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The controlled integration of magnetic molecules into supercon-
ducting circuits is key to developing hybrid quantum devices.
Herein, we study [Dy,] molecular dimers deposited into micro-
SQUID susceptometers. The results of magnetic, heat capacity and
magnetic resonance experiments, backed by theoretical calcu-
lations, show that each [Dy,] dimer fulfills the main requisites to
encode a two-spin quantum processor. Arrays of between 2 x 108
and 7 x 10° [Dy,] molecules were optimally integrated under
ambient conditions inside the 20 pm wide loops of micro-SQUID
sensors by means of dip-pen nanolithography. Equilibrium mag-
netic susceptibility and phonon-assisted spin tunneling dynamics
measured in situ substantiate that these molecules preserve spin
ground states, magnetic interactions and magnetic asymmetry that
characterize them in bulk. These results show that it is possible to
interface multi-qubit molecular complexes with on-chip supercon-
ducting circuits without disturbing their relevant properties and
suggest the potential of soft nanolithography techniques to
achieve this goal.
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Introduction

Molecular nanomagnets are considered good candidates for
serving as basic units of future quantum devices.' The ability
to tune their properties by exploiting chemical synthesis has
led to major improvements in spin coherence times, even at
relatively high temperatures,>™ that put them on a par with
other spin and charge solid-state qubits. Chemical design can
also be exploited to scale up quantum resources.® Molecular
and supramolecular structures that encode multiple qubits or,
in general, d-dimensional qudits in their electronic’® or
nuclear'® spin states, or in a combination of both,"* have been
reported. Embedding nontrivial quantum operations in each
repetitive unit, in this case, a molecule, is seen as one of the
main competitive advantages of this approach over other
quantum computing platforms as it simplifies the implemen-
tation of certain algorithms, in particular quantum error
correction.">"

However, achieving full scalability remains challenging
because it necessarily involves the ability to control and
connect many individual molecules.

A promising idea is to bring concepts and technologies
developed for superconducting quantum circuits to the realm
of molecules."*"® The operation of such a hybrid platform sets
stringent conditions for the accurate positioning of molecules,
ideally under ambient conditions, in suitable locations of a
superconducting device."”'® A second necessary requisite is
that relevant molecular properties be retained under such con-
ditions, which might conflict with the need for maximizing
their coupling to the circuit."> While the main concern in the
case of individual qubits is that the spin coherence time
remains sufficiently long, in the case of molecular structures,
hosting multiple spins, even the mere definition of the qubit
states, can be strongly affected by the environment. These
states and, especially, the ability to address each of them arise
from a subtle combination of suitable individual spin states,
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magnetic asymmetry and intramolecular spin-spin couplings,
which critically depend on the composition of the molecular
core and molecular structure.””® Both aspects can be affected
by the loss of crystalline order and interactions with the chip
surface that accompany the integration into realistic devices. It
is this fundamental aspect that we address in our work.

To this end, we explore molecular complexes hosting two
non-equivalent lanthanide ions. The synthesis exploits a proto-
col that enables selectively obtaining pure homo-"*“?%*! or
heterometallic’”?>** species with chemical formula (Hpy)
[LnLn'(HL)3(X)(py)n(H20)x] (py = pyridine, H;L = 6-(3-oxo-3-(2-
hydroxyphenyl)propenol)-pyridine-2-carboxylic acid, X = Cl”~ or
NO;™, n + m = 2), termed here [LnLn’] or [Ln,]. By direct depo-
sition with dip-pen nanolithography, based on AFM, arrays of
[Dy,] lanthanide dimers were patterned onto selected areas of
suitably designed micro-SQUID superconducting sensors.”**
The superconducting device allows characterizing in situ their
linear magnetic response down to very low temperatures. The
ac susceptibility provides information not only on the mag-
netic moments of the lanthanide ions present in each mole-
cule but also on their mutual interactions and dynamics. The
comparison with data measured on the bulk material allows
us to critically ascertain whether these molecules retain the
ability to encode two addressable spin qubits.

Results and discussion

In previous reports, we have shown that the different coordi-
nation environments of the two metal ions in (Hpy)
[Tb,(HL)s(Cl)(py)=] and (Hpy)[Gd,(HL)s(NOs)(py)(H.0)], com-
bined with their mutual weak interaction are critical in
turning these molecular systems into appropriate prototypes
for two- and six-qubit quantum processors, respectively.'”*¢
In order to probe such properties in a related two-spin system
upon deposition onto a superconducting circuit, we syn-
thesized a [Dy,] analogue. On account of the large J = 15/2
angular momentum of free Dy(i), this complex is expected to
display a stronger magnetic response, convenient for the detec-
tion of signals from thin layers. The compound crystallizes
from pyridine/Et,O following the reaction between DyCl; and
H;L. The structure of [Dy,], shown in Fig. 1 and Fig. S1 of the
ESL 1 exhibits two Dy(ur) ions bridged and chelated by three
wn*"(HL)*" ligands, each via one tri- and one didentate pocket
and disposed in a head-to-head-to-tail fashion. The nine-
coordination is completed by two py ligands on one metal and
by one Cl™ donor on the other. This complex forms an H-bond
via two COO~ moieties with an Hpy' cation, thus compensat-
ing its negative charge. For comparison purposes, a related
[LaDy] compound was obtained with the same procedure,
using equimolar amounts of Dy(NO;); and La(NOs); for the
reaction. The different coordination sites in the complex allow
to selectively discriminate the position of each metal within
the molecule selectively based on the ionic radii.””*' The
structure of [LaDy] (Fig. S21) is analogous to that of [Dy,] with
one Dy(m) substituted by La(ut), now coordinated by didentate
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Fig. 1 Molecular structure of [Dy,]. Turquoise is Dy, grey is C, salmon is
O, blue is N and green is Cl. Hydrogen atoms are omitted. Hydrogen
bonds between Hpy* and the complex are in dashed blue lines.
Orientations of the magnetic easy axes z; and Z; of the two Dy(in) ions,
determined via ab initio calculations (see text and ESI}), are shown as
red sticks.

NO;™ (instead of Cl7) and exhibiting coordination number
(CN) of 10. The terminal ligands of Dy(u) are here one py and
one H,0. The stability of both compounds in solution as well
as the heterometallic nature of [LaDy] were shown through
mass spectrometry (Fig. S31).

We have tested that [Dy,] fulfils the conditions to encode
two addressable spin qubits via a combination of magnetic
susceptibility, heat capacity and electron paramagnetic reso-
nance (EPR) experiments on bulk samples, whose results are
shown in Fig. 2a, b and c, respectively.

