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Challenges for exploiting nanomagnet
properties on surfaces
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Molecular complexes with single-molecule magnet (SMM) or qubit properties, commonly called
molecular nanomagnets, are great candidates for information storage or quantum information
processing technologies. However, the implementation of molecular nanomagnets in devices for the
above-mentioned applications requires controlled surface deposition and addressing the
nanomagnets' properties on the surface. This Perspectives paper gives a brief overview of molecular
properties on a surface relevant formagneticmolecules andhow they are affectedwhen themolecules
interact with a surface; then, we focus on systems of increasing complexity, where the relevant SMMs
and qubit properties have been observed for the molecules deposited on surfaces; finally, future
perspectives, including possible ways of overcoming the problems encountered so far are discussed.

In the early 1990’s researchers discovered that molecules were able to
function as magnets when studying the complex [Mn12O12(MeCOO)16
(H2O)4] (Mn12)

1 This was a huge breakthrough since it showed that
molecules could be used to store information by using the spin up and spin
down orientations of the molecular spin as binary bits 0 and 1. These
molecules were called single-molecule magnets, SMMs. The main caveat
herewas theoperational temperature,whichwas in the liquidheliumregime
(below 4 K), and the integration of the molecules into a functional infor-
mation storagedevice.The race todiscover better,more efficient SMMswith
higher operational temperatures has led to chemists preparing large num-
bers of compounds, with transition metals (3d)2,3 with lanthanoid ions (4f)4

or combining both transition metals and lanthanoid ions (3d-4f
complexes)5 The benchmark sign for SMMs has been the highest tem-
perature at which hysteresis of the magnetization vs. field is observed since
this is the temperature at which the SMM can bemagnetized and thus used
to store information, with a bistable spin up and spin down state. The best
results so farwere obtained in 2021with anorganometallicDy(III) analog to
ferrocene6 that showed the SMM property just above liquid nitrogen tem-
perature, but the organometallic SMMs have a great weak point: their
extreme instability towards oxygen, humidity, and temperature.

The studies of SMMs and other molecular nanomagnets have led to
other great discoveries, one of the main advances has been the demon-
stration of quantum effects in macroscopic systems. The energy levels of
molecules are quantized, and the hysteresis loops of magnetization vs. field
of SMMs showed steps7–12 These steps correspond to quantum tunneling of
the magnetization at specific magnetic fields. The ability to manipulate
quantum states in macroscopic molecular samples has driven a new area of
interest for chemists and physicists alike: the synthesis and study of

molecular quantum bits (qubits) and qudits13–16 A qubit is a bistable system,
in which the two states can coexist in a quantum superposition of states, in
contrast to a classical bit that can exist in two defined states. Qubits are the
basic units for quantum informationprocessing and encoding in a quantum
computer. In a qudit, there are more than two states. Molecules have
quantized energy states that can be initialized, manipulated, and read-out
and can thus be exploited for the development of quantum technologies like
quantum computing17 and quantum sensing18 Scientists have raced to
prepare the best qubits, using the spin-lattice (T1) and spin-spin (T2 or Tm,
in this paper we will use T2) relaxation times as benchmark values to
compare the best performers. T2 is also called phase memory time, and it is
understood as a measurement of the qubits' coherence time, the time the
superposition of quantum states persists, and quantum operations can be
performed. Typical T2 times for molecular qubits are in the microseconds
range for temperatures below 77 K. The loss of quantum information is
called decoherence, and it is caused by the qubit interacting with the
environment. This is very relevant in the solid state. The main sources of
decoherence are lattice vibrations or phonons, and magnetic fields. The
vibrational phonons can be controlled by low temperatures or rigid ligands.
The magnetic interaction with other nearby spin or nuclear spins can be
minimized, for example by dilution in a diamagnetic matrix or by avoiding
nuclear spins near the spin qubit17 By manipulating chemical synthesis,
values for T1 and T2 long enough that allow manipulation of the quantum
system have been achieved. Thus, this means molecular qubits can be
exploited in quantum computing devices.

Thus, it has been clearly established thatmolecular complexes are great
candidates for information storage or quantum information processing
technologies due to the advantages of chemical synthesis: the molecules are
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homogenous and reproducible in size and shape, and their properties can be
fine-tuned by chemical design. Proposals for the use of magnetic molecules
on devices for spintronics or quantum technologies have been many.
However, the realization of the proposedmolecular-based devices is still not
achieved. It is clear that the integration of molecules in devices is a great
challenge, and it requires ways to organize molecules on surfaces, and on
conductive and magnetic substrates. Additionally, new techniques to
address single molecules or ensembles of molecules will have to be devised.
A review of proposed device architectures formolecular qubits was recently
published19 This is a multi-disciplinary challenge; however, the first step
relies on chemists and physicists attempting surface deposition ofmolecular
systems. An extensive literature review that covers deposition methods for
nanomagnets, types of surfaces, and characterization techniques was pub-
lished in 202320 Since Mn12 SMMs were envisioned as possible molecular
bits for information storage, scientists have been attempting the surface
organization and the demonstration that the SMMpropertieswere retained
on a surface. This proved to be a rocky road, with many trial and error
experiments reported. In conclusion, Mn12 was too reactive or unstable in
the experimental conditions. For a while it seemed that retaining SMM
properties on a surface was a huge issue, until other more robust molecules
were studied. Fe4, which was a much poorer SMM than Mn12 with lower
hysteresis temperature21 was successfully deposited intact on Au(111). The
hysteresis of magnetization vs. field for Fe4 on a surface was confirmed at
0.70 K22 After this turning point, several other SMMs and qubit prototypes
have been deposited on surfaces20 The latest advances on surface deposition
of complex molecules bring the proposals of using molecular systems on
devices for information storage and quantum information processing closer
to realization. Nevertheless, measuring their SMMs or qubit properties
while on a surface is still a challenging task. Advances in studies of the
properties of single molecules or small ordered ensembles of molecules on
surfaces by scanning tunneling microscopy (STM) and X-ray circular
magnetic dichroism (XMCD)22 have been critical to ascertain that the
promise of retention of molecular properties on a surface is grounded in
facts. The challenge remains that, when molecules have complicated
structures, reaction with the substrate as well as decomposition or changes
in the coordination sphere happening during deposition, might greatly
affect or completely destroy their performance.

