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Bistable Spin-Crossover Nanoparticles for Molecular
Electronics

Ramón Torres-Cavanillas, Miguel Gavara-Edo, and Eugenio Coronado*

The field of spin-crossover complexes is rapidly evolving from the study of the
spin transition phenomenon to its exploitation in molecular electronics. Such
spin transition is gradual in a single-molecule, while in bulk it can be abrupt,
showing sometimes thermal hysteresis and thus a memory effect. A
convenient way to keep this bistability while reducing the size of the
spin-crossover material is to process it as nanoparticles (NPs). Here, the most
recent advances in the chemical design of these NPs and their integration into
electronic devices, paying particular attention to optimizing the switching
ratio are reviewed. Then, integrating spin-crossover NPs over 2D materials is
focused to improve the endurance, performance, and detection of the spin
state in these hybrid devices.

1. Introduction

Memory devices, including hard, solid-state, and universal serial
bus (USB) drives, are essential to our daily life. Enhancing their
performance is one of the most targeted scientific and commer-
cial challenges nowadays. In this context, molecular electronics
offers an elegant tool to miniaturize these devices, reaching the
nanoscale or even the single-molecule level.[1,2]

The so-called spin crossover (SCO) molecules provide an ap-
pealing example of molecular bistability. Assemblies based on
these magnetic molecules have centered the attention on molec-
ular magnetism for more than 40 years as they provide unique
examples of multifunctional and stimuli-responsive materials.[3]

These compounds are based on 3dn (4 ≤ n ≤ 7) transition metal
complexes. In the appropriate ligand field, they can exist in two
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different electronic states, usually referred
to as high spin (HS) and low spin (LS),
which exhibit sharp differences in their
magnetic, optical, electrical, and mechan-
ical properties.[4,5] Remarkably, it is possi-
ble to switch between them by applying ex-
ternal stimuli, such as temperature, pres-
sure, electric fields, or light.[4] Interestingly,
the spin transition can exhibit thermal hys-
teresis in the solid state, thus conferring
bistability and memory effect on the system.
SCO compounds contain all the ingredi-
ents needed to be used as binary mem-
ories since the two spin states can be
addressed by applying external stimuli
and read-out by sensing the changes
experienced in their properties upon

the spin transition. Even more, as the spin transition is molec-
ular in nature, it may persist even at the single-molecule scale,
thus permitting the development of single-molecule SCO de-
vices. During the 1980s, the first attempts to exploit this molec-
ular bistability in devices were reported.[6] Still, this develop-
ment has been seriously limited by the loss of cooperativity at
the single-molecule level, lacking memory effect, as well as by
the fragility and low performance of the individual molecules.
An additional challenge comes from their insulating nature in
bulk. So, until very recently the use of SCO compounds as active
components in electronic devices has been loosely investigated.
This panorama is rapidly evolving thanks to nanotechnology. In
fact, one of the current trends in Molecular Magnetism is that of
integrating magnetic molecules into devices for applications in
spintronics and information technologies.[3,7]

In this context, SCO memory devices have become one of the
central topics in this area.[8–10] Here, an overview of the current
approaches developed to exploit the SCO phenomenon in molec-
ular electronics as well as future perspectives is showcased us-
ing SCO nanoparticles (NPs) as memory components. In the first
part, we take advantage of the spin-dependent electrical conduc-
tivity showed by conveniently chosen SCO NPs to readout the
spin state.[5,11] Since these nanostructures may still exhibit a co-
operative spin transition, they can close the gap between the bulk
and the single molecule. In fact, they behave as single molecules
in terms of processability, while keeping the stability and mem-
ory effects of their bulk counterparts.[12,13] In the second part, the
SCO NPs are deposited over graphene and other 2D materials.
In these hybrid heterostructures, the electrical or optical changes
experienced by the 2D material are used to sense the spin transi-
tion. The advantage of this approach with respect to the former
one is that the insulating character of the SCO component does
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Figure 1. SCO compounds are used for electronic devices. a) [Fe(Htrz)2(trz)](BF4), (Htrz = triazole, trz = triazolate) chain structure and micelle nanore-
actor encapsulating NPs of this SCO compound; b) The Hoffmann-type layered coordination polymers [Fe(L)2(M(CN)4)] (M = Pt, Ni; L = pyrazine or
pyridine derivatives); c)The sublimable SCO molecule [Fe(Pyrz)2] (Pyrz = hydrotris-(3,5-dimethyl-pyrazolyl)borate). Blue balls are N, gray C, white H,
green B, and orange Fe+2.

