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A B S T R A C T

We review the current knowledge on the optical properties of molecular spin-crossover (SCO) materials, which 
exhibit reversible switching between low-spin and high-spin electronic configurations, as well as their use for 
practical applications in the fields of optics and photonics. We focus on the physical origins and magnitude of the 
complex refractive index change (both real and imaginary parts) in SCO materials, including a brief excursion to 
less-studied lower frequency ranges (THz–Hz). Until now, the optical property changes have primarily been used 
as a means of detection to characterize the SCO phenomenon itself (particularly at the nanometric scale) or to 
develop optical sensors for monitoring variations in an external stimulus. However, more recently, optical signal 
processing and modulation have also been explored using SCO nanomaterials as active elements in tunable 
photonic devices. Herein, we review the current state of the art of such functional devices, showing that mo
lecular SCO compounds are emerging as a promising class of phase-change materials with high potential for 
specific active photonic applications, particularly in the visible spectral range. Key results on light-induced spin 
transitions and the photoswitching dynamics of SCO materials are also briefly reviewed in the context of pho
tonic devices. Finally, the results of recent studies reporting strong light-matter coupling phenomena between 
SCO molecules and confined electromagnetic fields in resonant optical cavities are also discussed, with, in sight, 
the fascinating perspectives of manipulating the molecular properties using light.

1. A brief introduction to the spin-crossover phenomenon

The spin-crossover (SCO) phenomenon, which occurs in certain 
molecular complexes and coordination networks of transition metal 
ions, has been a subject of enduring interest in the fields of coordination 
chemistry and materials science. SCO compounds certainly constitute 
one of the most spectacular and fascinating examples of multifunctional, 
switchable molecular materials, attracting considerable attention for 
their potential in technological applications. The SCO phenomenon re
fers to the reversible change of electronic ground state, between the so- 
called low-spin (LS) and high-spin (HS) configurations, in certain octa
hedral transition metal ion complexes, which can occur through the 
application of a variety of external stimuli, including a temperature 
change, the application of an external pressure, light irradiation, intense 
magnetic field, electrical current, or even via the adsorption/desorption 
of gas/vapor molecules [1,2]. In synthetic systems, the SCO 

phenomenon has been observed since the 1930s when Cambi and co- 
workers first discovered anomalous magnetic behaviors in Fe3+ dithio
carbamate derivatives [3,4]. Since then, the field of SCO research has 
continued to grow, attracting the interest of chemists, physicists, and 
theoreticians, as indicated by the increasing number of articles, reviews 
[5–9], and books [10,11] on the topic.

The SCO phenomenon occurs in certain (pseudo-)octahedral transi
tion metal ion complexes with 3d4–3d7 electronic configurations (i.e., 
Co2+, Co3+, Fe2+, Fe3+, Mn2+, Mn3+, and Cr2+), which are characterized 
by two low-lying electronic states, close in energy, with different spin 
multiplicities referred to as the low-spin (LS) and high-spin (HS) states. 
As can be inferred from ligand field theory [12], these two stable states 
arise from the fact that two equilibrium configurations are possible for 
populating the d orbitals of the central metal ion. Indeed, as displayed in 
Fig. 1a, under the perturbation of an octahedral ligand field, the five 
d orbitals of the transition metal ion are split into a low-lying energy 
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level, t2g, consisting of a subset of three non-bonding degenerate orbitals 
(dxy, dxz, and dyz) and a high-lying energy level, eg, comprising two anti- 
bonding degenerate orbitals (dz2 and dx2–y2). The energy gap between 
these two levels, which characterizes the strength of the ligand field, is 
referred to as the ligand field splitting energy, ΔO = E(eg) – E(t2g). This 
quantity is often denoted 10Dq, where Dq is a parameter that depends on 
the radial electron density of the d electrons, the charge of the metal ion, 
and the average metal-ligand distance as 1 / rn (n = 5–6) [12]. Thus, the 
ligand field strength depends on the specific set of ligands and metal ion, 
and also (for a given combination of ligands and metal ion) upon the 
metal-ligand distance.

Due to the partial degeneracy splitting of the d orbitals, two extreme 
cases can be envisaged for populating the t2g and eg subshells, depending 
on the competition between the ligand field strength, 10Dq, which 
forces electrons to fill the low-lying t2g level, and the electron-electron 
repulsion, often represented by the spin-pairing energy П, which cau
ses electrons to occupy the d orbitals according to Hund’s rule. These 
opposing effects lead to the emergence of two possible ground states. If 
10Dq is large compared to П (strong ligand field case), as many electrons 
as possible will pair up in the t2g subshell, resulting in the so-called LS 
ground state. On the other hand, if 10Dq is small compared to the 
electron-electron repulsion (weak ligand field case), then electrons will 
occupy both the t2g and eg orbitals in a way that maximizes the spin 
multiplicity, resulting in the HS ground state. As schematically shown in 
Fig. 1a, in the most widespread case of Fe2+ complexes, this competition 
can result in either a diamagnetic (S = 0) LS ground state (t2g

6 eg
0), with the 

molecular term symbol 1A1g, or a paramagnetic (S = 2) HS ground state 
(t2g

4 eg
2), denoted as 5T2g.