Once on a substrate, surface-molecule interactions can affect or
modify23–25 the properties we expect to exploit. It is well known that het-
erostructures ofmagnetic and non-magneticmaterials can result in changes
in the magnetic properties of the materials due to the spinterface26 For iron
oxide nanoparticles (IONPs), the magnetic molecules on the surface can
have a strong effect on the magnetic properties of the nanoparticles, so the
molecular layer affects the substrate27,28

It is nowclear that substrate phonons and the electron cloud ofmetallic
substrates can couple with the magnetic molecules and affect the nano-
magnets properties: to solve this, intermediate or buffer layers have been
used with success, for example in the case of [Tb(Pc)2] SMM, (Pc =
phthalocyanine ligand), from now on TbPc29 What happens with other

compounds, withmore complex structures than the TbPc SMM? There are
several examples that show that a buffer layer (that can be organic or
inorganic in nature) can be used effectively to ensure a weak molecule-
surface interaction28,30–32 In fact, the organic buffer layer can also be used to
graft the molecule on a substrate33–35

Figure 1 shows the structure of SMMs and qubits that have been
deposited on surfaces. The best SMMs known to date, the lanthanoid
metallocenes, are extremely air sensitive so their surface deposition presents
some outstanding challenges6,36,37 Many of these qubits have more complex
structures than simple phthalocyanine complexes. Even simple qubits like
theM(III) trisoxalates (M =Cr,Ru, Fe) are affected by changes in the second
coordination sphere, thus making their use on surfaces quite complex38–40

Molecular properties of qubits and SMMs are necessary to integrate
these molecules in functional technologies for quantum information pro-
cessing in a quantum computer or for information storage in hard drives,
however, molecules need to retain their properties while they are part of an
electronic device, most likely deposited on a surface. Figure 1 shows the
structure of some of themost relevant compounds that have been deposited
on substrates, which will be discussed in the coming sections of this article.

To summarize, this Perspectives paper gives a brief overview of
molecular properties on a surface relevant to magnetic molecules and how
they are affected when the molecules interact with a surface; then, we focus
on systems of increasing complexity,where the relevantmagnetic properties
have been observed for SMMs and qubits deposited on surfaces; finally, a
future perspective, including possible ways of overcoming the problems
encountered so far are discussed.

Molecular properties on a surface
SMMs and molecular qubits hold great promises for their application on
devices41–45 Molecular systems have great advantages over classic inorganic
solids, but after more than thirty years of researching new SMMs, we still
cannotfinda true applicationbeing reported. Ina sense, this ismainly due to
the overspecialization of science: synthetic chemists prepare new complexes
with better properties, but it seems hard to integrate these compounds into
functional devices without the collaboration of physicists and engineers.
Over the last few years many research efforts have been devoted to showing
that SMMs could be deposited on surfaces effectively and without affecting
themolecular properties, and thus, SMMs could actually be integrated into a
device as surface-deposited molecules. The main property of SMMs that
should be retained on a device is the operational temperature, that is the
temperature below which the SMM can retain the magnetization after
removal of an applied magnetic field and hysteresis of the magnetization is
observed. Chemists very often report the highest temperature at which an
out-of-phaseACsignal is observed for anSMM.However, it is often the case
that hysteresis appears at temperatures that are lower than the peak at the
out-of-phase AC signal. In this work, we will only refer to operational
temperature as the highest temperature at which hysteresis is observed.
Furthermore, the hysteresis should have remanence, which is often reduced
in the bulk due to strong quantum tunnelling of the magnetization.

Fig. 1 | Structures of several qubits and SMMs.
Structure of several organic and coordination com-
plexes with qubit or SMM properties. a TEMPO
radical ((4-prop-argyl-2,2,6,6-tetra-
methylpiperidine-1-oxyl)34

b nitronylnitroxideradical120 c VOacac, vanadyl
bisacetylacetonato complex121 d VOPc, vanadyl
phthalocyanine122 e TbPc, [Tb(Pc)2]

123 f Cudtt,
[Cu(dttt)2], where dttt- = 1,3,2-dithiazole-4-thione-
5-thiolate81 g Fe4, [Fe4(MeO)6(dpm)6], where
dpm = dipivaloylmethane21 h [Dy(Cpttt)2Cl], where
Cpttt = =1,2,4-tri(tert-butyl)cyclopentadienide)36

i chromium oxalate124 j Cr7Ni, (Me2NH2)
[Cr7NiF8(

tBuCOO)16]
125.
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Tomeasure magnetic hysteresis of molecular thin films, the technique used
is XMCD in a synchrotron beamline. Magnetic hysteresis loops at different
temperatures and sample orientations can be obtained by monitoring the
most intense XMCD signal as a function of the applied magnetic field. This
is, for example, the M5 edge signal for Tb in a Tb SMM. Most synchrotron
beamlines for XMCD are equipped with 5 T or 7 T magnets and liquid
helium cryostats. Themagneticfield sweep rate depends on the synchrotron
beamline, but a typical value is ca. 8 mT s−1.