not limit the performance of the device. In Figure 1 we plot some
relevant examples of SCO compounds that have been integrated
as NPs on surfaces and in electronic devices.

2. Synthetic Protocols of Spin-Crossover NPs

The preparation of SCO NPs started in 2007 with the report of
≈10 nm NPs of [Fe(Htrz)2(Trz)](BF4).[12] The main difficulty was
to limit the growth of the SCO nanostructure while keeping its
bistability, as this was the main requirement for information stor-
age. Over the years, several protocols have been used to obtain
naked SCO NPs, functionalized SCO NPs, core@shell NPs, and
thin film nanocrystals grown on surfaces. In Table 1, a summary
of these SCO nanostructures is listed.

2.1. Naked SCO NPs

These NPs are extremely desirable, as they would directly con-
tact the electrodes. However, their synthesis has been limited
to a few SCO compounds as often their growth is hardly con-
trolled. The most obvious protocol to synthesize naked NPs is
by “direct addition” of the precursors under a highly diluted con-
centration, forming small nucleation seeds to obtain small NPs,

Figure 2a.[14–17] This protocol is well suited for synthesizing NPs
based on non-neutral coordination polymers, ensuring colloidal
stability in the resulting NPs. The primary drawback of the direct
synthesis method is that it is restricted to producing small NPs
(4–16 nm). To achieve larger NPs, a seed-mediated growth pro-
cess is required that utilizes presynthesized NPs as nucleation
seeds. However, this approach is quite complex and yields a lim-
ited quantity of the desired NPs. In this context, direct synthesis
has primarily been focused on producing NPs of coordination
polymers based on Prussian blue and its analogs, with a general
formula AxM[M’(CN)6] (where A = Na, K, Li, Cs, Rb; M = Fe, Mn,
Ni, Cu, Co; M’ = Fe, Cr). For instance, following this approach,
NPs of ≈10 nm of the CsCo[Fe(CN)6] coordination polymer were
reported which preserve the light-induced spin transition of the
bulk (Figure 2a).[14,16,17]

A “solvent-assisted precipitation” was also used to syn-
thesize naked NPs of monomolecular compounds, like
[Fe(NCS)2(phen)2] or [Fe(mepy)3tren][PF6]2.[18–21] It consists
of the addition of an antisolvent on a saturated solution of the
SCO complex, provoking the precipitation of NPs with sizes
ranging from 16 nm to microns (Figure 2b). In contrast to the
direct synthesis, which is exclusive of coordination polymers,
solvent-assisted precipitation is appropriate for soluble discrete
molecules. Last but not least, another possibility uses a matrix
that can interact with the precursors acting as a template for the
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Figure 2. Synthetic protocols for the production of naked SCO NPs. a) Scheme depicting the direct synthesis of SCO NPs CsCoFe(CN)6 (left), along
with TEM images of 11 nm NPs of the same coordination polymer (right). b) Nanocrystals of the SCO molecule [Fe(mepy)3tren][PF6]2, synthesized
using solvent-assisted precipitation protocols; scheme on the left and TEM images on the right. c) Synthetic protocol for the synthesis of matrix-assisted
SCO NPs, shown on the left, accompanied by TEM images illustrating the synthesis of 3.5 nm coordination compound Fe(Htrz)2(trz) on the right. a)
Reproduced with permission.[15] Copyright 2021, MDPI. b) Reproduced with permission.[18] Copyright 2013, John Wiley and Sons. c) Reproduced with
permission.[26] Copyright 2020, John Wiley and Sons.