A thermally induced spin conversion between the LS and HS states is 
possible only if these two states are sufficiently close in energy. This 
condition is fulfilled when the zero-point energy difference between the 
two states, ΔEHL = EHS – ELS, is positive and typically lies between 0 and 
2000 cm− 1 (i.e., comparable to the thermally accessible energy, kBT). 
(Note that for higher values of ΔEHL (> 2000 cm− 1), the HS state may 
become thermally inaccessible at temperatures that guarantee the 
structural integrity of the compound.) In the specific case of Fe2+

complexes, it has been shown that, for ΔEHL to be of the order of thermal 
energies, the ligand field strengths must be significantly different in the 
two spin states, with 10DqLS = 19,000–22,000 cm− 1 in the LS state and 
10DqHS = 11,000–12,500 cm− 1 in the HS state (see Fig. 1a) [12]. Under 
these conditions, at elevated temperatures, the HS state may become the 
thermodynamic ground state due to its higher entropy, ΔSHL = SHS – SLS 
> 0, which results from a greater spin multiplicity and a higher vibra
tional density of states [13]. Calorimetric measurements indeed show 
that the total entropy change between the HS and LS states, ΔSHL, 
typically ranges from 40 to 90 J K− 1 mol− 1 for the vast majority of SCO 
compounds [13–16].

As a matter of fact, the change of the molecular ground state from the 

LS to the HS state is accompanied by a drastic decrease in the ligand field 
strength (by a factor of ~1.75), which is associated with a significant 
increase in the metal-ligand distance r, according to the relation: 

10DqLS

10DqHS =

(
rHS

rLS

)n

(1) 

where n = 5–6 [12]. As an example, in the case of the most widespread 
Fe2+N6 coordination core, the length of the Fe-ligand bonds exhibits a 
substantial elongation of ~10 %, increasing from 1.95–2.00 to 
2.10–2.20 Å (ΔrHL = rHS – rLS ≈ 0.2 Å) when switching from the LS to the 
HS state [17]. This dramatic increase in r is understandable since the HS 
state is characterized by a greater occupancy of the anti-bonding eg or
bitals. Such a drastic modification of 10Dq upon the spin-state switching 
has also important consequences on the optical properties of SCO 
compounds. Indeed, for many transition metal coordination complexes, 
the ligand-field transitions between d orbitals of the metal ion occur in 
the visible spectrum, which gives the compounds their color. For this 
reason, the spin-state transition is often accompanied by a noticeable 
color change of the material.

In a sense, the SCO phenomenon can be considered as an example of 
bond-stretch isomerization reaction [18], i.e., a ‘chemical’ equilibrium 
between two (LS and HS) isomeric molecular forms, which essentially 
differ in the length of the metal-ligand bonds. This bond length, r, thus 
constitutes the most relevant nuclear coordinate to describe the equi
librium between the two spin states. As shown in Fig. 1b, SCO systems 
can be described by a ground-state potential energy surface, which 
displays two local minima (close in energy) as a function of the average 
metal-ligand distance, corresponding to the two stable LS and HS states. 
The two potential wells are displaced relative to each other, both hori
zontally (by ΔrHL) and vertically (by ΔEHL), and they are separated by an 
intramolecular potential energy barrier, which arises from the large 
difference in metal-ligand bond length between the two spin states.

Importantly, the LS and HS states are also characterized by a sig
nificant difference in the volume of the material. This difference pri
marily arises from the substantial elongation of the metal-ligand bond 
lengths when switching from the LS to the HS state (up to 10 % in the 
case of Fe2+ complexes), which results in a notable swelling of the 
volume of the coordination octahedron by ~25 % [15,17]. As a conse
quence, the difference in unit-cell volume, ΔVHL = VHS – VLS, between 
the LS and HS phases (which reflects the macroscopic change) is always 
noteworthy, even though it can vary considerably from one SCO mate
rial to another [19]. For most SCO compounds, the relative change in 
unit-cell volume, ΔVHL / VLS, typically ranges from 1 % to 10 % [19–21], 
although it can sometimes reach higher values, up to 22 % [22]. As we 
will discuss later, this significant macroscopic volume change has also 
important consequences on the optical properties of SCO materials, 
particularly with regard to the evolution of the refractive index in the 

Fig. 1. (a) HS and LS electron configurations of an octahedral 3d6 SCO complex. (b) Schematic configurational diagram of a SCO system at T = 0 and p = 0, showing 
the potential wells of the LS and HS states in the harmonic approximation along the symmetric metal-ligand stretching coordinate. The LS and HS electronic states are 
separated in energy by ΔEHL.
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visible spectrum upon the molecular spin-state switching.
Depending on the temperature, which promotes the HS state due to 

its higher entropy, and the pressure, which stabilizes the LS state due to 
its reduced volume, the thermodynamic ground state can be either the 
HS or the LS state. The considerable changes in entropy (ΔSHL) and 
volume (ΔVHL) are, respectively, the driving forces of the thermally 
induced and pressure-induced spin-state conversion. From basic ther
modynamic considerations [23], the transition temperature, T1/2, 
defined as the temperature at which the proportion of molecules in the 
LS and HS states within the system is statistically the same, is given by: 

T1/2 =
ΔEHL + pΔVHL

ΔSHL
=

ΔHHL

ΔSHL
(2) 

where ΔHHL = HHS – HLS = ΔEHL + pΔVHL is the enthalpy change of the 
system when going from the LS to the HS state. ΔHHL corresponds to the 
energy gap between the LS and HS states at external pressure p and zero 
temperature. Note that at atmospheric pressure, the term pΔVHL is 
generally small compared to ΔEHL, so that ΔHHL ≈ ΔEHL. The equilibrium 
temperature T1/2 is thus a measure of the zero-point energy difference, 
ΔEHL, between the two states. For a complex exhibiting SCO at room 
temperature (T1/2 ≈ 300 K), the zero-point energy difference between 
the HS and LS ground states is typically of the order of ΔEHL ≈ 1500 
cm− 1 [24]. As indicated in Eq. (2), the application of an external pres
sure can significantly modify the switching temperature, with a typical 
rate of ΔVHL / ΔSHL ≈ 10–20 K kbar− 1.