Table 1 compares the relevant properties for SMMs (hysteresis tem-
perature) and qubits (T1 and/or T2) between bulk materials and surface-
depositedmolecules. Hysteresis of themagnetization was demonstrated for
Fe4 on Au(111)

22 and later on for TbPc SMM on Au(111)46 highly oriented
pyrolytic graphite (HOPG)47 and MgO/Ag29 Recently, hysteresis of the
magnetization similar to that of the bulk was reported for a 2D array of
endohedral fullerenes48 A graphene layer was placed in this example
between the metal surface and the SMMs. Except for the MgO/Ag surface,
all hysteresis loops observed were butterfly-like hysteresis, without any
relevant remanence, due to fast zero-field quantum tunneling. Thus, we
know that SMMs can be used as such while deposited on surfaces but still

most of the time the properties are below the benchmark known for bulk
samples. In one of the examples in Table 1, a synergistic effect between
surface andmolecule gives rise to an enhanced hysteresis loop for the SMM-
nanoparticle system28 However, this effect precluded control of the mag-
netization of the SMMmolecules in a potential information storage device,
as shown using XMCD. New phenomena can be obtained from synergistic
molecule-surface effects, but these are not the aim of this paper.

Our aim is to understand howmolecular properties likemagnetization
hysteresis or T1 and T2 are affected by the molecule-surface interaction.
How are the blocking temperature and remanence affected by the surface
deposition? Fig. 2 shows the most relevant molecule-surface interactions.

Much less work has been devoted to depositing qubits on surfaces, and
to in fact ascertaining that theT1 andT2 relaxation timescharacteristic of the
molecular species are reproduced when the molecules are deposited on a
surface.Most of the time, the T1 and T2 times reported on papers have been
obtained using electron paramagnetic resonance (EPR) on isolated qubits in
frozen solutions or magnetically diluted powders. In order to measure the
relaxation times, dipolar interactions between qubits must be minimized,
since magnetic interactions lead to efficient relaxation pathways. This is

Table 1 | Comparison of properties for bulk and surface deposited molecules. For SMMs, hysteresis temperatures are com-
pared. For qubits, relaxation times are compared

SMM T Hysteresis (bulk) Surface Hysteresis on surface T Hysteresis (on-surface) Reference

TbPc 7 K MgO/Ag(100) Yes 3 K 29

Ag(100) No –

HOPG Yes 7 K 47

Au(111) Yes 15 K (200 nm film) 4.5 K (monolayer) 46

Fe4 < 1 K Au(111) Yes 0.9 K 72

Au(111) Yes 0.7 K 22

Au(111) Yes 0.65 K 119

Dy12 < 1 K IONPs Yes 30 K* 28

(Cp)ttt2DyCl < 2 K SiO2 particles Yes 8 K 39

Dy2@C80(CH2Ph) 20 K graphene/Ir(111) Yes 20 K 48

* synergistic effect with IONP, hysteresis of pristine IONP at 10 K

Qubit T1 and/or T2 Bulk Surface T1 and/or T2 on-surface Reference

[Cu(dttt)2] T2 = 2.3 µs Kapton No 81

TEMPO radical T1,slow = 57 ms Au/Kapton T1 = =9.2 ms 34

T1,fast = 14.4 ms

T2 = 3.23 µs T2 = =13.53 µs

Fig. 2 | Illustration of most relevant molecule-surface interactions.Most relevant
interactions that affect the properties of SMMs and qubits while deposited on a
substrate. The results reported for the TbPc SMM emphasize the importance of the
environment for SMMs: on a surface, one must consider the dipolar interactions
between closely packed molecules in 2 dimensions and the interaction with the
surface. This is not unique for LnPc SMMs, in fact, for bulk SMMsmagnetic dilution
has been a clear strategy to improve SMM properties126 In this way, in magnetically
diluted systems one reduces dipolar interactions between nearest neighbors. In order
to consider molecule-surface interactions, the surfaces can be classified as involving
localized electrons (covalent or ionic structures that can be treated as dielectrics) or
delocalized electrons (metals and semiconductors, for which the band structure of

the solid must be considered). For chemisorbed molecules on surfaces (Fig. 2d), that
is when there is electronic rearrangement and bond formation between themolecule
and the surface, one must very carefully consider the coordination environment of
the paramagnetic ions in the nanomagnet, whether this is an SMM or a qubit
candidate. Large changes in the coordination environment inevitably lead to
modifications in the crystal field and changes in hysteretic properties or in the T1 and
T2 relaxation times for qubits. Most strategies to avoid changes in the relevant
magnetic properties rely on using long organic tethers to graft or chemisorb the
nanomagnet on the surface. This introduces a large spatial separation between the
surface and the SMMor qubit that avoids strong hybridization. The chemical design
of the tether groups is a key factor when attempting chemisorption.
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achieved in solid state by doping the active qubit in a diamagneticmatrix. In
solution, dipolar interactions are minimized by dilution in a solvent. A
diamagnetic compound that is isostructural to theknownqubit systemmust
be prepared for magnetic dilution in solid state. For lanthanoid complexes,
this can be achieved by preparing La(III), Y(III), or Lu(III) analogues of the
Ln-containing qubit. For transition metals, diamagnetic analogues with
Zn(II) or Ga(III) can sometimes be prepared, but this must be studied case
by case and is not straight-forward. In most cases, diamagnetic analogues
can be prepared, but the detailed structural and chemical characterization is
necessary. On the other hand, as mentioned before, EPR is most usually
measured in frozen solutions by using organic solvents that form glasses
upon freezing. This is done by diluting the qubits in a suitable solvent and
cooling them down to a temperature where the solvent provides a glassy
matrix. The main problem in the frozen solution method is that the solu-
bility of the desired qubit must be correctly assessed and that in some cases
the structuremight suffer subtle changeswhen the crystals are dissolved. For
example, a complex [MLS2] that contains terminal solvent (S) ligands, such
as pyridine canbedissolved inTHF. In solution, the terminal solvent ligands
will be in fast exchange with the solvent (S') forming [MLSS'] or [MLS'2].
This means that the coordination sphere of the metal will most likely be
different from that revealed by the crystal structure, this in turn means the
crystal field will be different49 So, in the frozen solution it is not easy to
establish the nature of the species whose T1 and T2 are being recorded. Of
course, this only applies to coordination complexes that contain terminal
solvents, or ligands that can easily be exchanged by a solvent with a donor
atom. For example, trischelate-metal qubits of general formula [ML3]where
L is a chelate ligand such as oxalate50 or dithiolate do not present this
problem, since they will remain intact in solution51