NPs growth (“matrix-assisted synthesis”) (Figure 2c).[22–27] The
main problem of this protocol is that the NPs cannot be easily
separated from the matrix.

2.2. Functionalized SCO NPs

The functionalization of NPs surface may be beneficial for en-
hancing its chemical stability and for size control. Thus, these
NPs have been mainly grown using polymers or surfactants to
confine them. In this context, the “reverse micelle technique”
is the most widely used approach. It permits the synthesis of
NPs ranging from a few to hundreds of nm by blending two
separate microemulsions containing the SCO precursors sta-
bilized by a surfactant (Figure 3a).[12,13,28] A control over the
size and shape of the NP can be obtained by playing with
some synthetic parameters like concentration, temperature, or
reaction time (Figure 3b).[29–37] Especially when ionic surfac-
tants are used, these remain at the NPs surface, enhancing

their processability.[38] This was demonstrated in the compound
[Fe(HTrz)2(Trz)](BF4) for which NPs in the range 4–25 nm ex-
hibiting a thermal hysteresis near room temperature (RT) were
obtained using the surfactant AOT (Figure 3c).[12,13,29] In addi-
tion to the reverse micelle technique, the use of “hydrophobic di-
block copolymers” (like polyglutamate and polyleucine) as coat-
ings to synthesize and stabilize SCO NPs of SCO complexes has
also been explored.[39–43] Note that although this procedure is very
versatile and helpful in stabilizing SCO NPs, its relevance in elec-
tronic devices is minimal since the polymeric capping at the NP
surface may hinder electron transport.

2.3. Core@Shell NPs

These NPs provide the opportunity to create nano-
heterostructures with interesting synergies between the
components and improved physical properties. In this con-
text, the most explored example of SCO core@shell hybrid

Adv. Mater. 2023, 2307718 2307718 (3 of 12) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advmat.de

Figure 3. Results obtained on different types of SCO NPs. a) Scheme illustrating the reverse micelle technique for synthesizing SCO NPs. b) TEM images
showcasing core@shell NPs of the type [Fe(HTrz)2(Trz)](BF4)@SiO2 synthesized through the reverse micelle method, varying the concentration of
precursors and reaction times. c) Size dependence of the magnetic properties for [Fe(Htrz)2(trz)](BF4) NPs synthesized by the reverse micelle using the
surfactant AOT (AOT = anionic bis(2-ethylhexyl)sulfosuccinate). d) Annular dark field TEM image and Fe and O mapping of Fe(Htrz)2(trz)(BF4)@SiO2
NPs showing their core@shell structure.e) Magnetization as a function of the temperature of RbCoFe@KNiCr NPs before and after light irradiation.
f) Ultrathin films of SCO nanocrystals grown over a gold substrate using the LBL technique. HS fraction at 100 K as a function of the number of cycles
(1 cycle̴ ≈ 0.72 nm). b,d) Reproduced with permission.[50] Copyright 2019, Royal Society of Chemistry. c) Reproduced with permission.[29] Copyright
2015, Royal Society of Chemistry. e) Reproduced with permission.[53] Copyright 2011, American Chemical Society. f) Reproduced with permission.[63]

Copyright 2019, Royal Society of Chemistry.
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involves the coverage of SCO NPs with a silica shell.[44–46] The
silica shell chemically stabilizes the SCO core by efficiently
preventing iron oxidation in water, permitting its use as an
MRI contrast agent,[47] or as an anchoring point to decorate
NPs used as sensors.[46,48,49] Still, to be integrated in devices
it is important to minimize the silica shell to a few nm, given
its highly insulating character. This was achieved by modu-
lating the kinetics of the shell formation (Figure 3d). Thus,
hybrid [Fe(Htrz)2(trz)]BF4@SiO2 NPs with a shell <3 nm were
obtained,[50] and used to prepare SCO microresonators.[51]

