the inter
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ionic couplings, the exact quadrupole terms introduce trans-
verse interactions in the spin Hamiltonian, which can explain
QTM gap openings at crossings between the hyperfine states
without conserving nuclear spin, ie. Am; # 0. This yields
further positions in the field for QTM events.”* In our system,
due to the larger field range/a greater number of positions in
which AfQTM is active, the electronic spins can tunnel with
higher probabilities. Hence, a smaller number of spins remain
pinned to the ferromagnetic excited state, causing a smaller
number of spins to tunnel at the zero-field crossing occurring
in the ferromagnetic excited state (see smaller derivative at
zero field in Fig. 5b).

Conclusions

Utilizing a 1,2,4,5-tetrazine-based ligand, we have successfully
synthesized and characterized two isotopologues of dinuclear
dysprosium complexes, featuring the ******Dy isotopes. Both
complexes exhibit an antiferromagnetic interaction between
the lanthanide ions. Computational methods, as well as AC
and uSQUID data, provide validation for the observed experi-
mental behavior. Our results evidenced that a suitable
exchange interaction can render both isotopologues high-
temperature (>2 K) magnetic characteristics alike, and solely
by performing sub-Kelvin studies the differences due to
nuclear spin can be unraveled. Due to the intra-molecular
coupling and small QTM gaps between the states, the Dy
dimer isotopologue without nuclear spin shows a dramatic
competition between thermal and QTM pathways of relaxation
at 30 mK temperature. On the other hand, enhanced QTM is
evident for the isotopologue with nuclear spin, attributed to
many QTM pathways available by the hyperfine and nuclear
quadrupole interactions. This phenomenon, as also observed
previously in other similar systems,’® can be utilized to
enforce a purely antiferromagnetic (for Ising dimers) and
cyclic/toroidal (for Ising trimers) ground state at low tempera-
ture without the need to enhance interionic coupling. While
the observed slow magnetic relaxation primarily stems from
single-ion relaxation, the results indicate that the exchange
coupling between the lanthanide ions influences the relaxation
mechanism at different temperature ranges. Albeit the coup-
ling between the lanthanide ions remains modest, investi-
gating analogous dinuclear systems becomes crucial for under-
standing the effect and strength of the interaction into the
relaxation characteristics of SMMs.

Data availability

The data supporting this article has been included as part of
the ESL.}

All the magnetic data was processed employing Origin Pro
2023. The Debye analysis and relaxation fits were also performed
using Origin Pro 2023, while the y,T susceptibility data was
fitted employing PHI (J. Comput. Chem., 2013, 34, 1164-1175).
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The Zeeman diagrams of the angular dependence of the
USQUID studies were obtained using Easyspin implemented in
MATLAB (J. Magn. Reson., 2006, 178(1), 42-55).

Full crystallographic details can be found in CIF format: in
the Cambridge Crystallographic Data Centre database (CCDC
2337590 and 2337589).F
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