Thus, the challenge of placing the qubits on a surface to address their
magnetic properties has added difficulties, mainly related to how the T1 and
T2 relaxation times are reported for the qubit and how they aremeasured by
EPR. On the surface subtle changes in the crystal field might happen.
Furthermore, EPR requires a minimum number of spins in order to detect
the signal: this is of the order of 1014 spins. A close-packed monolayer can
contain of the order of 1013 molecules/cm2 so in principle it should be
possible to detect the monolayer by EPR. The standard EPR cavity is not
suitable to collect the EPR spectrum on a flat sample. In most commercial
EPR spectrometers, the sample is placed inside a quartz tubewitha diameter
of 4 mm. The sample is placed in the tube as a powder or a solution. There
are specific setups for single crystals and thin films. Recent reports on new
EPRresonatordesign that concentrate thefield strength in a2Darea showed
great performance for thin-film andmonolayer samples52 Further advances
in this technology will indeed be very interesting for the study of the mag-
netic properties ofmolecularmonolayers or thin layers. The resonators used
for biological samples53 or for single crystals can be used to collect data on
flat surfaces. For this, themain elements are the concentration of spins in the
monolayer and the surface material. The sensitivity of EPR was briefly
commentedon above.However, the nature of the surfacematerialmust also
be considered.Microwave transparentmaterialsmust be used, this rules out
the most common substrates for surface deposition studies: silicon wafers,
andAuorCu single crystals.Materials likeMgO, SiO2 orAl2O3 can be used.
Additionally, thin (less than 100 nm) layers of Au or other metals are also
transparent to microwaves. All these materials can contain impurities that
can give signals detectable by EPR and that can be stronger than the signal
from the molecular qubits deposited on the surface54,55 The pulsed experi-
ments to detect T1 and T2 should be possible providing that the dipolar
interactions in the monolayer are less relevant than in the bulk solid.
Magnetic dilution in the monolayer to avoid dipolar interactions that may
causedecoherence is possible if a suitable diamagnetic analogue exists, but of
course this adds extra complications to the system since the number of spins
on the surface might then be too low for detection.

Advances in STM have led researchers to explore ESR (electron spin
resonance, used in this field instead of the term EPR) on single molecules
or even single atoms on a surface using STM56,57 In this way, the cryogenic
initialization and universal multi-qubit operations and multi-qubit

detection using electron spin qubits on surfaces have been demonstrated58

ESR-STMwasused in2022 todetect theESRsignal of single FePc-molecules
formed upon nanofabrication on a MgO/Ag(100) surface59 The main
drawback of ESR-STM is that it is limited to species amenable to nano-
fabrication and scaling to large number of qubits is a great challenge.
Additionally, an important drawback for ESR-STM advocates to address is
the decoupling of the molecules from the surface. So far, molecules are
decoupled from a surface by placing an intermediate layer that avoids
hybridization of the molecular orbitals with the surface. The intermediate
layers are self-assembledmonolayers (SAMs) of organicmolecules, with ref.
34 or without28,30,31,33 long tethered organic groups. These two cases com-
plicate the use of ESR-STM. However, fewmonolayers of MgO can be used
as demonstrated for TbPc29 and later in an ESR-STM study of FePc59 The
exploration of MgO as a suitable substrate for qubit and SMM deposition
might lead in the coming years to advances that might help researchers
overcome this drawback.

Observation of magnetic hysteresis for SMMs on
surfaces
Most of the SMMs studied on surfaces to date have very low blocking
temperatures, below or around liquid helium (4 K). The SMM selection is
doneon thebasis of availability, or thepossibility of sublimationof the SMM
in ultra-high vacuum (UHV) since this is the way to achieve the cleanest
submonolayers or isolated molecules on a substrate.

In 2016, the observation of a hysteresis loopwith strong remanence for
TbPc onMgO/Ag(100)was reported. The layer of a non-magnetic insulator
(MgO) between themolecules and the silver substrate allowed to control the
tunnelling rate29 The importance of considering the disruptive effect of the
surface on the nanomagnet’s properties is truly highlighted in this example,
considering that butterfly hysteresis loops had already been obtained for
TbPc on other substrates like Au(111)46 or HOPG47 For the first time, the
surface adsorbed molecule outperforms the bulk. The effect is attributed to
the efficient protection from electron scattering and weak molecule-surface
hybridization by the MgO/Ag(100) substrate60