The versatility of the reverse micelle protocol has also
been exploited for preparing SCO1@SCO2 NPs (SCO1 =
[Fe(NH2-trz)3](BF4)2 and SCO2 = [Fe(Htrz)2(trz)](BF4)),[52] or
magnetic@SCO NPs (Prussian Blue Analogues over SCO
RbCo[Fe(CN)6] seeds)[53–57] as exemplified in Figure 3e. In this
last example, a modulation in the ferromagnetic shell magne-
tization was induced by the stress generated upon the light-
induced spin transition of the SCO core. We recently used a seed-
mediated protocol to prepare core@shell NPs formed by a metal-
lic gold core and a SCO shell of [Fe(Htrz)2(trz)](BF4).[58,59] The
synthetic procedure relies on the functionalization of the gold
NPs surface with trz that then acts as a seed for the growth of
[Fe(Htrz)2(trz)](BF4) shells ranging from 1 to 15 nm thick. This
procedure was later modified by Chastanet et al. to synthesize
thicker shells.[60–62]

2.4. SCO Nanocrystals Deposited on Substrates

This particular form of NPs has been grown conforming thin
films.[63,64] The main synthetic approaches are the “Langmuir–
Blodgett” technique (LB), the “layer-by-layer” growth (LBL), and
the “vacuum sublimation” procedure (VS).[8,64–66] LB technique
consists of the organization of amphiphilic molecules incorpo-
rating the SCO complex in a liquid–air interface to subsequently
transfer the resulting monolayer onto solid substrates.[67–69] LBL
growth is based on the alternative soaking of a substrate into
solutions containing the SCO precursors and has allowed to
grow polymeric Hofmann clathrate SCO compounds.[63,70] A rel-
evant example that illustrates how the nanostructuration of these
SCO coordination polymers onto solid substrates affects the spin
transition was reported by Rubio et al.[63] High-quality ultrathin
films of [Fe(py)2Pt(CN)4] were fabricated, in which segregated
nanocrystals of ≈25 nm (lateral size) were formed in the early
stages of the growth process. These coalesced into continuous
films after 10–12 cycles (≈7.6–9.1 nm thick), hindering the spin
transition completeness below this thickness (Figure 3f). Finally,
in the VS procedure, the SCO molecule is directly sublimed and
self-assembled on flat or patterned surfaces. Hence, it is exclu-
sive to thermally stable complexes that do not decompose during
sublimation or in contact with the substrate. A remarkable exam-
ple is provided by the molecule [Fe(Pyrz)2] (Figure 1c) that can be
deposited over different substrates (Cu, Au) leading to organized
arrays at the few-layer limit, which still exhibit thermal and light-
induced SCO effects.[71–73]
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Figure 4. SCO electronic devices. Scheme of vertical a) and horizontal b) devices. c) Electrical conductivity as a function of the temperature for a 10 nm
NP of Fe(Htrz)2(trz)(BF4) placed between a nanojunction of gold electrodes with a gap of 5–10 nm. d) Electrical conductivity as a function of the
temperature of microcontact printed 2D assemblies of Fe(Htrz)2(trz)(BF4) nanorods (25 × 10 nm) interdigitated between Au electrodes with a gap of
≈50 nm. e) current versus voltage curves of the LS and HS at 350 K of a 2D-assembly of Au@Fe(Htrz)2(trz)(BF4) (12@4 nm) core@shell NPs (inset)
deposited by electrophoresis method between Au electrodes separated by a distance of 10 μm. c) Reproduced with permission.[83] Copyright 2011, John
Wiley and Sons. d) Reproduced with permission.[84] Copyright 2015, John Wiley and Sons. e) Reproduced with permission.[58] Copyright 2019, John
Wiley and Sons.