The transition between the LS and HS molecular states can also occur 
under steady thermodynamic conditions (where one state is stable and 
the other metastable), through light irradiation. This phenomenon is 
exemplified by the well-studied light-induced excited spin-state trap
ping (LIESST) effect, whereby the metastable HS state can be efficiently 
populated by irradiating the sample with light of an appropriate wave
length, tuned to specific metal-centered absorption bands of the LS 
species. The first observations of the LIESST effect were reported in 1982 
by McGarvey and Lawthers [25] in Fe2+ SCO compounds in solution, 
and later in 1984 in solid-state materials by Decurtins et al. [26]. Un
doubtedly, the discovery of this effect marked a turning point in the SCO 
field, allowing for major advances in understanding the fundamental 
mechanisms underlying the LS/HS switching process [27,28], and 
opening up exciting prospects for using SCO complexes in ultrafast, 
optically addressed switching devices as well.

Although the SCO phenomenon is innately a molecular-level process, 
it appears that the manifestation of this phenomenon is largely influ
enced by interactions between molecules. Indeed, in solid-state mate
rials, collective effects are known to arise from the complex interplay of 
short- and long-range elastic interactions between SCO molecules in 
different spin states. These interactions, mediated by the crystal lattice, 
result from the significant change in molecular volume, as well as the 
drastic modifications in elastic constants (i.e., lattice stiffness) that 
accompany the spin-state switching [29]. In the SCO field, these col
lective effects are usually referred to under the general concept of 
cooperativity [30]. The physical origins of these cooperative effects have 
been successfully described using continuum elasticity theory [31,32], 
and many microscopic models have also been developed to conceptu
alize the mechanisms of elastic intermolecular interactions [33]. It is 
noteworthy that in nanoscale SCO materials, in addition to the cooper
ative effects between neighboring metal centers, the influence of sur
face/interface properties needs also to be taken into account [8,34]. 
Overall, all these effects lead to modifications in the thermodynamic 
stability between the LS and HS phases, as well as in the dynamics of the 
switching process. As such, the thermally induced SCO process between 
the LS and HS states may take different forms, ranging from gradual spin 
conversions in weakly cooperative systems (e.g., regular solutions, 
diluted solids), characterized by a homogeneous and progressive 
transformation of the material, to genuine first-order spin transitions in 
highly cooperative solids, which are abrupt and accompanied by 

hysteresis (memory effect) and phase separation phenomena [35]. Un
deniably, the possibility of a molecular memory effect working at room 
temperature has been a major driving force behind SCO research in 
recent decades [36].

An important characteristic of SCO compounds is that the spin-state 
switching event is accompanied by significant changes in nearly all the 
physical properties of the material. These highly tunable properties of 
SCO materials make them attractive for a broad range of practical ap
plications, which require smart, functional materials as sensors, actua
tors, displays, switches, and information storage devices [7,8,37]. 
Particularly, in addition to changes in magnetic (magnetic susceptibil
ity), thermal (heat capacity), and mechanical (elastic constants) prop
erties, SCO materials are known to exhibit significant changes in their 
optical properties. Among these, the most spectacular and well-known 
property is, undoubtedly, the color change of SCO materials accompa
nying the molecular spin-state switching. This property was used in the 
very first SCO-based applications developed by Kahn et al. [38,39] more 
than 30 years ago, which consisted in information storage and optical 
display devices. Since then, several application ideas (mainly for optical 
sensing purposes) have been proposed and developed by researchers. On 
the other hand, less well recognized is the concomitant change in the 
refractive index of SCO materials across wide spectral ranges. Although 
less well studied, this property opens up interesting prospects for 
manipulating and modulating light propagation in switch-type devices, 
particularly at nanometric scales where the color change contrast of SCO 
materials often becomes negligible.

In this review, we provide a state-of-the-art overview of current 
knowledge on the optical properties of SCO materials, focusing on 
changes in both the optical absorption properties – i.e., the imaginary 
part of the complex refractive index – as well as the real part, across 
different spectral ranges. We highlight the use of these optical changes 
for detection applications, not only for probing the SCO phenomenon 
itself, but also for the development of various optically readable sensors. 
Additionally, we present an overview of the current applications of 
optical property changes in the recent development of SCO-based pho
tonic switching devices within the emerging field of active photonics, 
with particular emphasis on photoinduced spin transitions, which are of 
paramount importance for the realization of all-optical switches. 
Finally, we extend this review to the intriguing phenomenon of strong 
light-matter coupling in resonant optical cavities, which opens up 
fascinating perspectives in the field of polaritonic chemistry for 
manipulating molecular properties through confined light modes. As a 
guide for the reader, the structures of the ligands for all SCO compounds 
referenced in this article are provided in the Supplementary Material 
(Fig. S1).

2. Optical properties of spin-crossover materials

2.1. The complex refractive index: Definition and basic concepts

One of the most remarkable properties of the SCO phenomenon is the 
change in the complex refractive index of the material, defined as: 

n* = n+ ik (3) 

upon the molecular spin-state switching. This modification involves 
changes in both the real part of n*, referred to as the refractive index (n), 
and the imaginary part (k), known as the extinction coefficient. In optics, 
the complex refractive index is a macroscopic, dimensionless quantity 
that governs the characteristics of light propagation in a given medium. 
Briefly, the electric field E associated with electromagnetic radiation of 
frequency ω, propagating in a medium with a complex refractive index 
n* along the positive z-axis, can be expressed as a monochromatic plane 
wave, which can be represented in complex exponential form as: 
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E = E0exp
[
− iω

(
t −

n*

c
z
) ]

(4) 

where i is the imaginary unit (i2 = − 1), c is the speed of light in vacuum, 
E0 is the amplitude of the propagating wave, and t is the time. Note that 
the angular frequency ω and the wavelength (in vacuum) λ0 of the 
electromagnetic radiation are linked by the relationship: 

ω =
2πc
λ0

(5) 