Spin-phonon coupling is also important for bulk SMMs. A control of
spin-phonon coupling is key to observing hysteresis at high temperatures
for dysprosium metallocene SMMs6,37,61,62 These SMMs hold the record of
displaying hysteresis at 80 K, just above liquid nitrogen cryogenic
temperature6,36 Thiswas a greatmilestone, and signaled that SMMs could be
in fact integrated indevices thatwould not need liquidhelium.However, the
manipulation of these species is complicated since they are extremely
unstable to air, moisture, and temperature. Using amorphous silica as a
surface, Dy-cyclopentadienyl fragments (with various substituents) have
been chemisorbed using the chemistry of the silica surface38,40 or by intro-
ducing Lewis acid sites on the silica surface39 The former attempts did not
result in hysteresis temperatures similar to the parent SMMs, but did help
build the knowledge needed to improve the surface deposition of dyspro-
sium metallocene SMMs. In the last example, a poor SMM of the
metallocene-type [Dy(cpttt)2Cl] (see structure in Fig. 1h) is chemisorbed on
Aluminum Lewis acid sites on silica. The chloride ligand bridges the SMM
to the aluminum sites, resulting in a modification of the coordination
environment on the Dy(III) ion. The bulk SMM does not show hysteresis
above 2 K36,63 however, the chemisorbed species shows hysteresis of the
magnetization opening up to 8 K. Clearly, in this case, the isolation of the
SMMs on the silica surface along with the tuned coordination environment
of the SMMresults in an improvement of themagnetic properties. This is an
extremely interesting result that furthermotivates researchers in the field to
pursue the surface deposition of SMMs. Furthermore, this is a unique
example of surface deposition of dysprosium metallocene SMMs on
amorphous silica, that could probably be extended to flat surfaces. Nano-
particles (NPs) are great model systems to probe magnetic properties (they
can be centrifuged or precipitated and placed into a SQUIDmagnetometer,
and EPR tube...) but they are not easily integrated into an electrode or a
heterostructure, in particular if we pretend to control/know the orientation
of the qubits or SMMswith respect to an appliedmagnetic or electricfield. It
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should be noted that NPs are spherical as a rough approximation or many-
faced polyhedra (cube, truncated cube, etc.).With a flat surface, we refer to a
surface where there is a clear orientation with respect to an imaginary xyz
axis set (xy is the plane of the surface, z, perpendicular to the plane). For a
crystalline NP, each facet is xy. So far, the hysteresis temperature and
remanence of TbPc and a dysprosium metallocene SMM have been
improved by surface deposition.Other examples of hysteresis enhancement
of SMMs deposited on magnetic surfaces suggest a synergy between the
surface and the surface-deposited SMM but the observed hysteresis could
not be attributed to the SMM28

Qubit relaxation times on surfaces: Organic radicals
and coordination complexes
Simple, stable organic radicals are a potential group of qubits. TEMPO and
nitronylnitroxide radicals are shown inFig. 1a, b. The spin state is a pure one
electron S = 1/2 stable through a wide temperature range. This is an
advantage over complex coordination complexes that have an S = 1/2 spin
ground state that is achieved by magnetic coupling of two or more metal
ions, thus the S = 1/2 is only a robust spin state that can be exploited for
quantum computing as long as the temperature is low enough so that
excited states are not thermally populated or Zeeman splitting does not
result in level crossings. The extent of this stable range for S = 1/2 for a
magnetically coupled system largely depends on the strength of the
exchange coupling constant J, andusually limitsoperational temperaturesof
coordination complexes as qubits to the liquid helium temperature regime.
Organic radicals can be robust in a wide range of conditions, they can be
synthetically modified to engineer them to be chemisorbed on a substrate34

or to formpart of a ligand in ametal-organic framework (MOF)64 The spin-
lattice and spin-spin relaxation times (T1 and T2) of several organic radicals
have been determined by pulsed EPR in frozen solutions. Nuclear spins
within 12 Å of the electron spin contribute to decoherence, and protons as
far away as 8 Å from the spin are the strongest contributors65 The observed
T1 and T2 relaxation times for organic radicals are relatively long at tem-
peratures achievablewith liquid nitrogen, thus, they are excellent candidates
for qubits in quantum computing65–67

Organic radicals have been deposited as monolayers or as part of
alkane-thiol SAMs, for a variety of applications68–70 In 2007, the CW-EPR of
a SAM of organic radicals on Au(111) was reported71 These reports estab-
lished themobility of radicals ona longorganic tether covalently bonded to a
surface and highlight the importance of the depositionmethod. Theoretical
studies also conclude that for efficient quantum coherence as needed for
quantum computing applications, the qubit must be decoupled from the
surface. The hybridization of the radical with the surface must be avoided,
thus the necessity of a long tether group. Aswith complexmolecules such as
the SMMs described in the previous section, organic tethers can be used to
create a physical separation betweenmolecule and surface that is enough to
ensure a decoupling72 but the long tether introduces the mobility that leads
to domains of radicals with different orientations on the surface.

Only very recently the T2 of layers of organic radicals chemisorbed on
gold were reported34,73 The first example was reported in 2021, nitronyl-
nitroxide radicals were chemisorbed on Au(111) and pulsed EPR was used
to measure T2 of the nano-structure at 80 K. The T2 time obtained for
isolated chemisorbed radicals was similar to the value measured on frozen
solutions73 In this work, several domains of organic radicals directly che-
misorbed onAu(111) are reported even though they are not quantified, and
the observed long coherence times are attributed only to disordered, low
density packed radical domains on the Au(111) surface.

In a more recent work, a stable nitroxy radical, TEMPO (2,2,6,6-Tet-
ramethylpiperidine-1-oxyl) is covalently linked using click-chemistry to a
SAM of azide-functionalized alkanethiols on Au(111)34 The authors show
that there might be some radical mobility due to the alkane tethers of the
alkanethiol SAM and detect and interpret the continuous-wave EPR signal
for the surface grafted TEMPO radicals based on an exchange coupled
model that includes a 1:1 mixture of rigid and quasi-mobile radicals. Fur-
thermore, they are able to detect the spin-spin and spin-lattice relaxation

times (T2 and T1) of the surface-grafted TEMPO radicals using pulsed EPR
fitted with a home-built Fabry-Pérot resonator. In this case, the close
packing of the qubits in 2D layers leads to substantial magnetic coupling,
which according to the authors does not impair the relaxation time of the
TEMPO radical. T1 is very similar for the surface-grafted TEMPO to the T1

obtained for frozen solutions of the TEMPO derivative used in the grafting.
Furthermore, T2 is also of the same order for surface-grafted TEMPO to the
T2measured for a frozen solutionof theprecursor.This is a surprising result,
as it is widely accepted that dipolar interactions are important in closed-
packed systems and they are a strong source of decoherence frommolecular
qubits. As the authors point out, the 2D nature of the SAM of TEMPO
radicals limits the decoherence mechanisms present in the spin bath and
might explain the similarity in T1 and T2 with the bulk, but the role of the
exchange interactions is still being investigated.