3. First Generation of SCO Electronic Devices:
Measuring the Electrical Transport Through SCO
NPs

Depending on the device’s configuration, two different setups
can be fabricated, namely vertical and horizontal. The vertical
configuration is mainly limited to multilayer junctions encap-
sulating SCO sublimable complexes (Figure 4a).[74–78] An ex-
ample is provided by 10–100 nm thick films of the SCO com-
plex [Fe(H2B(pz)2)2(phen)] ([H2B(pz)2]− = hydrobispyrazolylbo-
rate, phen = phenantroline) sandwiched between indium tin
oxide and Al electrodes.[74] In this device, the spin switching
leads to a substantial and reversible change of the current inten-
sity (up to 50%) upon the spin transition, which can be easily
sensed thanks to the large area of the electrodes (3 mm2). Re-
markably, for other SCO complexes, this device configuration has
afforded a very stable signal with reduced fatigue upon 10 000
successive cycles.[76] However, most vertical devices exhibit ex-
tremely low ON/OFF ratios (conductance in the high conduc-
tive state compared to the low conductive state), due to the high
insulating nature of the SCO complexes, requiring either high
voltages,[76,78] or the preparation of ultra-thin films,[77] increasing
the risk of damaging the SCO complex or having short-circuited
devices. While some authors have used liquid electrodes,[79,80]

compressed pellets,[81] or embedded NPs in conductive polymers
to minimize the negative effects of vertical architectures,[82] a
more versatile approach is the use of horizontal junctions, where
the NPs and the contacts are in the same plane (Figure 4b). This
configuration permits the electrical readout of any type of nanos-
tructure since the gap between electrodes and their nature can
be tuned. Furthermore, the spin transition can be induced not

only by temperature but also by light or an electrical field, ex-
panding the possible ways to write/erase information in elec-
tronic devices.[16,61,83] However, some problems are still present
that reduce the reproducibility and performance of memory de-
vices. The most important one is again the insulating character
of the SCO NPs. This often requires high voltages to detect a cur-
rent and seriously compromises their stability leading to marked
fatigue effects. In a series of papers, this issue has been investi-
gated in devices based on [Fe(Htrz)2(trz)]BF4 NPs (see Figure 3c–
e and Table 2). The choice of these bistable NPs is based on
the sharp and hysteretic spin transition centered near RT ex-
hibited by these NPs, even for very small sizes (down to 5 nm)
(Figure 3c).

In a first work, an individual SCO NP (≈10 nm) in a nanojunc-
tion was measured. A reproducible hysteresis loop in the conduc-
tance centered at ≈340 K with an ON/OFF ratio of ≈3 between the
low- and the high-conductance states was observed (Figure 4c).[83]

Still, these devices rapidly degrade upon thermal cycling above
RT and the hysteresis often disappears after the first thermal
cycle.

In a second work, well-packed 2D assemblies of the SCO
nanorods were placed between electrodes by microcontact
printing.[84] In this case, the ON/OFF ratio was strongly im-
proved, reaching values of ≈300 (Figure 4d); the stability was also
improved, although some irreversibility in the hysteresis was ob-
served upon successive thermal cycles, indicating some fatigue
effect probably related to the loss of particle/particle or parti-
cle/electrode contacts upon the spin transition due to mechanical
effects.

In a third work, we demonstrated that this stability concern
could be solved by placing SCO NPs coated with a silica shell
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Table 2. Representative electronic devices based on SCO NPs.

NPs Size (nm) Device Gap (μm) Conductance
ON (S)

ON/OFF
ratio

References

[Fe(HTrz)2(Trz)]@AOT 10 Horizontal 5.10−3 2.10−11 3 [83]

[Fe(HTrz)2(Trz)]@AOT 10 × 25 Horizontal 5.10−2 8.10−11 310 [84]

[Fe(HTrz)2(Trz)]@SiO2 110 × 50 (SiO2 shell ≈

11)
Horizontal 0.7 1.10−11 7 [85]

Au@[Fe(HTrz)2(Trz)] Au core: 12;
SCO shell: 4

Horizontal 10 3.10−9 5300 [58]

[Fe(H2B(pz)2)2(phen)] 10 Vertical 1.10−2 2.10−9 2 [74]

[Fe(HB(tz)3)2] 7 Vertical 7.10−3 3.10−8 100 [78]

in between graphene electrodes. A reproducible hysteresis was
observed after repeating thermal cycles (up to seven without
any apparent fatigue).[85] This device’s resilience was attributed
to the graphene flexibility, which improves the SCO/electrode
contacts.