If we neglect any magnetic interactions between the medium and the 
magnetic field of the radiation (which is generally a good approximation 
for non-ferromagnetic or ferrimagnetic materials), the complex refrac
tive index that appears in Eq. (4) is directly related to the complex 
relative permittivity of the material εr* by the relation: 

(n*)
2
= εr

* (6) 

where εr* is a complex number that can be expressed in the general form: 

ε*
r = έr + iέʹ

r (7) 

The real part of εr*, also known as the dielectric constant, quantifies 
the ability of a material to acquire polarization density, and thus store 
electric energy, in response to an applied electric field. This property is 
related to the intrinsic microscopic polarizability of atoms and mole
cules. The imaginary part, εr”, corresponds to a phase shift of the po
larization density P relative to E. This phase shift causes a certain 
amount of electromagnetic energy to be dissipated as the wave propa
gates through the medium, resulting in attenuation of the traveling 
fields. According to Eq. (6), the real and imaginary parts of n* and εr* are 
linked by the following relationships: 

έr = n2 − k2 (8) 

έʹ
r = 2nk (9) 

These relations can also be inverted to express n and k as functions of 
εr’ and εr”: 

n =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
2

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

έr
2 + έŕ

2
√

+ έr

)
√

(10) 

k =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
2

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

έr
2 + έŕ

2
√

− έr

)
√

(11) 

Substituting Eq. (3) into Eq. (4), the complex exponential form of the 
electric field becomes: 

E = E0exp
(

−
ωk
c

z
)

exp
[
− iω

(
t −

n
c

z
) ]

(12) 

It is immediately apparent from Eq. (12) that the real part of n* af
fects only the phase of the light wave propagating through the medium, 
while the imaginary part, k, affects only its amplitude. As indicated in 
Eq. (12), the radiation propagates in the material with a phase velocity 
vϕ, which is no longer equal to c, as in vacuum, but rather c / n. Thus, the 
refractive index (real part) can be seen as the factor by which the phase 
velocity (and the wavelength) of the electromagnetic radiation is 
reduced with respect to its value in vacuum: 

n =
c
vϕ

(13) 

The refractive index is a dimensionless, macroscopic quantity that 
describes how the phase of a light wave is altered as it propagates 
through the material. More specifically, Eq. (12) shows that any varia
tion in the refractive index of a material, Δn, over a path length ℓ, results 
in a change in the optical phase, Δϕ, of the propagating wave, given by: 

Δϕ =
ωℓΔn

c
=

2πℓΔn
λ0

(14) 

Thus, any change in the refractive index of a medium allows for the 
modulation of the phase of electromagnetic waves propagating through 
it, thereby also affecting all related interference and diffraction 
phenomena.

From a microscopic point of view, the refractive index arises from the 
polarization of atoms and molecules by the electric field of the incident 
optical wave. The primary effect of the propagating radiation is indeed 
exerted by the electric field, which causes the electric charges in the 
medium to oscillate at the same frequency as the light wave. These 
oscillating charges (or dipoles) subsequently produce a new electro
magnetic field (the secondary field) that oscillates at the same frequency 
as the primary wave but with a phase delay. As a result, the light wave 
traveling through the medium, which is the macroscopic superposition 
of all the waves radiated by the moving charges, propagates with a phase 
velocity reduced by a factor n (the refractive index) compared to the 
phase velocity of the same wave in vacuum. Importantly, both n* and 
εr*, which characterize the response of a material in terms of polariza
tion density, depend on the frequency ω (or equivalently, the wave
length λ0) of the incident field. This frequency dependence simply 
reflects the fact that a material cannot polarize instantaneously in 
response to an applied field, but does so with a certain time delay. This 
phenomenon is known as dispersion. Since the refractive index dictates 
the phase velocity of the optical wave within the medium, this disper
sion property implies that the phase velocity of the radiation also de
pends on its frequency. Finally, it is important to note that the refractive 
index also determines the amount of light that is transmitted or reflected 
at the interface between two media. The ratio of reflected to transmitted 
light is described by the so-called Fresnel coefficients, which depend on 
the refractive indices of the two media, as well as the incident angle and 
the polarization of the incoming wave.

While the real part of n* affects the phase of light radiation, the 
imaginary part, k, influences the amplitude of the electromagnetic wave 
propagating through the material and quantifies the amount of attenu
ation due to optical absorption. As shown in Eq. (12), the amplitude of 
the light wave decreases exponentially as it propagates, following exp 
(− ωkz/c). Consequently, the intensity I of the electromagnetic radiation 
(sometimes also called irradiance), which is proportional to the square 
of the amplitude of the electric field, varies as: 

I(z) = I0

[

exp
(

−
ωk
c

z
)]2

= I0exp( − αz) (15) 

where I0 is the intensity of the incident light (at z = 0), and α is the 
absorption coefficient of the material (with units of inverse length, 
typically expressed in cm− 1). As indicated in Eq. (15), the absorption 
coefficient α is directly related to the extinction coefficient, k, through 
the following relationship: 

α =
2ωk

c
=

4πk
λ0

(16) 

Note that, instead of the absorption coefficient α, some authors 
prefer using the molar absorption coefficient ε (in L mol− 1 cm− 1), 
sometimes also referred to as the molar extinction coefficient, which is 
defined by: 

ε =
α
C

(17) 

where C (in mol L− 1) is the molar concentration of absorbing species in 
the material. The relationship expressed in Eq. (15) is known as the Beer- 
Lambert law. This relation indicates that the intensity of light radiation 
decreases exponentially as it propagates through the material because 
the wave concedes part of its energy to the medium via optical ab
sorption. It is important to note that this relationship neglects all other 
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sources of wave attenuation, such as reflection or scattering. Moreover, 
it is important to stress that deviations from the Beer-Lambert law can 
occur in non-homogeneous media or in cases of high concentrations of 
absorbing species.