The molar magnetic susceptibility y measured at
sufficiently low frequency (1.7 Hz in Fig. 2a) shows the charac-
teristic equilibrium paramagnetic behavior from room temp-
erature down to very low temperatures (7 > 0.15 K in Fig. 2a).
The »T product provides direct information on the effective
magnetic moments u.g¢ of the two Dy ions and their inter-
actions through the Curie-Weiss law

XT == 2Napz[T/3ks(T — 0)] (1)

where 6 parameterizes the effect of spin-spin couplings. The
decrease in yT observed from room temperature down to about
10 K signals the thermal depopulation of excited level doub-
lets, split by the local crystal field acting on each of the two
ions. Already at liquid Helium temperatures, only the ground
state doublet remains populated and each Dy(um) therefore
behaves as an effective spin-1/2 system. The plateau observed
in this temperature region is compatible with p’z= g%S(S +
1)u2, where S =1, goir = [(:° + g + £°)/3]"* ~ 11.2, and the g'ss
are the principal values of the ¢ tensor. These results agree
well with the predictions of ab initio simulations described in
the methods and the ESI,{ which point to a strong uniaxial
character of both Dy(m) spins. This leads to a ground state
doublet whose states are close to the M; = +15/2 angular

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Characterization of [Dy,] as a two-qubit system. (a) Plot of 4T vs.
T between 300 and 0.15 K (dots). The dotted (solid) lines are theoretical
predictions for collinear (tilted) magnetic easy axes. They were calcu-
lated with yT =~ ys_1,2TICo + Ci1(2kgT/A)tanh(A/2kgT) + Cytanh(4/
2kgT)1.”22® Here, ys_1/» is the low temperature susceptibility limit, based
on the effective spin Hamiltonian (2), A/kg = 1.3(2) x 102 K is the energy
gap between the first excited and ground elctronic doublets of each Dy
ion, and Cy, C; and C, are fitting coefficients that depend on the wave
functions describing these two doublets. The coupling constant J;»/kg
was fixed to —0.023 K (-0.014 K) for tilted (collinear) axes, which
accounts for the low-T specific heat data. (b) Molar specific heat of
[Dy,l, [LaDy] and [LaY] at zero magnetic field. The solid line is a calcu-
lation that includes the magnetic contribution derived from eqn (2) plus
the lattice contribution obtained from the [LaY] data. (c) Continuous
wave X-band EPR spectra of [Dy,] at 6 K in bulk powder form (top) and
in solution (middle). The bottom panel shows a simulation based on egn
(2) with the same parameters used to calculate the magnetic suscepti-
bility and the specific heat. (d) Bottom: scheme of the 4 lowest lying
spin levels of a [Dy,] molecule, calculated with eqgn (2) for a magnetic
field forming 55 degrees with z;. The magnetic asymmetry and spin—
spin coupling lead to unequally spaced levels. Different transitions,
shown in the EPR simulation (top), can then be addressed by microwave
resonant pulses. This allows encoding two addressable spin qubits and
performing conditional quantum operations.

momentum projections, well separated energetically from all
excited doublets.

The second drop in yT observed below 1 K indicates a weak
antiferromagnetic coupling between the two Dy ions. This
interaction splits the energies of different mutual spin orien-
tations. The splitting 8E;,. can be detected, even at zero mag-
netic fields, by means of heat capacity experiments. Fig. 2b
and S9t compare the molar specific heat cp of [Dy,] with that
measured on the [LaDy] “monomer”. At low temperatures,
where the contributions of magnetic excitations overcome
those associated with molecular vibrations (estimated from
the results obtained for the diamagnetic complex [LaY]),”?
of [Dy,] shows a Schottky-like anomaly that is clearly absent
for [LaDy]. It is then natural to associate this contribution with

This journal is © The Royal Society of Chemistry 2024
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the energy splitting between the antiparallel and parallel spin
orientations in [Dy,]. The temperature of the specific heat
maximum Ty, allows estimating 8E;,¢ = kgTimax/0.42 = 1.50(5)
K.

On the basis of the above considerations, it follows that the
low-T magnetic behavior of [Dy,] can be understood within a
model of two weakly coupled effective S = ; spins, described by
the following spin Hamiltonian””

~ o~

H = —upHE ST — psHE:S, f£—51g1g252 (2)
4

that includes the Zeeman interaction terms of the spins S, and
S, with the magnetic field A and a spin-spin coupling, where
J12 is the coupling constant and g; = 4/3 is the Landé factor of
free Dy(m). It is possible to use eqn (2) to simulate both y7T and
cp/R. The results, shown in Fig. 2a and b, reveal the need to
introduce an asymmetry between the Zeeman interactions of
the two ions. As Fig. 2a shows, if the principal values and the
axes of g; and g, were the same, the cancellation of the two
magnetic moments in the ground state would lead to a rapid
decrease of yT towards zero (dotted line in Fig. 2a) that is not
observed experimentally.

For simplicity, we have accounted for the asymmetry by
introducing a tilt between the easy magnetization axes of the
two ions, which we take along the z; and z, principal axes (see
Fig. 1). The experimental 7 and cp/R data are compatible with
a rotation of z, (and y,) around X; = ¥, by § = 52 degrees.
Besides, they suggest that g, and g, < g;, thus in the calcu-
lations shown in Fig. 2a and b, we have made both of them
equal to zero and set gy, = g, = 19.1, in order to reduce the
number of parameters. These assumptions are supported by
the ab initio calculations, which give g, = 18.2-19.5 and g, ,/g,
< 0.01 for both Dy(ui) ions (see Tables S5 and S6t). Besides,
they predict that z; and z, are tilted by about 72 degrees, in
fair agreement with the estimate obtained from cp/R and yT
(Fig. 1 and S127).

In spite of its simplifications, the two-spin model (eqn (2))
has the advantage of accounting well for the main features of
the magnetic susceptibility and specific heat results. It also
accounts for the low-T EPR spectra, shown in Fig. 2¢, with the
same parameters, provided that g, and g, are non-strictly zero
but still g, /g, S 0.01. Besides, it grasps the essential aspects
that determine the potential of [Dy,] to encode two spin
qubits. In particular, any magnetic field makes the two Dy
ions within [Dy,] magnetically inequivalent (i.e. it induces a
different Zeeman splitting on each of them). The 4 lowest lying
spin energy levels of [Dy,] become then unequally spaced at
any magnetic field A > 0. This level of anharmonicity, which
ensues from the combination of distinct local coordination
sites and a weak spin-spin coupling, constitutes the key ingre-
dient that allows spectroscopically addressing each resonant
spin transition. For instance, Fig. 2d shows how a CNOT con-
ditional gate can be implemented via the application of a
single resonant pulse. The nonzero, albeit small, transverse g,
and g, factors (Tables S4 and S5t), combined with the off-diag-
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onal spin-spin interaction terms and with the non-collinear
axes guarantee that these operations are not forbidden,*”
which is indeed confirmed by the EPR results and simulations
shown in Fig. 2 and S11.f

In what follows, we consider to what extent these properties
are preserved when the molecules are integrated from solution
into a superconducting device. The device was a micro-SQUID
ac susceptometer, shown in Fig. 3a, specifically designed to
achieve the sensitivity needed to detect the minute linear
response of a few molecular layers.>® Arrays of [Dy,] molecular
deposits were patterned, under ambient conditions and
without any intermediate functionalization, by traversing the
AFM tip of a Dip Pen Nanolithography (DPN)
system,'$246:25:2829 ¢oated with the molecular “ink”, over the
surface and contacting it in the form of a predefined pattern,
as shown in Fig. 3b. The stability of [Dy,] in the solution was
tested by EPR (Fig. 2c) and by UV-Vis spectrophotometry
(Fig. S47t). The spatial resolution of AFM allows generating pat-
terns that match the 20 pm wide micro-SQUID pick-up coils
(see Fig. S5 and S67). This allows optimizing the flux coupling
between the sample and the micro-SQUID, thus the sensitivity
to the magnetic response of the molecules.