Overall, electrode gaps in the nanometre range (5–700 nm)
were required in these devices to overcome the insulating nature
of the NPs, enabling the detection of a current with conductance
values of the order of 10−11 S. A way to go beyond this gap is by
making the SCO NPs more conductive. This was achieved us-
ing core@shell NPs based on a metallic gold core surrounded
by an ultrathin [Fe(Htrz)2(trz)](BF4) shell and organizing them
between interdigitated Au electrodes.[58] The electrical response
of this device exhibited a conductance of the order of 10−9 S,
while bare NPs of the same sizes were too insulating to permit
any electron flow through this large gap (Figure 4e). In terms
of performance, outstanding ON/OFF switching ratios of ≈5300
were reached, although its stability was limited to a maximum
of five cycles. Finally, the light-induced heating of the plasmonic
Au core was also exploited to induce the spin switching in the
SCO shell. In this context, a photoconversion of the 55% of metal-
lic centers from low-spin to high-spin upon light irradiation was
achieved by Chastanet et al., in gold nanorods surrounded by a
[Fe(Htrz)2(trz)](BF4) shell.[60–62] Subsequently, we improved this
result by employing gold nanostars as core, achieving a 60% pho-
toconversion with light irradiation two orders of magnitude lower
in intensity.[59]

In Table 2, some of the most relevant SCO nanodevices
are presented. We can see that, taking the single-nanoparticle
device as a starting point,[83] better performances have been
progressively obtained by first enhancing the NP/electrode
contacts,[84] then, by using flexible graphene electrodes,[85]

and, more recently, by developing highly conductive
heterostructures.[58]

4. Second Generation of SCO Electronic Devices:
Toward Robust Devices Based on Hybrid
Heterostructures Combining SCO NPs and 2D
Materials

Despite the huge efforts of researchers in progressively achiev-
ing better performances in the SCO devices described above,
rather low thermal cyclability is observed in most of them. As

already mentioned, the main reason behind this issue deals
with the mechanical stress experienced by the SCO nanoma-
terial as a consequence of its volume change upon the spin
transition. However, the device architecture also limits its en-
durance. Particularly, in these devices, the electron transport goes
directly through the insulating SCO component, thus requir-
ing the application of high voltages. This feature typically de-
grades the SCO material. To address this fragility, an alterna-
tive approach has recently been proposed: interfacing SCO NPs
with conducting or semiconducting 2D materials to form hy-
brid SCO/2D heterostructures. Here, the current would prefer-
entially flow through the 2D material instead of the insulating
SCO, aiming to assess the influence of the molecular component
on the properties of the “all surface” 2D material. This concept,
recently exploited in electronic devices based on molecular/2D
heterostructures such as organic field-effect transistors (OFETs)
or chemical sensors,[86,87] can be used here to sense the spin tran-
sition.

The first SCO device of this type was reported in 2017.[88]