The ratio of transmitted to incident light intensity through a sample 
with a path length ℓ is called transmittance T, and, according to the 
Beer-Lambert law, it is given by: 

T =
I(ℓ)
I0

= exp( − αℓ) (18) 

Since transmittance diminishes exponentially with the thickness of 
the studied sample, another commonly used quantity of interest, called 
absorbance A (or sometimes optical density), is defined as the logarithm 
of T, such that: 

A = − log10(T) =
αℓ

ln(10)
(19) 

As indicated in Eq. (19), absorbance A is a dimensionless quantity, 
which is directly proportional to the sample thickness and the absorp
tion coefficient (i.e., the concentration of absorbing species). Let us 
mention that in certain fields, such as telecommunications or elec
tronics, transmission is often expressed in logarithmic units of decibels 
(dB). This quantity is related to transmittance, T, and absorbance, A, by 
the formula: 

TdB = 10 log10(T) = − 10A (20) 

Attenuation (or transmission loss) in dB is then simply given by AdB 
= –TdB. Therefore, an attenuation of X dB corresponds to a decrease in 
light intensity by a factor of 10X/10.

From a microscopic point of view, optical absorption arises from the 
emergence of a phase shift between the induced dipole moments in the 
medium and the exciting field (absorption is maximum when the two are 
in phase quadrature). However, this phase shift, which results from the 
non-instantaneous response of the medium, is intrinsically linked to the 
phenomenon of dispersion, i.e., the dependence of n on the frequency ω. 
Thus, there is an inherent connection between the phenomena of 
dispersion and absorption in the medium, i.e., between n(ω) and k(ω). In 
fact, it can be shown that the real and imaginary parts of the complex 
refractive index are analytically related through the Kramers-Kronig 
dispersion relations [40]: 

n(ω) = n∞ +
2
π P

∫∞

0

Ω k(Ω)

Ω2 − ω2
dΩ (21) 

k(ω) = −
2ω
π P

∫∞

0

n(Ω) − n∞

Ω2 − ω2
dΩ (22) 

where P denotes the Cauchy principal value of the integral (which is a 
method for assigning values to integrals at singularities), Ω is the 
angular frequency running through the whole integration range, and n∞ 
is the high-frequency refractive index. The Kramers-Kronig relations can 
be employed to determine the spectral variation of the refractive index n 
(ω) from a measured absorption spectrum (over a broad spectral range), 
and vice versa. However, note that, in practice, it is only possible to 
measure the absorption spectrum over a finite range of frequencies. As 
such, n∞ is not necessarily equal to unity depending on the spectral 
range considered.

2.2. Changes in optical absorption of spin-crossover materials

As the SCO phenomenon involves a change in the electronic ground 
state, and thereby a significant modification of the electronic density of 
states (DOS) of the compound, an appealing feature of the spin transition 
is the concomitant, substantial change in the electronic absorption 

spectrum of the material in the UV–vis-NIR domains. Indeed, most SCO 
compounds exhibit specific electronic absorption bands in these spectral 
ranges, associated with ligand-field and/or charge-transfer (metal-to- 
ligand or ligand-to-metal) transitions, which appear at different wave
lengths in the LS and HS states [28]. As a consequence, one of the most 
spectacular and well-known properties of the spin transition is the 
perceptible color change of the material, a property which is referred to 
as thermochromism, piezochromism, magnetochromism or photochro
mism (depending on whether the SCO is triggered thermally, by an 
applied pressure, a magnetic field, or light irradiation, respectively).

The color change is a characteristic feature of all types of SCO 
compounds, but it is particularly well characterized for the vast family of 
Fe2+ SCO complexes [1,41]. As an example, Fig. 2 presents the ab
sorption spectra of a single crystal of the widely known compound [Fe 
(ptz)6](BF4)2 in both spin states [42], as well as photographs of the 
crystal showing the corresponding color change, from pink in the LS 
state to colorless in the HS state [28]. In the LS state, the spectrum ex
hibits two spin-allowed ligand-field absorption bands, 1A1g → 1T1g and 
1A1g → 1T2g (see Fig. 2a), the former appearing in the visible range 
(18,200 cm− 1, λ0 ≈ 550 nm), while the latter is in the UV region (26,400 
cm− 1, λ0 ≈ 380 nm). Therefore, as the crystal in the LS state predomi
nantly absorbs green light from the visible spectrum, it appears in the 
complementary color, i.e., pink (Fig. 2b). When switching the crystal 
into the HS state, the spectrum features only one ligand-field absorption 
band in the NIR region (11,800 cm− 1, λ0 ≈ 850 nm), corresponding to 
the spin-allowed 5T2g → 5Eg transition. Since no significant absorption 
occurs in the visible range in the HS state, the crystal appears colorless.

These absorption bands are referred to as ligand-field (d–d) bands 
because they involve direct transitions between the split d orbitals of the 
metal ion. Consequently, the significant spectral modifications of these 
d–d transitions upon the SCO are directly related to the substantial 
change in the ligand field strength (10Dq) of the complex. In fact, the 
energy difference between the 5T2g (t2g

4 eg
2) and 5Eg (t2g

3 eg
3) states directly 

gives the ligand field strength of HS molecules, i.e., 10DqHS = E(5Eg) – E 
(5T2g) = 11,800 cm− 1 in the case of [Fe(ptz)6](BF4)2 [42]. As the HS-to- 
LS switching is accompanied by a dramatic increase of 10Dq, ligand- 
field transitions generally appear at higher energies in the LS state. 
For LS Fe2+ complexes, the ligand field strength can be estimated from 
the energy levels of the 1T1g and 1T2g states through the formula 10DqLS 

= E(1T1g) – E(1A1g) + {E(1T2g) – E(1T1g)} / 4, giving 10DqLS ≈ 20,200 
cm− 1 for [Fe(ptz)6](BF4)2 [42]. As an illustration, the values of the 10Dq 
parameter in the two spin states of the compound [Fe(ptz)6](BF4)2 are 
indicated in the Tanabe-Sugano diagram for an Fe2+ (3d6) ion (Fig. 2c). 
This diagram depicts the electronic energy of the excited ligand-field 
states relative to the ground state, plotted as a function of the octahe
dral ligand field strength, 10Dq. The energies are expressed in units of 
the Racah parameter (B ≈ 740 cm− 1 for [Fe(ptz)6](BF4)2 [28]), which 
quantifies the electron-electron repulsion energy. For each spin state, 
the observed ligand-field transitions are indicated by vertical arrows.