Once dried under vacuum, the deposits were analyzed by
optical and AFM imaging. In order to accurately determine the
amount of [Dy,] transferred into the chip, control deposits of

()

Height (nm)
S

o9

10 20 30
Section (um)

Fig. 3 Integration of [Dy,] nano-deposits into superconducting
devices. (a) Image of a micro-SQUID ac susceptometer. The micro-
SQUID is made of two gradiometric loops (coloured in magenta), which
act as pick-up coils. They are surrounded by two identical excitation
coils that generate the ac magnetic field, perpendicular to the chip's
surface. (b) Image of the DPN system AFM tip traversing the area defined
by one of the pick-up coils during a deposition process. (c) and (d)
Topographic image and height profile measured along the green line of
a molecular deposit labelled as [Dy,lppni, Mmade of 3 molecular layer
thick dots. The number of [Dy,] molecules transferred to the device is
~2 x 108,
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the solvent and glycerol that form part of the ink were also pre-
pared under the same conditions (Fig. S5f). Topographic
images and profiles of one of the arrays are shown in Fig. 3c
and d, respectively. Repeating successive tip coating and depo-
sition steps gives rise to arrays with an increasing number of
molecular dots and with larger thicknesses. Three of them,
with 3, 8 and 34 molecular layers, were characterized magneti-
cally down to very low temperatures. We refer to them as
[Dy:]oeni, [DYz]loenz and [Dys]pens, respectively (see Fig. S67).

With its gradiometric design (Fig. 3a), the micro-SQUID
acts as the pick-up loop of an ac susceptometerj)he response
of the molecular spins to the ac magnetic field h,. cos wt gen-
erated by the excitation coils (Fig. 3b) creates a net flux pro-
portional to h,., which the micro-SQUID converts into a
voltage read-out by a lock-in detection system.

Fig. 4 shows results, in terms of net magnetic flux per mag-
netic field, measured on bulk [Dy,] and on the [Dy,]ppns,
[Dy:]oenz and [Dy,]pen: deposits. These data show the ability
of the device to detect the minute signal generated by the
linear magnetic response of the [Dy,] spins. Besides, the sus-
ceptibility of the deposits shows qualitatively similar depen-
dences on temperature and frequency as the bulk material.
Numerical simulations of the flux coupled to the SQUID were
performed by a finite elements method that uses the suscepti-
bility found for the bulk sample, the spatial dependence of &,
and the sample geometry to determine the contribution of
each molecular dot. Details are given in the ESIf They give
results, shown in the bottom panels of Fig. 4, quite compar-
able to those found experimentally, thus suggesting that the
spin states are preserved.

Since the magnetic behaviour remains paramagnetic for all
samples, we can again use the y7T product to obtain more
precise information on the magnetic moments present in each
molecule and on its mutual interactions. As with the bulk
sample, we consider first the temperature dependence of the
equilibrium susceptibility, obtained at sufficiently low w (1.7
Hz) and sufficiently high T (20.15 K). The experimental yT
curves were scaled to molar units using data measured at 7 =
1 K. They are plotted in Fig. 4i. For all [Dy,] arrays, T shows a
drop below 1 K that resembles, within the experimental uncer-
tainties, that found for the bulk material. Besides, it remains,
at any temperature, much higher than the prediction (dotted
line in Fig. 4i) for perfectly compensated spins. These results
show: (1) that the molecular cores transferred to the chips
retain two mutually interacting Dy ions and (2) that the two Dy
ions remain magnetically inequivalent.

The frequency dependence of the ac susceptibility reveals
the existence of spin relaxation processes with time scales >1/
o. Besides, the linear susceptibility acquires an out-of-phase
component y” that reaches its maximum when the typical spin
relaxation time z becomes equal to 1/w.>° Using the data
measured at different frequencies, shown in Fig. S10,7 we have
estimated the temperature dependence of  for [LaDy] and for
all [Dy,] samples but one, [Dy,]ppn1, Whose y” signal was below
the sensitivity of micro-SQUID. The results are shown in
Fig. 5a.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 In situ determination of the magnetic susceptibility of [Dy,] deposits. Frequency-dependent flux coupled to the micro-SQUID by the bulk

[Dy,] sample (a) and [Dy.lppns (b), [Dy2lpen2 (€) and [Dy.lppns (d) deposits, normalized by the amplitude h,. (= 0.011, 0.5, 0.25 and 0.05 Oe, respect-
ively) of the ac magnetic excitation field at the SQUID centre. (e) Image of the simulated flux sensitivity factor, in units of magnetic flux coupled to
the sensor per unit of magnetic moment induced on the sample, calculated for [Dy,lppns and superimposed onto an image of the micro-SQUID
loop. These simulations give predictions for the magnetic susceptibility (panels (f—h)), which can be compared to experimental results without any
fitting parameters. (i) 4T products derived from the low-frequency, equilibrium limit of the same data, scaled at T = 1 K. The lines show the predic-
tions that follow from eqn (2) for collinear easy axes (black, dotted line) with Ji,/kg = —0.014 K, and for easy axes tilted by either 44 degrees (red,

solid line) or 52 degrees (blue, solid line), with Jy,/kg = —0.023 K.

The spin relaxation times of [Dy,] and of [LaDy] follow the
Arrhenius law 7 = 7,exp(U/kgT) that characterizes a thermally
activated process (Fig. 5). The low activation energy values, U/
kg = 2.2(1) K and 0.8(5) K for bulk [Dy,] and [LaDy], respect-
ively, show that the relaxation processes involve only states
belonging to the ground electronic states of the Dy ions since
the excited levels lie more than 100 K above them (Fig. 2a).
This result confirms that direct transitions between the 4
lowest-lying electronic spin states are not forbidden, as already
shown by EPR data. Besides, the fact that the activation energy
of the [Dy,] dimer is nearly three times larger than that found
for [LaDy] suggests that the spin-spin interaction leaves an
imprint on the spin dynamics.

The physical nature of the relaxation mechanism can be
qualitatively understood by considering how hyperfine and
spin-spin couplings hinder the reversal of each Dy spin. The
basic ideas are illustrated schematically in Fig. 5b. About 44%
of the naturally occurring Dy isotopes (**'Dy and '**Dy) carry
an I = 5/2 nuclear spin. Their electronic spin ground state
doublet is then split by the hyperfine interaction, which can
be described by introducing an additional term SAT to the
effective spin Hamiltonian (2), where 4 is the effective hyper-
fine tensor. Because of the strong anisotropy of the electronic
spin, this term mainly introduces a zero-field splitting A,mgm;.
The energy detuning between up and down electronic spin
states having the same nuclear spin projection effectively sup-
presses direct spin tunnelling processes and forces the system
to “borrow” energy from lattice vibrations.*'* A similar effect
is caused by the interactions between electronic spins, either
located in different molecules (like in [LaDy]) or within each of
them (in [Dy,]). Irrespective of the specific, and complex,

This journal is © The Royal Society of Chemistry 2024

details of the resulting dominant relaxation paths, it then
follows that the intra-molecular spin-spin interaction always
adds an additional hurdle for the relaxation of the Dy elec-
tronic spins (Fig. 5b). The fact that the difference between the
activation energies found for [Dy,] and [LaDy] approximately
matches 8E;, provides support for this interpretation.