Coordination complexes have been proposed as molecular qubits in
two distinct categories: pure S = 1/2 systems such as Cu(II) or vanadyl
complexes, or polymetallic complexes with strongly coupled spin ground
state S = 1/2. Coordination complexeswith spin ground state larger than 1/2
are also interesting for quantum computing as qudits. Unlike qubits, which
can exist in a superposition of just two states, qudits can exist in a super-
position of more than two states. Thus, a system employing qudits would
offer more computational resources and advantages in certain quantum
algorithms and applications.

Vanadyl complexes are simple, pure S = 1/2 systems. Several vanadyl
compoundshavebeen studied asqubit candidates.Acetylacetonanate (acac)
and dipivaloylmethane (dpm) vanadyl complexes (VOacac and VOdpm)
aremononuclear species. The dpm analogue, with tert-butyl groups, is ideal
for evaporation. VOdpm molecules can be easily sublimated on a surface,
submonolayers of VOdpm were deposited on Au(111)74 opening up the
possibility of electrically addressing the qubits by using a metallic substrate.
Vanadyl phthalocyanines (VOPc) have been one of the most studied
vanadyl compounds on surfaces since they are also amenable to evapora-
tion. Upon deposition, VOPc molecules adopt two different adsorption
geometries: lying flat with the oxygen pointing to the vacuum (oxygen-up)
or with the oxygen pointing to the substrate (oxygen-down). On super-
conductingPb(111), the interactionwith the substrate is almost negligible in
the oxygen-up configuration, as opposed to the oxygen-down molecules,
which presented a stronger interaction. However, XMCD studies demon-
strated that the S = 1/2 ground state was unaffected after deposition, even if
the interaction with the substrate was strong75 On Si(111) substrates, sub-
monolayers of VOPc were found to favor the oxygen-down configuration,
due to the formation of a new bond between the Si atoms and the oxygen
from the vanadyl group. On the other hand, less reactive substrates such as
Ag(111) or Au(111) favored the oxygen-up configuration76,77 On Ni(111),
VOPc molecules presented a strong interaction with the metallic substrate,
which could be effectively suppressed by adding an intermediate graphene
layer78 Similar results were reported some years later on Graphene/
SiC(0001)79 These results point out again the importance of choosing the
right substrate to avoid specific interactions that could lead to the loss of the
compound’s magnetic properties. CuPc (copper(II) phthalocyanine com-
plex, with S = 1/2) is also a good qubit candidate. In 2013 researchers
reported T1 and T2 of 400 nm thick films of CuPc diluted in H2Pc over
functionalized kapton80 Long T1 times obtained show that the simple CuPc
molecule holds promise for quantum informationprocessing. Furthermore,
even though the system is not a monolayer and a 400 nm film can be
considered similar to the bulk, the film is prepared with easily processable
materials and resorts to a very smart strategy of isolating the qubits from
each other to avoid dipolar interactions by doping CuPc into a free ligand
matrix.

Exploiting the idea of nuclear-spin-free environments to improve
T2, the synthesis and deposition of molecular complexes of hydrogen-free
1,3,2-dithiazole-4-thione-5-thiolate (dttt−) ligands has been studied81

A hydrogen-free ligand environment reduces sources of decoherence
caused by the nuclear spin of hydrogen atoms. The authors prepared S = 1/2
dtt- Cu(II) complexes (structure shown in Fig. 1f), as well as diamagnetic
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analogues with square-planar Ni(II). This allowed the preparation of
magnetically diluted Cudtt complexes in Nidtt. The Cudtt compound was
magnetically characterized as very strong antiferromagnetically coupled 1D
coordination polymers. The spin dynamics of the Cu2+ (S = 1/2) compound
were studied for the bulk and on a magnetically diluted sample of Cudtt on
thediamagneticNidttmatrix.Magnetic dilution causedonly a small effect in
T2, attributed by the authors to the presence of 14N nuclei, even though
interaction with the I = 1 of 14N had been deemed irrelevant for similar
systems82 The authors report 20 nm Cudtt layers and the CW-EPR of the
thin layers but no T2 measurements are mentioned in the paper.

The qubits commonly known as chromium wheels, [R2NH2]
[Cr7NiF8(pivCOO)16] or Cr7Ni, are exchange coupled systems with an
S = 1/2 ground state and a suitable energy spectrum for qubit encoding and
manipulation83 A suitably isolated S = 1/2 spin ground state is not the only
advantageof theCr7Niqubits. TheCr7Niwheels canbe chemicallymodified
in order to construct more complex systems, quantum gates, in which
different qubits are linked together in a system that can perform quantum
logic operations. The chemical versatility of these complexes makes them
ideal candidates for supramolecular assembly of quantum gates, as
demonstrated in 2016 for the CNOT quantum gate84 Cr7Ni complexes can
also be specifically designed for surface deposition. The Cr7Ni complexes
can be chemically tuned85 to be easily evaporated, chemisorbed, or phy-
siosorbed on substrates85–88 The extensive family of M7M' wheels83,87 has
allowed researchers to completely understand solubility, stability89, and
magnetic properties90 of the complexes with a great amount of detail. The
Cr7Ni complex has been chemisorbed and physiosorbed on Au(111) and
the sub-monolayers characterized in great detail by STM91–93 The magnetic
properties of Cr7Ni wheels on surfaces have been studied by XMCD,
showing that the surface deposition by sublimation preserves the magnetic
properties of these molecular rings92 However, it seems that T1 and T2 of
Cr7Ni qubits has not been demonstrated on surface-deposited complexes.