It is important to notice that, regardless of the transition metal ion 
considered, the occurrence of the thermally induced SCO phenomenon 
is expected only for a narrow range of ligand field strengths. Conse
quently, the color (change) of SCO compounds generated by ligand-field 
transitions is often similar for a given metal ion. As discussed by Hauser 
[28], the expected range of ligand field strengths and the nature of the 
spin-allowed d–d transitions in the visible spectral range (listed in 
Table 1) can be predicted on the basis of the Tanabe-Sugano diagram 
associated with each SCO-active metal ion [43,44]. As such, the energy 
of these transitions, and the resulting color, can also be predicted to a 
good approximation. Interestingly, it turns out that SCO complexes 
generally exhibit fewer ligand-field d–d transitions (which are likely to 
appear in the visible spectrum) in the HS state compared to the LS state 
(Table 1). This is because the number of accessible electronic states is 
generally lower for high spin multiplicities. Consequently, as a rule of 
thumb, SCO complexes often appear less intensely colored in the HS 
state than in the LS state. This trend is commonly observed in the wide 
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family of Fe2+ SCO complexes (3d6), but this may also be particularly 
remarkable for Fe3+ and Mn2+ complexes, since the latter do not exhibit 
d–d transitions in the HS state (owing to their 3d5 electronic configu
ration), which implies that they must appear colorless – provided, of 
course, that no other absorption bands (e.g., intra-ligand or charge- 
transfer bands) fall in the visible range.

The intensity of absorption bands can be explained by examining the 
relevant selection rules, which define the transition probabilities be
tween quantum states. Although the ligand-field transitions listed in 
Table 1 are spin-allowed – since the spin quantum number remains 
unchanged (ΔS = 0) – they are, however, forbidden according to the 
Laporte (orbital) rule because these transitions involve d orbital states of 
the same parity. Consequently, the molar absorption coefficients asso
ciated with these d–d transitions are generally low, typically in the range 
ε = 5–100 L mol− 1 cm− 1 (as shown, for example, in Fig. 2a), which 
corresponds to absorption coefficients of the order of α = 10–200 cm− 1, 
i.e., extinction coefficients (imaginary part of n*) such that k < 10− 3. For 
this reason, SCO compounds such as [Fe(ptz)6](BF4)2, which exhibit 
only d–d ligand-field transitions in the visible spectral range, appear 
colored in at least one spin state; however, they are generally not fully 
opaque, even for crystals of micrometric or millimetric thickness. One 
may nevertheless ask why d–d transitions are observable at all if they are 

forbidden? The reasons are multiple. The most important is that some 
degree of mixing between d and p orbitals occurs whenever the metal ion 
is not located at a center of symmetry, leading to a deviation from 
perfect octahedral symmetry. This can arise due to the presence of 
different ligands, the Jahn-Teller effect, or vibronic coupling [45]. Note 
that these phenomena, which allow for the “relaxation” of the Laporte 
rule, are also manifested by band polarization, splitting, and asymmetry.

For completeness, it is worth mentioning that other weaker ligand- 
field d–d transitions (not listed in Table 1) can also be observed be
tween states with different spin multiplicities. For instance, Fe2+ com
plexes in the LS state also display spin-forbidden singlet → triplet 
transitions, such as 1A1g → 3T1g and 1A1g → 3T2g, which generally occur 
at longer wavelengths compared to the spin-allowed transitions (980 
and 670 nm, respectively, for [Fe(ptz)6](BF4)2 [42]). However, as these 
transitions are both spin-forbidden and Laporte-forbidden, they are 
extremely weak (α < 1 cm− 1, k < 10− 5) and therefore have a negligible 
influence on optical properties in most cases. The different mechanisms 
behind the appearance of such spin-forbidden bands include spin-orbit 
coupling, magnetic coupling, spin-flip or magnetic dipole transitions 
[45].

Besides metal-centered ligand-field transitions, the electronic spectra 
of SCO complexes also comprise transitions between the metal ion and 

Fig. 2. (a) Optical absorption spectra of a single crystal of the Fe2+ SCO complex [Fe(ptz)6](BF4)2 at 20 K (LS state) and 293 K (HS state). (b) Photographs of the 
single crystal in the two spin states, showing the color change from pink in the LS state (left) to colorless in the HS state (right). Adapted with permission from 
Ref. [28]. (c) Tanabe-Sugano diagram for an Fe2+ (3d6) ion, showing the energy E of the excited ligand-field states relative to the ground state as a function of the 
ligand field strength 10Dq. Both E and 10Dq are expressed in units of the Racah parameter B. The vertical arrows indicate the ligand-field transitions observed for the 
compound [Fe(ptz)6](BF4)2 in the two spin states and the corresponding value of 10Dq. Adapted with permission from Ref. [12]. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.)