This also means that the experimental U can be used to
characterize spin-spin interactions in [Dy,] molecules pat-
terned onto devices. The relaxation times of [Dy,]ppn, and
[Dy,]pens, also shown in Fig. 5, follow Arrhenius laws with acti-
vation energies U/kg = 2.4(2) and 1.6(2) K, respectively, which
are significantly larger than the value measured for [LaDy].
This confirms that the intramolecular spin-spin coupling is
preserved within each of them and, therefore, the composition
of the molecular cores remains also intact. Also, they suggest
that transitions between different spin states remain as
allowed as they are in bulk. Notice that  measured at the zero
magnetic field is independent of the molecular orientation.
Therefore, the differences in U observed between different
deposits and with respect to the bulk must arise from modifi-
cations in the spin-spin interactions that determine the domi-
nant spin relaxation paths (see Fig. 5). Diverse effects can play
roles when molecules are patterned onto a device. On the one
hand, the molecular packing differs from that in the crystal,
and this directly influences intermolecular dipolar inter-
actions. On the other hand, the same effect combined with the
coupling of the bottom molecular layers to the chip substrate,
can introduce some strain®® and thus generate molecular dis-
tortions. The experimental T data, shown in Fig. 4i, suggest
that such modifications cannot be large. Yet, changes in the
mutual orientations of the two Dy(ui) easy axes of the order of
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Fig. 5 Spin relaxation versus hyperfine and spin—spin interactions. (a)
Arrhenius plot of the spin-lattice relaxation times of bulk [Dy,] and
[LaDy] samples, and of the [Dy,lppn2 and [Dyzlppnz deposits, determined
from the imaginary component of the ac magnetic susceptibility
measured with a micro-SQUID sensor. Solid lines are least-squares
Arrhenius fits, which allow the determination of the dominant activation
energies governing the spin reversal. (b) Schematic of possible spin
relaxation paths in the presence of hyperfine interactions (left) and
spin—spin couplings (right). These interactions block direct spin tunnel-
ling processes and force the spins to relax via thermally activated inter-
mediate spin states.

5 degrees could still be compatible with these results, taking
into account the experimental uncertainties, and they could
affect U via the modification of the intra-molecular spin-spin
couplings.

Conclusions

In summary, we have found that [Dy,] molecules fulfil all
requisites to embody two spin qubits and that they can be deli-
vered with high precision and under ambient conditions into
specific areas of a superconducting circuit. Thanks to the high
sensitivity of this micro-SQUID device, we have been able to
detect in situ the linear magnetic response of [Dy,] dot arrays
consisting of 34, 8 and 3 molecular layers and show that they
largely retain their equilibrium and dynamical magnetic
behaviour in spite of the lost crystallinity and the increasing
effect of the interface with the substrate. In particular, the

Nanoscale

View Article Online

Nanoscale

experiments confirm that the magnetic asymmetry and the
spin-spin coupling remain close to those found for the crystal-
line material.

It is worth emphasizing that chemical design and DPN can
be jointly exploited to deliver suitable doses of the functional
molecules, e.g. by starting from the right solution with a
majority of diamagnetic equivalents, such as [YLa]. Besides,
the spin relaxation time, which ultimately limits the spin
coherence for quasi-isolated molecules, is found to reach
values as long as 100 ms both in bulk and in the molecular
arrays. In conclusion, the results of this work support mole-
cular complexes hosting multiple spin centres as promising
building blocks for a hybrid quantum computing architecture
and provide useful techniques for testing and realizing it with
practical devices.

Materials and methods
Materials synthesis

All reactions were performed under aerobic conditions, using
the reagents as received. The ligand 6-(3-oxo-3-(2-hydroxyphe-
nyl)propionyl)pyridine-2-carboxylic acid (HsL) was synthesized
as previously described.®

Synthesis of (Hpy)[Dy,(HL),(CI)(py)s] (IDys], Fig. S1f). A
yellow solution of HzL (30.0 mg, 0.11 mmol) in pyridine
(10 mL) was added into a pyridine solution (10 mL) of
DyCl;-6H,0 (26.4 mg, 0.07 mmol). After stirring for 2 hours,
the resulting yellow solution was layered with Et,O. Crystals of
[Dy,] were recovered after two weeks in 63% yield. IR (KBr
pellet, cm™): 3393 mb, 1618 s, 1585 s, 1560 m, 1526 s,
1464 m, 1401 s, 1325 m, 1298 m, 1239 w, 1208 w, 1147 w, 1121
w, 1058 w, 950 w, 891 w, 74 w, 707 W, 665 W, 636 W, 569w.
Calculated elemental analysis for [Dy,]-1.2py-4H,O (exp.): C =
47.72 (47.52); H = 3.35 (3.03); N = 5.66 (5.67). MALDI-TOF: m/z
=1176.10 [Dy,(HL);] + H', (Fig. S37).

Synthesis  of (Hpy)[LaDy(HL);(NO;)(py)(H,0)] ([LaDy],
Fig. S27). A yellow solution of H;L (30.0 mg, 0.11 mmol) in pyr-
idine (10 mL) was added into a colourless pyridine solution
(10 mL) of La(NOj3);:6H,O (15.2 mg, 0.035 mmol) and Dy
(NO3)3-6H,0 (16.0 mg, 0.035 mmol). After stirring for 1 hour,
the resulting slightly turbid yellow solution was filtered and
the filtrate was layered with Et,O. Crystals of [LaDy] were recov-
ered after two weeks in 67% yield. IR (KBr pellet, cm™):
3414 mb, 1638 m, 1618 s, 1585 w, 1529 m, 1464 m, 1400 s,
1385 s, 1298 m, 1240 w, 1121 w, 1058 m, 949 m, 891 w, 758 w,
705 m, 665 w, 618 w, 568 w. Calculated elemental analysis for
[LaDy]-3.6H,O (exp.): C = 45.39 (44.93); H = 3.27 (2.79); N =
5.77 (5.57). ESI MS: m/z = 1152.98 ([LaDy(HL);] + H", Fig. S31).

Patterning of [Dy,] deposits via Dip-Pen nanolithography

Dip Pen Nanolithography (DPN) was carried out using a high-
performance DPN5000 AFM-based system (Nanolnk Inc., USA).
Silicon nitride triangular DPN single probes (Advanced
Creative Solutions Technology, USA) were used for the pattern-
ing experiments. The molecular “ink” was prepared by dissol-
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ving 30 mg mL™" of [Dy,] in a 90/10 v/v DMSO/glycerol
mixture. Glycerol was added to increase the viscosity and slow
down ink evaporation.>® The integrity of the molecular
complex in solution and their stability over time were checked
for different solvents by UV-visible spectrophotometry
(Fig. S4t). Prior to the DPN deposition, the sensor was cleaned
with ultra-pure ethanol and acetone, and dried by blowing
nitrogen gas. The tip coating procedure first involved leaving a
drop of the ink into one of the reservoirs of a microfluidic
inkwell delivery chip-based system (Advanced Creative
Solutions Technology, USA) using a micropipette. Afterwards,
the ink was transferred to a microwell through a microchannel,
where the DPN tip was dipped and coated with minute
amounts of the ink. DPN experiments were carried out under
constant conditions at 26 °C and 40% relative humidity using
an integrated environmental chamber. The molecular micro-
deposits were generated by traversing the tip over the surface
in the form of the desired pattern, which was previously
designed and calibrated using the InkCad software (NanoInk,
Inc., USA).

Different patterns were fabricated to check the ability to
deposit nanostructures of different forms and layer thick-
nesses adapted to the inner susceptometer circle, which has
an approximate radius of 10 pm (see Fig. 3 and Fig. S5 and
S61). Arrays formed by circular patterns of hundreds to thou-
sands of identical dots were deposited inside the pickup coil
and, in parallel, on silicon substrates under the same experi-
mental conditions. The latter facilitates a more precise deter-
mination of the pattern’s dimensions and thicknesses.