Many complex molecules have been recently proposed as qubits94–97

but surface deposition and measurement of the T1 and T2 is not straight-
forward in on-surface samples and still has not been explored in full. Fur-
thermore, chemists are designing qubits for ordered surface deposition like
vanadyl/Pt paddlewheels that are expected tohave onepreferred orientation
on a surface98 In a 2023 paper, Carreta and coworkers propose a blueprint
for encoding, initializing, and reading qudits coupled to superconducting
resonators to achieve a molecular spin quantum processor99 The qudits
selectedareheterometallic, dinuclear lanthanoid complexes. Theobjective is
coupling themolecular qudits to superconducting resonators adapted to the
molecular qudit size and magnetic interactions to achieve strong spin-
phonon coupling. The experimental realization requires sparse surface
coverage that they suggest can be achieved by evaporation or self-assembly
fromthe solution.With this approach, the authors suggest that surface order
is not necessary and that only the molecules from a randomly oriented
ensemble that fulfill the operational conditions will be selected. Undoubt-
edly, the next few years will bring interesting results regarding the surface
deposition of qubits and their implementation in functional devices.

Ordered arrays of qubits and SMMs as promising new
materials
MOFs containing SMMs or qubits have been appearing in the literature in
growing numbers in the last 20 years. MOFs are ideal, ordered arrays of
metal-organic nodes, and these nodes can be chosen to have the desired
properties. Ordered arrays of SMMs can be achieved by preparing MOFs
that contain nodes that are known to have SMM properties. Dy(III) mag-
neticMOFs can serve this purpose and several examples have been reported
where the ordered array does not act to the detriment of the magnetic
properties of the SMM or qubit moiety100 The structures of MOFs are
complex, and in some cases, the SMM properties can arise from 1D-chains
inside the MOF as shown for Dy(III) and Er(III)101 The ligands can be
designed to maximize separation between SMM nodes, thus introducing
magnetic dilution and reducing dipolar interactions, or to constrain
the coordination geometry of the magnetic nodes to improve SMM

properties102 In a different strategy, porousMOFs can be loadedwith SMMs
on the cavities103 Ordered arrays of qubits can also be achieved exploiting
MOF chemistry. This is a topic that has not been thoroughly explored, but
offers great advantages for the field of quantum sensors and quantum
processors that require high structural precision. A clocklike transition for
cobalt(II) spins in the MOF [(TCPP)Co0.07Zn0.93]3[Zr6O4(OH)4(H2O)6]2
has been reported, the qubit here is a well-known tetraphenylporphyirin
Co(II) complex diluted with Zn(II) that is trapped on the MOF porous
cavities104 In this system, the measured T1 and T2 of the atomic clock
transition are relatively long (microsenconds) even at high magnetic
concentrations.

The term quMOF has been recently coined, and it refers to MOFs
that contain magnetic ions that could behave as qubits (or qudits). Thus,
quMOFs offer a new way to obtain the three-dimensional organization of
spinqubits. Themain issuehere becomes the control of the 3Dorder of the
qubits in the 3DMOF or quMOF. If the qubits aremagnetically diluted to
avoid decoherence by dipolar interactions or magnetic coupling all order
is lost, as the qubit will be found randomly in the MOF crystal structure,
much like an impurity on MgO or a nitrogen vacancy in the diamond. If
the qubits are not diluted, it might be impossible to address individual
qubits. Gd(III) qudits were assembled in a quMOF and its magnetically
diluted analogueswere prepared using Y(III)105 The authors report T1 and
T2 times comparable to other molecular qubits at low temperatures and
Rabi oscillations up to 40 K for the yttrium-Gd magnetically diluted
analogue. They also suggest that quantum coherence could be improved
by avoiding the physical motions of magnetic nuclei coupled to spin
qubits.

2DMOFs offer the possibility of organizingmolecular building blocks
in 2 dimensions. Figure 3 shows a cartoon of a 2DMOF or 2D nanosheet of
qubits, and the exfoliation and surface deposition process that would lead to
ordered arrays of qubits. Thus, 2D MOFs are ideal for the integration of
molecular nanomagnets into devices since they can be transferred on a
surface asmonolayers: 2D arrays ofmagneticmolecules canbe fundamental
for advances in molecular spintronics applications or devices20

Surface growth of MOFs is a topic where important advances have
beenmade that are reflected in literature reviews106 and papers that report
how the growth of MOFs on a substrate is clearly possible in a controlled
manner. Applications are usually centered in areas whereMOF chemistry
ismore focused, like catalysis or CO2 capture

107 Growth can be performed
layer-by-layer, thus allowing extreme control on the thickness of the
prepared MOF grafted on a surface108 The layer-by-layer growth could
also be applied to suitable magnetic MOFs or quMOFs. This has already
been reported for spin-crossover coordination polymers of the Hoffman
clathrate type. These compounds have simple structures with square
2D arrays of metal ions bridged by CN- ligands or lamella that are linked
in three-dimensional crystals by pillar ligands, usually pyrazine or dia-
mines. The 2D [M(CN)4]

2- sheets are grown on a surface functionalized
with a SAMwith pyridine or amine functional groups. Then, a crystalline
layer of theHoffman clathrate typeMOF can be grown using a solution of
the components109,110 The quMOFs or magnetic MOFs reported so far
have more complex structures than simple Hoffman clathrates, but
similar techniques could be used for their growth and organization on
surfaces.