Table 1 
Lowest-lying, spin-allowed ligand-field transitions for octahedral d4–d7 complexes in their LS and HS states, extracted from the Tanabe-Sugano diagrams associated 
with each metal ion [44], which are expected to occur in the visible spectral range.

d4 (Cr2+, Mn3+) d5 (Mn2+, Fe3+) d6 (Fe2+, Co3+) d7 (Co2+)

LS HS LS HS LS HS LS HS
3T1g → 3Eg

5Eg → 5T2g
2T2g → 2T1g N/A 1A1g → 1T1g

5T2g → 5Eg
2Eg → 2T1g

4T1g → 4T2g
3T1g → 3T2g ​ 2T2g → 2A2g ​ 1A1g → 1T2g ​ 2Eg → 2T2g

4T1g → 4A2g
3T1g → 3A1g ​ 2T2g → 2Eg ​ ​ ​ ​ 4T1g → 4T1g
3T1g → 3A2g ​ ​ ​ ​ ​ ​ ​
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the ligands – either metal-to-ligand (MLCT) or ligand-to-metal (LMCT) 
charge-transfer transitions – as well as ligand-centered (L–L) transitions. 
These bands are generally very intense, often overshadowing the much 
weaker ligand-field transitions. Ligand-centered absorptions (L–L) are 
typically associated with organic molecules containing delocalized 
electrons, resulting in intense π–π* transitions. These intra-ligand ab
sorptions usually occur in the UV spectral region but can, in some cases, 
shift into the visible part of the spectrum, thus significantly contributing 
to the color of the complex. On the other hand, in general, these bands 
are only weakly affected by the spin-state change of the metal ion.

What makes the color changes of SCO complexes less predictable is 
the presence of intense charge-transfer (MLCT or LMCT) absorption 
bands, which can appear from the UV to the NIR spectral range [28]. The 
absorption coefficients associated with these charge-transfer transitions 
typically fall in the range α = 104–105 cm− 1, corresponding to extinction 
coefficients k between 0.05 and 0.5. These transitions are 102 to 103 

times more intense than d–d transitions since they are both spin-allowed 
and Laporte-allowed. Because of the simultaneous changes in the pop
ulation of d orbitals and metal-ligand distances, the energy and intensity 
of MLCT and LMCT bands are significantly modified upon the SCO 
process. These spectral changes primarily arise from the increased 
metal-ligand bond lengths in the HS state, which results in poorer 
overlap between the metal-centered and ligand-centered orbitals 
compared to the LS state. However, other factors must also come into 
play, such as the ionization energy and/or electron affinity of the metal 
ion and ligands (i.e., their redox properties), which should depend on 
the molecular spin state as well. Contrary to d–d transitions, charge- 
transfer transitions cannot be predicted using Tanabe-Sugano dia
grams. To this aim, proper molecular orbital (MO) diagrams must be 
drawn. As an illustration, Fig. 3 presents a schematic MO diagram for an 
octahedral ML6 complex, highlighting the different types of possible 
electronic transitions. Notably, it appears that various g → u MLCT and 
u → g LMCT transitions are allowed as they satisfy the Laporte rule. 
However, to be fully allowed, these transitions must of course also 
preserve the spin multiplicity between the ground and excited states.

For many SCO materials, these charge-transfer absorption bands 

occur in the UV spectral region in both spin states, so they do not 
contribute to the color (change) of the compound. This is the case, for 
example, for the Fe2+ SCO complex [Fe(HB(1,2,4-triazol-1-yl)3)2]. As 
shown by spectrophotometric measurements carried out in a 100-nm- 
thick film of this complex (Fig. 4a), intense charge-transfer bands are 
observed around 300 nm in the LS state (with a maximum absorption 
coefficient of α = 65,000 cm− 1), which are completely bleached when 
switching the molecules into the HS state [46]. Note that this compound 
also exhibits a ligand-field d–d transition at 535 nm in the LS state, 
which, however, remains undetectable by spectrophotometry in such 
nanometric thin films. As shown in the inset photograph of Fig. 4a, the 
film is fully transparent to the eye in both spin states. On the other hand, 
for many other SCO compounds (e.g., those formed from ligands with 
extended π-systems), such intense charge-transfer transitions may 
instead appear in the visible wavelength range, making the compound 
highly absorbing (in the visible) and thus intensely colored in at least 
one spin state. This example is illustrated in the case of the 3D-Hoffman 
metal-organic framework (MOF) [Fe(pyrazine)Pt(CN)4]•2.6H2O 
(Fig. 4b), whose absorption spectrum in the LS state is dominated by two 
intense MLCT bands around 500 and 535 nm [47]. Upon the LS-to-HS 
switching, these two bands disappear and are replaced by a new one 
that emerges around 450 nm. Consequently, as shown in Fig. 4b, the 
compound, which appears pink-red in the LS state, changes to a 
yellowish color in the HS state.

Overall, it turns out that SCO compounds exhibiting charge-transfer 
bands in the visible spectral range are intensely colored and nearly 
opaque, even for thicknesses as small as 1 μm. On the other hand, in sub- 
micrometer-thick samples, these absorption bands can be readily probed 
using transmission spectroscopy techniques, for instance, to monitor the 
SCO phenomenon in nanometer-sized objects. However, it is undeniable 
that the metal-centered ligand-field absorption bands are too weak to be 
detected in sub-micrometer-thick samples, even though the concentra
tion of absorbing metal centers is high (e.g., pure, non-diluted solid-state 
compounds).

2.3. Changes in the refractive index of spin-crossover materials

Besides the change in the extinction coefficient, k, it is less commonly 
acknowledged that the real part, n, of the complex refractive index of 
SCO compounds also undergoes significant variations across different 
spectral regions. Up to now, only a few studies were dedicated to the 
refractive index switching of SCO compounds. To the best of our 
knowledge, the first investigation of refractive index changes during the 
SCO process was reported by Hauser [48], who studied transient phase 
gratings, generated by means of four-wave-mixing, in single crystals of 
the compound [Zn0.9Fe0.1(ptz)6](BF4)2. He concluded that the observed 
refractive index change primarily reflects the mass density variation 
brought into by the spin-state switching. Later, the refractive index of 
different SCO compounds was assessed in the UV–vis-NIR spectral 
ranges in both spin states using spectroscopic ellipsometry (Fig. 5) and 
other optical characterization techniques (see Table 2) [49–56]. From 
these available experimental data, several remarks can be made.