Three samples gave a detectable magnetic response. These
were arrays of circular molecular deposits made of approxi-
mately 3, 8 and 34 [Dy,] molecular layers, which we labelled as
[Dyz]loen1; [Dy2]loenz and [Dyslopws, respectively. They are
shown in Fig. S6.f The layers were organized by successive
coating and deposition steps. The bigger sample was prepared
after three successive deposition steps. In [Dy,]ppn. and
[Dy:]oens, the circular dots merge to form quasi-continuous
films (see Fig. S6T). The solvent and glycerol that form a part
of the ink were also deposited under the same conditions as
the control. The patterns geometries and topographies were
characterized by optical and AFM imaging once dried under a
vacuum. The number of molecular layers was estimated using
an average diameter of approximately 1.2 nm for each [Dy,]
molecule, derived from the crystallographic data.

Physical characterization

Single crystal X-ray diffraction. Data for compounds [Dys,]
and [LaDy] were collected at 150 K on a yellow block of dimen-
sions 0.12 x 0.10 x 0.08 mm® and a yellow lath of dimensions
0.23 x 0.05 x 0.02 mm?® respectively, using an Oxford
Diffraction Excalibur diffractometer with enhanced MoKa radi-
ation (4 = 0.71073 A) at the X-ray diffraction and Fluorescence
Analysis Service of the SAI-Universidad de Zaragoza. Cell
refinement, data reduction, and absorption corrections were
performed with the CrysAlisPro suite.** The structures were
solved by intrinsic phasing with SHELXT>> and refined by full-
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matrix least-squares on F> with SHELXL.?® The position of the
N atom was ascribed on the basis of the residual electron
density peaks, before refining with displacement parameters
restraints (SIMU and DELU). The difference in electron density
is small but real. Upon refinement of these lattice pyridines
with their hydrogens placed at calculated positions, any mis-
assignment of C/N atoms typically shows off through too-short
contact(s) of the misassigned C-H. This is not the case here.
Therefore, while the C/N assignments suffer from some uncer-
tainties, the reported structural models are reasonable. The
metal site distribution in [LaDy] was confirmed by refining the
structure with the two homometallic situations as well as with
the inverted Ln sites. These resulted in relatively poorer agree-
ment factors and most importantly in unrealistic combi-
nations of U, values at the metal sites. In the structure of
[LaDy] a portion of the lattice pyridine molecules is too diffuse
to be modelled, which was analyzed and taken into account
with PLATON/SQUEEZE.*” Crystallographic and refinement
parameters are summarized in Table S1.f Selected bond
lengths and angles and hydrogen bond details are given in
Tables S2 and S3,t respectively.

Mass spectrometry. MALDI-TOF mass spectrometry
measurements were performed on a 400 ABSciex MALDI-TOF
spectrometer at the Unitat d’Espectrometria de Masses de
Caracteritzaci6 Molecular (CCiT) of the University of
Barcelona. Crystals of [Dy,] were dissolved in mixtures of
MeOH with a minimal amount of DMSO. Then, 0.5 pL of an
internal reference solution, containing 10 mg mL™" of DCTB
in dichloromethane, was added before the injection. Positive-
ion ESI mass spectrometry experiments were performed by
using an LC/MSD-TOF (Agilent Technologies) with a dual
source equipped with a locking spray for internal reference
introduction, at the Unitat d’Espectrometria de Masses from
the Universitat de Barcelona. Experimental parameters: capil-
lary voltage 4 kV, gas temperature 325 °C, nebulizing gas
pressure 103.42 kPa, drying gas flow 7.0 L min~" and fragmen-
tor voltage 175-250 V. Internal reference masses were m/z
121.05087 (purine) or 922.00979 (HP-0921). Crystals of [LaDy]
were dissolved in mixtures of MeOH with a minimal amount
of DMSO and introduced into the source by using an HPLC
system (Agilent 110) with a mixture of H,O/CH;CN (1:1) as
the eluent (200 pL min~"). As observed previously for related
clusters, the ionization caused the removal of terminal nitrate,
pyridine and water ligands from the complexes. Moieties
related almost exclusively to the expected [LaDy] metal compo-
sition were observed (see Fig. S3t), with only minimal signals
from homometallic moieties detected, thus evidencing not
only the realization of the heterometallic compound but also
its robustness and exclusiveness in solution.

Image characterization. Atomic Force Microscopy (AFM)
images were taken using the Tapping Mode with silicon TESPA
and nitride SNL cantilevers (Bruker Probes) having 320 kHz
and 18-65 kHz nominal resonant frequencies, respectively.
Imaging was performed with the AFM of the DPN5000 system
and with a MultiMode 8 (Bruker) AFM. The images were ana-
lyzed and processed using SPIP (Scanning Probe Image
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Processor; Image Metrology) and WSxM software®® for SPM
image processing. Field-Emission Scanning Electron
Microscopy (FESEM) images were obtained through the
Servicio de Apoyo a la Investigacion-SAI, Universidad de
Zaragoza, on a Carl Zeiss MERLIN microscope provided with
an Energy Dispersive Spectroscopy (EDS) detector INCA 350
from Oxford Instruments. The samples were coated with a few
nm of carbon before measurements.

Heat capacity. Data were obtained with a commercial physi-
cal property measurement system (PPMS, Physical
Measurements unit of the Servicio de Apoyo a la Investigacion-
SAI, Universidad de Zaragoza) that makes use of the relaxation
method.>**® The samples, in polycrystalline form, were
pressed into pellets and placed onto the calorimeter on top of
a thin layer of Apiezon N grease that fixes the sample and
improves the thermal contact. The raw data were corrected
from the known contributions arising from the empty calori-
meter and the grease.

Magnetic measurements. Variable-temperature (2-300 K, at
0.5 T applied dc field) and variable-field (0-5 T, at 2 and 5 K)
magnetization data for the bulk [Dy,] and [LaDy] polycrystal-
line solids were obtained with a Quantum Design MPMS-XL
through the Servicio de Apoyo a la Investigacion-SAI,
Universidad de Zaragoza. Corrections for the sample holder
contribution and the intrinsic diamagnetism of the sample
were applied, as determined empirically and estimated using
Pascal constants, respectively.

Electron paramagnetic resonance experiments

Continuous wave Electron Paramagnetic Resonance (EPR)
experiments were performed with a commercial Elexsys E-580
system by Bruker, operating in the X-band. The spectrometer
consists of a resonant cavity, in which the paramagnetic
sample was placed and located at the centre of a 1.4 T electro-
magnet. An rf modulation field generated by a set of small
coils results in a derivative-like detection of each absorption
resonance. A gas-flow Helium cryostat was used to reach and
control temperature in the vicinity of 6 K. EPR measurements
were performed on the polycrystalline powder (9.483 GHz) and
a frozen solution (9.475 GHz) placed in quartz tubes. The solu-
tion was obtained by dissolving 2.40 mg of polycrystalline
[Dy,] in 2 drops of d®-DMSO and a mixture of 500 pL:500 pL
d®-EtOH : d*-MeOH, for a concentration of ca. 1.42 mM. No
spin-echo could be detected.

Simulations were done with Easyspin*' and the spin
Hamiltonian described in the main text, fixing g, = g, = 0.1
and g, = 19.1 for both Dy sites, an angle between their z-axis of
53° and J;,/ks = —0.023 K.