It was based on a heterostructure formed by a layer of AOT-
functionalized SCO NPs of [Fe(Htrz)2(trz)](BF4) deposited on a
precontacted graphene film grown by chemical vapor deposition
(CVD). A reversible change in the electrical properties of the 2D
material was induced by the SCO component, sensing the ther-
mal spin transition (Figure 5a). A similar approach was later fol-
lowed by Dayen et al., using SCO NPs of [Fe(Htrz)2(trz)](PF6),
where the spin transition was photothermally induced and also
detected through the electrical properties of the CVD-graphene
in the hybrid device.[89] Next, this concept was extended to 2D
semiconductors such as 2H-MoS2.[90] In this case, the contact
between the SCO NP and the 2D material was optimized by
covalently bonding the two components. Thus, hybrid NPs of
[Fe(Htrz)2(trz)](BF4)@SiO2 were anchored on chemically exfoli-
ated MoS2 layers conveniently functionalized with a trimethoxi-
sylane group. As a result, this heterostructure allows to sense the
spin state not only electrically but also optically (Figure 5b). Par-
ticularly, the spin transition induces a strain (of ≈0.6%) over the
MoS2 layer, shifting the photoluminescence band toward lower
energies as a consequence of a change in the bandgap. This
optical sensing of the spin state has shown to be very sensi-
tive to the spin transition and furthermore does not need elec-
trodes, thereby facilitating the device architecture. However, the
aforementioned procedures still require to process the materials
in solution.
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Figure 5. SCO/2D electronic devices.a) Schematic drawing of a FET device conformed by AOT-functionalized SCO NPs of [Fe(Htrz)2(trz)](BF4) (25 nm
long and 9 nm wide) deposited on CVD-graphene (left) and its temperature variable electrical resistance measurements (right). b) Temperature vari-
able conductance (left) of 2H-MoS2 flakes decorated with 70 nm long SCO [Fe(Htrz)2(trz)](BF4)/SiO2 NPs (inset) pellet and (right) bandgap shift
along the SCO NPs thermal spin transition for both cooling (blue line) and heating (red line) cycles. c) Typical device architecture used (left) and
temperature variable electrical resistance measurements of (middle) an in-contact device integrating a 130 nm thick sublimed film of [Fe(Pyrz)2] in
its triclinic polymorph (deposited at 100 °C) conformed by 200 nm diameter nanocrystals and directly grown on a CVD-graphene layer showing a
LIESST yield of 15% after 60 min laser irradiation, and (right) a contactless device integrating a 100 nm thick film [Fe(Pyrz)2] in its tetragonal poly-
morph (deposited at −90 °C) conformed by 100 nm diameter nanocrystals deposited on a CVD-graphene layer with a 30 nm thick film of polymethyl
methacrylate embedded between them showing a LIESST yield of 100% after 5 min laser irradiation. The measurements of both devices show var-
ious consecutively performed thermal cycles with and without laser irradiation (532 nm laser with a power of 28.2 μW mm−2 in contrast to the
647 nm laser with a power of 550 μW mm−2 used in the previous work[91]). a) Reproduced with permission.[88] Copyright 2017, American Chem-
ical Society. b) Reproduced with permission.[90] Copyright 2021, Springer Nature. c) Reproduced with permission.[92] Copyright 2022, John Wiley
and Sons.

To overcome this, a dry procedure involving the deposition
of sublimable SCO complexes over CVD-graphene pre-patterned
chips was developed,[91–93] since it is more compatible with the
UHV techniques used in electronics. The first work was reported
in 2021 by depositing crystalline thin films (≈120 nm thick) of the
neutral molecule [Fe(Pyrz)2] on CVD-graphene chips.[91] These
devices allowed to electrically detect the thermal SCO transition
and also a light-induced one (LIESST effect). Still, the robustness
and cyclability of the devices were not demonstrated, and long
irradiation times (hours) with high laser powers were required
to achieve a full spin transition. In a subsequent work, the de-
vice performance was sharply improved.[92] Thus, by optimizing
the sublimation conditions, two different polymorphs of this sub-
limable molecule, triclinic and tetragonal, were selectively grown
as nanocrystalline films on the graphene chips, and their trans-
port properties were measured (Figure 5c). For the triclinic poly-
morph, both thermal and light-induced spin transitions were ro-
bustly detected, for several consecutive thermal cycles (up to 11),
in a device formed by cohesive SCO nanocrystals in direct con-
tact with graphene. However, only a partial LIESST effect was ob-
served for that polymorph. The results obtained for the tetragonal

polymorph were more appealing. Thus, in-contact devices of this
polymorph exhibited a much faster and effective LIESST effect.
Even more, by inserting a 30 nm thick flexible polymeric PMMA
interlayer between both active components in a contactless con-
figuration, the performance was further improved, allowing to
reach a quantitative yield (≈100%) in only 5 min of laser irradia-
tion. This was attributed to the elastic properties of the polymer
that can facilitate the volume change of the SCO material during
its photoexcitation. In addition, these devices were very robust
upon both thermal cycling and aging (up to 25 cycles were stud-
ied within a 2-month period).