Perspectives and challenges
The goal of producing operational molecular devices for spintronics,
information storage, or quantum information processing drives countless
research efforts. On the one hand, chemists try to prepare molecules with
better properties as SMMs or qubits and focus on the characterization of the
new species. Themilestones achieved include SMMswith hysteresis at 80 K
and qubits with relatively long coherence times that allowmanipulation for
simple quantum algorithms or embedded error correction. The results
reported up to 2023 are somehow stagnant on the properties of new
materials, thus the field is still open for chemists to contribute to the
synthesis of better SMMs and qubits. Additionally, chemistry provides the
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tools for efficient surface deposition. Large-area deposition of semi-ordered
nanomagnets is now possible. A key factor is the design of molecular sys-
tems with surface deposition in an ordered manner as one of the required
systemproperties.Many research efforts in chemistry laboratories go in this
direction. Physicists, on theother hand, have achieved importantmilestones
in the evaporation of submonolayers or isolated molecules the detection of
molecular properties on a surface, and indesigningmolecular spin quantum
processors that could be achieved with current technologies. However, it
seems extremely difficult for physicists tomove on from their comfort zones
and use new materials. Most experiments we see on SMMs or qubits on
surfaces are based on the sameTbPc andVOPc systems.Now, chemists and
physicists alike are studying extremely air and moisture-sensitive metallo-
cenes with ciclooctatetraene ligands111 It would be desirable to open the
scope of other qubits and SMMs, in particular to the best performers. The
main problem is usually evaporation. Most physicists prefer to study
molecules that can be evaporated. This limits the list of available materials,
and thus the most studied systems are not the best or the most stable. We
might see in the coming years with the advances in electrospray deposition
that the properties of more molecular SMMs and qubits are studied on
surfaces112–114 Using electrospray, controlled deposition is now amenable to
manymoremolecules that cannot be evaporated. Very recently, researchers
have revisited surface deposition of the classic Fe4 and Mn12 SMMs using
electrospray115 Their work unambiguously shows that Mn12 and Fe4 are
intact on the surface, this shows that electrospray can be used as a suitable
deposition technique of intact molecules, even for such a complexmolecule
as Mn12. Furthermore, it is necessary to move from studies on single
molecules, or small ordered ensembles of isolated molecules to large arrays
of molecules, such as monolayers or nanocrystals. This requires controlling
the organization of the molecules on a surface. For simple phthalocyanine

complexes116 this is now well understood but we still lack the control of
surface deposition for molecules with more complex structures. It is very
challenging to obtain ordered layers or to know the relative orientation of
themoleculeswith respect to eachother or the surface. This is oneof the very
difficult challenges,monolayers or very thin layers can be disordered. In fact
this is a great problem in depositing SMMs and qubits, that monolayers of
simple molecules already show complicated order-disorder patterns, or
ordered patterns with several orientations, even when prepared by eva-
poration. Surface functionalization can be very useful in this regard, fol-
lowedbyon-surface chemistry between the surface functional groupand the
molecule. A few examples show that following this route monolayer with
only a small number of molecular orientations can be obtained33,34 Fur-
thermore, the recent results on electrospray deposition are very promising,
and could also allow access to large-area ordered layers.

Proof of principle on isolated complexes that can work asmulti-qubits
quantum simulators, or that have embedded error-correction show that
device integration of molecular nanomagnets is a strong possibility117 The
advances inmagneticMOFsandquMOFsand in thedesignand synthesis of
magnetic 2D coordination polymers or 2DMOFs hold great promise in the
realization of devices based on magnetic molecules. In the last 10 years,
researchers have demonstrated that the properties of SMMs on surfaces can
be enhancedwhen compared to the bulkmaterials in two specific instances:
TbPc on MgO/Ag(100)29 and a dysprosium metallocene SMM on silica39

For qubits, the results obtained so far aremuchmore limited, mainly due to
the technical difficulty of measuring T1 and T2 by EPR on flat surfaces. The
introduction of SMMs and qubits inmagneticMOFs or 2Dmaterials offers
many possibilities: from controlled surface deposition of flakes to surface
growth using surMOFs techniques. 2D materials can be exfoliated in
monolayers or flakes of several layers, these flakes can be deposited from
solution or using mechanical methods on a surface. For spin crossover
materials some groups have already started to explore what they call
"straintronics" creating heterostructures with 2D coordination polymers118

2D materials offer many possibilities for device integration by
mechanical transfer of monolayers to a surface, and even the formation of
heterostructures. The area of 2DMOF containing SMMs or qubits has only
been recently started to be explored by chemists. The new availability of
microED or structural electron diffraction will also come in handy to
ascertain molecular orientation on a surface. In a 2D coordination polymer,
the relevant qubit or SMM is a node in the polymer. Single crystal structures
of nanocrystals can now be elucidated using electron diffraction. This means
that 2D coordination polymers or MOFs, that form nanometric crystalline
flakes can be structurally characterized unambiguously. Surface deposition of
these nanocrystals orflakes leads to a systemwhere the relative qubit/qubit or
SMM/SMM orientation respects each other and the surface is known.

We now have a better understanding of some of the factors that so far
have precluded the advancement of molecule-based devices exploiting
SMMs andmolecular qubits, mainly the inability to reproduce or detect the
relevant magnetic properties on single molecules, or monolayers on sur-
faces. For SMMs, this ismainly due to strong electronic interaction between
SMM and substrate, while for qubits the electronic interaction with the
substrate adds to the lack of an adequate method to characterize their
properties on a surface. Improvement in both deposition control and
detection of the relevant properties are the two key factors. The next logical
step in this roadmap tomolecule-based devices for spintronics, information
storage and processing is to learn to adequately control these factors to
achieve functional molecular devices.
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