Very low temperature ac susceptibility measurements

These were performed with integrated micro-SQUID suscept-
ometers developed at the  Physikalisch-Technische
Bundesanstalt. They are made of Nb deposited on Si/SiO,
wafers and are fabricated by optical lithography. Experiments
on bulk [Dy,] and [LaDy] samples were performed using sus-
ceptometers made of ~800 x 400 pm® banana-shaped exci-
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tation and pick-up coils coupled to a micro-SQUID sensor, as
described in ref. 42 and 43. Fig. S71 shows an image of one of
these devices. A different circuit design®>** was applied to the
detection of the minute signals associated with the linear
response of the molecular deposits. In this case, the micro-
SQUID sensor itself, with a gradiometric design, acts as the
pick-up loop of the ac magnetic susceptometer. The coupling
between the sample and the sensor is favoured by the reduced
diameter (30 pm) of its two circular loops. Two identical ac
excitation coils allow the application of ac magnetic fields with
amplitudes of up to 3 Oe. The output signal when no sample
is present is minimized by the close-to-perfect reflection sym-
metry of the setup. Its frequency and temperature depen-
dences were characterized on a bare circuit and then sub-
tracted from the experimental results. This instrument exhibits
a white flux noise of 1.3u®, Hz 2, All chips were installed
inside the mixing chamber of a *He-"He dilution refrigerator,
which allows performing experiments at very low tempera-
tures, between 0.013 K and 2 K.

Theoretical methods

Computational details. Wavefunction-based calculations
were carried out on molecular structures of the [Dy,] and
[LaDy] complexes by using the SA-CASSCF/RASSI-SO approach,
as implemented in the OpenMolcas quantum chemistry
package (version 22.10).*>® In this approach, the relativistic
effects are treated in two steps on the basis of the Douglas—
Kroll Hamiltonian. First, the scalar terms were included in the
basis-set generation and were used to determine the spin-free
wavefunctions and energies in the complete active space self-
consistent field (CASSCF) method.*” Next, spin-orbit coupling
was added within the restricted-active-space-state-interaction
(RASSI-SO) method, which uses the spin-free wavefunctions as
basis states.*® Spin-orbit (SO) integrals are calculated using
the AMFI (atomic mean-field integrals) approximation.*® The
resulting wavefunctions and energies are used to compute the
magnetic properties and g-tensors of the lowest states from the
energy spectrum by using the pseudo-spin S = 1/2 formalism
in the SINGLE-ANISO routine.?**° Cholesky decomposition of
the bielectronic integrals was employed to save disk space and
speed up the calculations.”® For [Dy,] and [LaDy], the active
space of the self-consistent field (CASSCF) method consisted
of the nine 4f electrons of the Dy(ui) ion spanning the seven 4f
orbitals, i.e. CAS(9,7)SCF. State-averaged CASSCF calculations
were performed for all of the sextets (21 roots), all of the quad-
ruplets (224 roots), and 300 out of the 490 doublets (due to
software limitations) of the Dy(ur) ion. Twenty-one sextets, 128
quadruplets, and 107 doublets were mixed through spin-orbit
coupling in RASSI-SO. All atoms were described by ANO-RCC
basis sets.”> The following contractions were used:
[8s7p4d3f2g1ih] for Dy, [8s7p5d2f] for La, [7s6p4d2f] for Y,
[5s4p2d] for the Cl atom, [4s3p2d] for the O and N atoms of
the first coordination sphere of the metal ions, [3s2p] for the C
and the other O and N atoms and [2s] for the H atoms. The
atomic positions were extracted from the X-ray crystal struc-
tures. Only the positions of the H atoms were optimized on
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the Y(m) parent complexes with the Gaussian 16 (revision A.03)
package®® employing the PBEO hybrid functional.®® The
“Stuttgart/Dresden” basis sets and effective core potentials
were used to describe the yttrium atom,>® whereas all other
atoms were described with the SVP basis sets.’®
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1. Supporting tables and figures

Table S1. Crystallographic and refinement parameters for [Dy.] and [LaDy].

Compound
Crystal size (mm?)
Formula

FW (g mol™)
Wavelength (A)
Crystal system

Space group

Z

T (K)

a (A)

b (A)

c (A)

B(°)

V (A3)

Pealcd (g cM™3)

g (mm)

Independent reflections
restraints / parameters
Goodness-of-fit on F?
Final R1/ wR: [I>2o(1)]
Final R1 / wR; [all data]

largest diff. peak and hole (e
A%

[Dy:]
0.12x0.10x0.09
Cs5H37CIDyY2N5sO15, 3(CsHsN),
CsHsN

1685.75
0.71073
monoclinic
P21/I"I

4

150(2)
12.7916(4)
16.6444(4)
32.5450(10)
97.104(3)
6875.9(3)
1.628

2.271

9873 (Ru = 0.1261)
102 /919

1.026
0.0578/0.0976
0.1056/0.1126
1.031/-0.757

[LaDy]

0.23x0.05x0.02
CsoHssDyLaN5019, 4(CsH5N),
CsHsN

0.71073
monoclinic
P21/I"I

4

150(2)
14.533(4)
15.8767(13)
32.939(4)
91.083(15)
7599(2)

1.593

1.612

6864 (Rint = 0.1282)
359 /937

1.010
0.0611/0.1160
0.1285/0.1535
0.862 /-0.789
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Table S2. Metal-ligand bond distances (A) and metal---metal separations (A) in the structures of
compounds [Dy-] and [LaDy].

[Dy:] [LaDy]
Dy1-03  2.301(6) Dy1-O11 2.358(10)
Dy1-O11 2.310(6) Dy1-09  2.373(10)
Dy1-09  2.343(6) Dy1-04  2.436(11)
Dy1-O8  2.398(5) Dy1-019 2.444(10)
Dy1-O4  2.405(6) Dy1-08  2.450(10)
Dy1-O13 2.416(8) Dy1-O13 2.453(8)
Dy1-N3  2.490(7) Dy1-N3  2.482(11)
Dy1-N4  2.633(8) Dy1-N5 2.711(12)
Dyl-N5  2.653(8) La2-O14 2.478(10)
Dy2-06  2.363(6) La2-O1  2.495(10)
Dy2-O1  2.371(6) La2-06  2.506(9)
Dy2-013 2.385(6) La2-013 2.543(9)
Dy2-O14 2.404(6) La2-03  2.583(9)
Dy2-O3  2.494(6) La2-N1  2.641(13)
Dy2-O8  2.518(6) La2-016 2.648(10)
Dy2-N1  2.534(7) La2-0O8  2.683(9)
Dy2-N2  2.537(7) La2-N2  2.740(12)
Dy2-Cl1  2.725(2) La2-017 2.807(12)

Dy1---Dy2 3.7748(6) Dy1---La2 3.8845(11)




Table S3. Details of H-bonding interactions in the structures of compounds [Dy2] and [LaDy].

D-H---A D-H(A) H-A(A) D-A(A) D-H-A()
[Dy:]

N1S-H1S--O1 0.88 223  2940(12)  137.6

N1S-H1S---O1 0.88 215  2.924(12)  146.9

[LaDy]

N1S-H1SB---01  0.88 311 3.527(19)  111.1

O19-H19C--N2S  0.90(2) 2.02(4) 2.771(17)  141(6)
O19-H19D---N3S  0.90(2) 2.02(4) 2.745(16)  138(6)

S4



Figure S1. Molecular structure of [Dyz] with heteroatoms labelled. Green is Dy, grey is C, salmon is O,
blue is N. Hydrogen atoms are omitted for simplicity. Hydrogen bonds between Hpy* and the complex
shown as are dashed red lines.
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Figure S2. Molecular structure of [LaDy] with heteroatoms labelled. Green is Dy, light blue is La, grey is
C, salmon is O, blue is N. Hydrogen atoms are omitted for simplicity. Hydrogen bonds between Hpy* and
the complex shown as are dashed red lines.
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Figure S3. Top: Selected region of the experimental (black line) MALDI-TOF spectrogram of compound
[Dy:], emphasizing the simulated ([Dy2(HL)3s] + H*)" (m/z = 1176.1010) fragment (green line). Bottom:
Selected region of the experimental (black line) ESI-MS spectrogram of compound [LaDy], emphasizing
the simulated ([LaDy(HL)s] + H*)* (m/z = 1151.9956) fragment (blue line), together with the corresponding
calculated signals for the [Dy2] (green line) and [Laz] (red line), metal distributions. The minor traces of
the homometallic moieties are due to scrambling taking place in the required methanol solution used for
the mass spectrometry experiments (see also the bottom panel in Fig. S4 below).
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Figure S4. UV-visible absorption spectra for solutions of [Dy2]: top, comparison of solutions in MeOH,
DMSO and DMSO + 5% glycerol as indicated; middle and bottom, ageing of DMSO and MeOH solutions,

respectively. “a.u” means arbitrary units.