Overall, the combination of SCO NPs with 2D materials has
been demonstrated to be a very promising approach to prepar-
ing robust SCO electronic devices. The examples reported here
are only the most representative ones. Other SCO compounds,
either other sublimable molecules, that grow as amorphous and
homogeneous films,[93] or SCO crystals,[94,95] have also been in-
terfaced with 2D materials. In all these examples, the 2D mate-
rial is capable of acting as a reliable and highly sensitive spin
state sensor, by using the changes observed in the electrical or
optical properties of the 2D material to readout the spin state
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and without experiencing any apparent fatigue upon thermal
cycling.

5. Outlook and Perspectives

Since the pioneering proposal by Olivier Kahn in the 80′s of ex-
ploiting the optical bistability of the spin crossover phenomenon
to fabricate display devices operating at RT,[6] a trend in this field
has been developed to incorporate these molecular materials in
electronic devices in order to electrically readout their spin state.
However, as it has been shown in this work, the insulating charac-
ter, chemical reactivity, and mechanical fragility of the SCO com-
plexes have strongly limited its development. In fact, only in the
last decade, the first generation of electronic devices based on the
SCO phenomenon has emerged thanks to the advances made in
the miniaturization of these compounds as ultrathin films and
crystalline NPs of controlled size, shape, and surface functional-
ization. This generation is now being complemented with more
robust and resilient hybrid devices in which the spin transition is
electrically or optically sensed through graphene or other semi-
conducting 2D materials placed underneath.

Overall, this emergent field has made spectacular advances in
the last few years but is still in its infancy in terms of real applica-
tions. From the fundamental point of view, these advances have
raised several questions and can open new opportunities:

In terms of chemistry, a key aspect is that of expanding the
number of thermally stable SCO complexes that can sublime and
remain intact in contact with surfaces. Very few examples of this
kind are still known, but it is even more challenging to keep and
detect spin-switching effects at the single-molecule level. In this
vein, some attempts to interrogate and switch the spin state of
both individual and nanoscale assemblies of molecules in direct
contact with surfaces have been reported using low-temperature
scanning tunneling microscopy, but at best only indirect identi-
fication of the spin states has been possible.[96,97]

In terms of devices, the first issue refers to the miniaturization
of these memory bits. Here the problem is to keep the memory
effect in a single NP while reducing its size since the thermal
hysteresis is lost at the molecular limit. In this sense, a recent re-
port has demonstrated that an anionic iron-triazole complex can
exhibit a memory effect at RT even at the single-molecule level
without the need of any cooperative effect.[98] This paradigmatic
shift may open new possibilities in the design of single-molecule
SCO memory devices.

Another concern is related to the performance of the SCO/2D
heterostructures. They have shown to be an advantageous solu-
tion to guarantee the device’s endurance without being limited by
the insulating character of the SCO component. However, a de-
tailed knowledge of the interfacial interactions between the two
components, both in terms of strain and electronic effects, as well
as the way in which we can tune them, is now required to improve
their performance. Obviously, this concept can also be extended
to other 2D materials, for example, quantum ones (superconduc-
tors and magnets). Here, instead of using these 2D materials to
sense the spin transition, the interest will be more focused on
tuning the properties of these quantum materials through the
SCO component. We can imagine for example to control the su-
perconductivity of a 2D material with light (via the LIESST effect)

or to create and manipulate magnons in a 2D magnet via the local
strain induced by the SCO nanostructure.
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