S8



o
o

o o
Height [nm)

o P

A0 0 )

Height (nm)

5w

-

IS T pogoctefo oo f=c 5o
[ H W B 2 2
Section (um)

o

Section (pm)

Height (nm) -
= & o B

(X}

0

0 5 sl:]ﬂhlswmzlu 25 30
Figure S5. Controlled patterning of [Dy2] nano- and micro-deposits by means of DPN nanolithography. a)
AFM image of a 5-layer ring of [Dy.] molecules patterned onto a silicon substrate. b) Height profile
measured along the green line in the sample shown in a). ¢c) AFM image of the same ring fabricated under
the same experimental conditions as those used in a) with an ink that contains only the solvent and glycerol
(i.e., no [Dy2] molecules). d) Height profile measured along the blue line in the sample shown in ¢) showing
that there is hardly any residue of glycerol. €) AFM 3-D topography image of a circle made of 5 nm
(approximately 3 molecular layers) thick [Dy2] dots, as shown in f) height profile corresponding to the green
line exhibited in €). g) AFM 3-D topography image of the same pattern as in e) integrated inside the micro-
SQUID pick-up coil. h) AFM 3-D topography image of 5-layer [Dy:] dots patterned to form a ring next to
the inner side of the micro-SQUID pickup coil under the same conditions as those used for a). i) Christmas
tree fabricated organizing 5 nm thick [Dy-] trilayers in 1.5 um? wide dots. The star is a continuous 10 nm
thick nanolitography.
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Figure S6. Integration of [Dy2] deposits onto micro-SQUID susceptometers. (a) The micro-SQUID is made
of two loops (coloured in magenta) with a gradiometric design, which act as pick-up coils. They are
surrounded by two identical excitation coils that generate the ac magnetic field, perpendicular to the chip’s
surface. (b) Image of the AFM tip of the DPN system traversing the area defined by one of the two pick-
up coils during one of the deposition processes. (c-e) and (f-h) Topography images (top) and height profiles
along the corresponding lines at the top images (bottom) of three molecular deposits labelled as [Dy2]opn1
(c,f), [Dy2z]ornz (d,g) and [Dy:]oens (e,h). In (g) and (h) the lines below represent the profile of the substrate.
The samples were made by successive coating and deposition steps. In the bigger samples, the large
volume of the dots makes them merge on the substrate, forming a continuous thin film that covers the
entire coil. Thus, deposition of approximately 3, 8 and 34 molecular layer thick deposits, were achieved
respectively. The estimated number of [Dy2] molecules transferred to the device is 2.3x108, 1.8x10° and
7x10%, respectively.
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Figure S7. Optical microscopy image of a micro-SQUID susceptometer hosting a bulk [Dyz] sample on
one of its 800x400 pm? banana-shaped pick-up and excitation coils.
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Figure S8. Comparison between the y T products of bulk [LaDy] (top panel) and [Dy:] (bottom panel). The
data have been extracted from the magnetic susceptibility measured at sufficiently low frequencies and
sufficiently high temperatures to be considered as the equilibrium linear response of each sample. The
insets show the reciprocal equilibrium susceptibility measured below T = 1 K (solid dots) and the Curie-
Weiss fit (solid lines). The Weiss temperatures, which characterize the typical strength of spin-spin
interactions, are 6 = -0.015(5) K for [LaDy] and 6 = -0.067(1) K for [Dy].
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Figure S9. Comparison between the molar specific heat measured at zero magnetic field (left panel) and
under a 1 T magnetic field (right panel) on bulk [LaDy] and [Dy.] samples. Data measured on the
diamagnetic [LaY] complex, which provides an estimation of the lattice contribution to c-/R, are also shown
as a dotted line. The solid line on the left hand side panel is a theoretical prediction based on the
Hamiltonian (2) of the main text. The Schottky-like anomaly observed in the specific heat of [Dy:], and
absent for [DyLa], can be associated to the magnetic coupling between the two Dy(lll) ions. The difference
between cr of the two molecular complexes tends to vanish as the magnetic field dominates over the effect
of intra-molecular spin-spin interactions.
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Figure S10. Imaginary component of the ac linear magnetic susceptibility of bulk [LaDy] and [Dy:] (left),
and of two [Dy:] arrays deposited by DPN onto a micro-SQUID sensor (right) measured for different
frequencies w/2n of the excitation magnetic field. The maxima signal the condition ot = 1, with t the
characteristic spin relaxation time [1]. The data shown in Fig. 5 of the main text were obtained from these
results. At any temperature, the relaxation time of all [Dyz] samples is slower than that of [LaDy] (as
evidenced by their " maxima occurring at higher T for the same ), which shows that spin-spin interactions
within each molecule hinder the spin reversal processes.
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Figure S11. Simulated EPR spectra and energy levels schemes of an isolated [Dy2] molecule for different
magnetic field orientations as indicated. Simulations were done with Easyspin [2] using the same spin
Hamiltonian parameters as for the bulk EPR spectrum and an hypothetic P1 single crystal, i.e. a unique
[Dyz] molecule. Theta is the angle between the z axis of the molecular frame, i.e. the anisotropy axis of
Dy site, and the magnetic field vector. Vertical bars indicate the expected transitions.

2. Ab-initio calculation of spin states and single-ion magnetic anisotropies in [LaDy] and
[Dy2]
[LaDy]

The calculations confirm the high magnetic anisotropy of the Dy center in [LaDy]. The wavefunction of the
ground state consists of almost pure |[M,) = |+15/2), well separated (118 cm™") from the first excited state
(mainly |M,) = [£13/2) but with some contributions of |+7/2) and |+11/2)) (Table S4). Additionally, the ground
state g tensor is found to be highly anisotropic (gx= 0.1, g, = 0.1, g- = 19.3). The ground state magnetic
anisotropy axis is shown in Figure S12.

Table S4. Computed energies levels (the ground state is set at zero), component values of the Lande
factor g and wavefunction composition for each M, state of the ground-state multiplet for the Dy center in
[LaDy].

E (cm™) | g« 9y 9: WFT

0.0 0.1 0.1 19.3 0.93|x15/2)

117.8 14 3.0 13.7 0.58|+13/2) + 0.19|+7/2) + 0.11|£11/2)

169.7 0.5 3.3 9.9 0.22|£9/2) + 0.21|x5/2) + 0.21|£11/2) + 0.12|+3/2)
217.3 1.0 1.5 15.6 0.50|£11/2) + 0.28|+£13/2)

2495 0.1 23 [10.6 | 0.56|+9/2) + 0.16[+7/2) + 0.08|+11/2)

299.8 0.5 3.1 7.2 0.42|£7/2) + 0.26|+5/2) + 0.17|£1/2)

338.6 10.5 8.0 2.8 0.44|+3/2) + 0.33|15/2) + 0.15|%£1/2)

409.5 0.2 0.5 19.1 0.48|+£1/2) + 0.28|13/2) + 0.12|15/2)

O N O O B W N| =
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Figure S12. Anisotropy axis of the Dy(lll) ion in [LaDy].

[Dy:]

For [Dy2], two separate calculations (replacing the second Dy(lll) ion by a Y(lIl) ion) have been realized to
get the magnetic properties of each Dy(lll) center. In the calculations, Dy corresponds to the Dy center
bearing the Cl atom. The difference between both Dy ions is indeed clearly visible in the following tables.
Dy- is much more Ising than Dy1 with a g tensor close to what is expected for a pure |M,> = |£15/2) ground-
state (gx= gy = 0; 9. = 19.4). This is confirmed by the ground-state wavefunction that is also well separated
(132 cm™) from the first excited state (mainly |M,) = |£13/2)) (Table S6).

The situation is markedly different for Dys for which the ground-state anisotropy is much less axial (Table
S5). The first excited state lies only 54 cm™ higher in energy. This explains the important mixing observed
in the wavefunctions, and point to different static magnetic properties.

The magnetic axes are far to be collinear (Figure S13) with the axis on Dy- oriented in a similar way as in
[LaDy]. The angle & = 72° has been obtained from the scalar product of both axes. Their different
orientations are explained by the electrostatic distributions around the Dy(lll) ions that are different in both
cases.
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Table S5. Computed energies levels (the ground state is set at zero), component values of the Lande
factor g and wavefunction composition for each M, state of the ground-state multiplet for Dy1 center in

[Dys-].
E(cm™) g« |9y |0 WFT

1 [0.00 0.1 |03 [18.2 |0.66|+15/2) + 0.18[+11/2) + 0.13|+13/2)
2535 04 |09 [16.4 |0.69]£13/2) + 0.13|215/2) + 0.09]+9/2)
3919 0.1 |1.6 [17.0 |0.25[£1/2) + 0.24]+3/2) + 0.19]+5/2) + 0.11[27/2)
411378 [22 [41 [11.7 |0.43211/2) + 0.14+9/2) + 0.13[215/2) + 0.12|£3/2) + 0.12|+1/2)
5(176.0 |17 |58 |10.8 |[0.23]£9/2) + 0.21|1/2) + 0.21|+5/2) + 0.13[+3/2) + 0.09|7/2)
62231 |24 |41 [10.1 [0.36/£7/2) + 0.18|+9/2) + 0.15+1/2) + 0.13[+3/2) + 0.09|5/2)
713035 |06 |11 [15.6 |[0.31]£5/2)+ 0.20[£7/2) + 0.19]+3/2) + 0.14]+9/2) + 0.09|+11/2)
84358 [0.1 |01 [19.3 [0.21]£1/2) + 0.19]+3/2) + 0.17|+7/2) + 0.17|+5/2) + 0.16|+9/2)

Table S6. Computed energies levels (the ground state is set at zero), component values of the Lande
factor g and wavefunction composition for each M, state of the ground-state multiplet for Dy, center in

[Dy:].
E (cm™) | g« 9y 9: WFT
110.00 < < 19.4 | 0.93|£15/2)
0.1 0.1
2 1132.0 04 |06 15.6 | 0.75£13/2) + 0.11|£7/2) + 0.09|£11/2)
32064 |15 [21 [11.0 |0.34[211/2) + 0.23£9/2) + 0.15£5/2) + 0.10[£3/2) + 0.10[£7/2)
4 | 242.7 0.6 1.3 16.4 0.49|+11/2) + 0.20|£13/2) + 0.11|£7/2)
51291.0 0.0 1.8 10.6 | 0.63|+9/2) + 0.15|£7/2)
6 | 355.2 65 |55 |32 0.44|17/2) + 0.23|15/2) + 0.13|£1/2) + 0.13]+3/2)
7 | 416.1 2.6 3.6 12.0 0.42|£5/2) + 0.39|+3/2) + 0.10|£1/2)
8 | 467.6 06 |22 17.9 | 0.60|£1/2) + 0.30|+£3/2)
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Figure S13. Anisotropy axes of the Dy(lll) ions in [Dyz]. The angle & between the anisotropy axes of the
two Dy ions z; and z, was obtained from the scalar product between the two corresponding vectors using

llze Izl

the expression: § = cos™?! (
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3. Numerical simulations of the magnetic flux generated by [Dy2] arrays deposited onto
micro-SQUID sensors.

Here we describe how to estimate the total flux that a given [Dy2] molecular deposit, generates into the
micro-SQUID pick-up coil. Assuming that each molecule can be approximated as point-like magnetic
moment i, induced by the excitation magnetic field, the flux it generates can be calculated as [3]:

—>.§
q)zﬂ s

Is
Where §S is the magnetic flux created at the sample position by a current i circulating through the
secondary coil. The induced magnetic moment, on the other hand, is determined by the linear magnetic
susceptibility y and by the magnetic field ﬁp created by a current i, circulating through the primary coll,
resulting in ji = y Ffp. The flux per unit of magnetic field is then given by:
o i_pi N

= —B, B
H, Byisi, ° °

Here, Ij—p.= 10° G/A is the average magnetic flux created at the sample position by unit of current in the
p

primary coil.

The molecules are distributed over the inner surface of the secondary coil. To calculate the total flux, we
can divide the sample into N, cells and sum over the magnetic flux created by each cell i:

Necell

Pror _ Ip NmolX'mol 1 Z B..B
— 75 s,i
Ncell -

. . p,i
H, B, isip

Here, N, is the number of moles of sample and x',, is the molar susceptibility in cgs units, that we
approximate by the simplest expression for a paramagnetic spin with a single relaxation time t

, . XT
X mol 1+ (wt)?

where y is the equilibrium susceptibility. In our calculations, we set it equal to the Curie-Weiss law that
describes the response of bulk [Dy-] (see Figs. 2 and S8, and Eq. (1) in the main text), i.e.

_ 2N 9%:S(S + b
Xt kg (T — 0)

with

N| —

Jerf = 11.2; S=—-; 6 = —0.067 K

For the relaxation time, we use the Arrhenius law
T = Tgexp (U/kBT)

And the parameter U and 1o found for each [Dy:z] sample (see Fig. 5 in the main text).
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In order to determine ®1q7, the magnetic fields §S,l-and §p,i generated by the primary and secondary loops
of the micro-SQUID susceptometer are estimated numerically using the 3D-MLSI software [4]. It allows
calculating the magnetic flux created by the supercurrent distribution in a superconducting microcircuit with
arbitrary shape. We use the actual dimensions of the primary and secondary coils as shown in Fig. S13a
and the information on the sample geometry obtained from AFM experiments. The resulting position-
dependent molar coupling is given in Fig. S14b in units of @y mol/emu. The total flux can be then obtained
as:

Necen
)
ToT _ Xmol z Molar Coupling ;
i

Hp

Notice that the 2D map in Fig. 3 of the main text shows the position dependent coupling in units of ®¢/emu.
As can be seen in this figure as well as in panel b of Fig. S14, molecules located close to the pick-up coil
contribute most to the net flux.
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Figure S14: a) Left panel: optical image of the superconducting coils that form the micro-SQUID
susceptometer. Right panel: circuit simulated with the 3D-MLSI software. b) Spatial distribution of the
molar coupling for three [Dyz] molecular deposits.
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