First, like most organic molecular materials, the refractive index of 
SCO materials in the vis-NIR regions always lies, unsurprisingly, in the 
range between 1.5 and 1.8. Second, as n and k are connected through the 
Kramers-Kronig relations (Eqs. (21) and (22)), any significant variation 
in k (i.e., the optical absorption of the material) between the two spin 
states within a given wavelength domain inevitably leads to corre
sponding substantial changes in n within the same spectral range. This 
effect is clearly observed, for instance, in the compounds [Fe(NH2-trz)3] 
(Br2) (Fig. 5a) [49] and [Fe(HB(1,2,4-triazol-1-yl)3)2] (Fig. 5b) [56], 
which both exhibit intense spin-state-dependent charge-transfer ab
sorption bands in the UV range (around 300 nm) in the LS state, 
resulting in sharp spectral variations in n in this wavelength domain. As 
these absorption bands are absent in the HS state, large variations in the 
refractive index (typically of the order of 0.1–0.2) can thus be observed 

Fig. 3. Simplified molecular orbital diagram for an octahedral ML6 complex 
with partially occupied metal-centered t2g and eg orbitals, and empty ligand π* 
orbitals, schematically showing different types of electronic transitions (d–d in 
yellow, MLCT in blue, LMCT in red, and L–L in green). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.)
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Fig. 4. (a) Optical absorption spectra of a 100-nm-thick film of the SCO complex [Fe(HB(1,2,4-triazol-1-yl)3)2] acquired at 20 ◦C (LS state) and 120 ◦C (HS state). A 
maximum absorption coefficient of α = 65,000 cm− 1 is observed around 300 nm in the LS state, associated with the presence of charge-transfer bands. Inset: 
photograph of the film at room temperature (LS state) deposited on a fused-silica substrate. Reproduced with permission from Ref. [46]. (b) Variable-temperature 
absorption spectra of a microcrystalline powder of the compound [Fe(pyrazine)Pt(CN)4]•2.6H2O, dispersed in a KBr pellet, acquired between 300 K (HS state) and 
10 K (LS state). Adapted with permission from Ref. [47].

Fig. 5. Refractive index spectra in the UV–vis wavelength ranges, extracted from spectroscopic ellipsometry measurements for the SCO compounds (a) [Fe(NH2- 
trz)3](Br2), (b) [Fe(HB(1,2,4-triazol-1-yl)3)2] and (c) [Fe(hptrz)3](OTs)2, in both spin states. Reproduced with permission from Ref. [49,51,56].

Table 2 
Refractive index measured in different SCO compounds in the visible spectral range in the two spin states, and comparison with the unit-cell volume change upon the 
spin transition.

SCO compound nLS nHS ΔnHL ¼ nHS – nLS ΔnHL / (1 – nLS) Method of investigation ΔVHL / VLS Reference

[Fe(NH2-trz)3](Br2)

1.74 
(500 nm)

1.68 
(500 nm)

− 0.06 
(500 nm)

8.1 % Spectroscopic ellipsometry 
(powder) Not reported

[49]

1.71–1.76 
(550 nm)

1.57–1.63 
(550 nm)

− 0.11 
(550 nm) 14.5 %

Minimum deviation method 
(nanoparticles in solution) [53]

{Fe(bpac)[Pt(CN)4]}
1.75 
(650 nm)

1.67 
(650 nm)

− 0.08 
(650 nm) 10.7 %

Optical diffraction on gratings 
(thin film) 9.8 % [52]

[Fe(hptrz)3](OTs)2

1.58 
(660 nm)

1.57 
(660 nm)

− 0.01 
(660 nm) 1.7 %

Ellipsometry and SPR spectroscopy 
(thin film)

Not reported
[50]

1.57 
(visible)

1.55 
(visible)

− 0.02 
(visible)

3.5 %
Spectroscopic ellipsometry 
(thin film)

[51]

[Fe(Htrz)2(trz)](BF4)
⁓1.7 
(vis-NIR)

⁓1.6 
(vis-NIR)

− 0.10 
(vis-NIR)

14 %
LSPR spectroscopy 
(Au@SCO nanoparticles)

11.5 % [54]

[Fe(HB(1,2,4-triazol-1-yl)3)2]
1.62 
(500 nm)

1.57 
(500 nm)

− 0.05 
(500 nm)

8.1 % Spectroscopic ellipsometry 
(thin film)

4.5 % [55]
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upon the molecular spin-state change in the UV (see Fig. 5a and b). In 
these spectral ranges, the refractive index may be higher in either the HS 
or LS state, depending on which spin state is the most absorbing.

Third and most importantly, a substantial broadband change in n 
also occurs in many SCO compounds within the vis-NIR regions, i.e., in 
spectral windows away from intense absorption bands. As shown in 
Fig. 5 and Table 2, the experimental data for all the studied compounds 
consistently reveal that the refractive index decreases by ca. 0.01–0.1 
over the entire vis-NIR range when going from the LS to the HS state. For 
example, spectroscopic ellipsometry measurements performed on the 
SCO compound [Fe(NH2-trz)3](Br2) (in pellet form) revealed a notable 
decrease in the refractive index, ΔnHL = nHS – nLS ≈ − 0.06, in the whole 
visible domain upon the LS-to-HS transition (Fig. 5a) [49]. The refrac
tive index of the same compound, studied under the form of nano
particles dispersed in solution, was also estimated using the minimum 
deviation method, which consists in measuring the minimum angle of 
deviation of light through a prism filled with the investigated micro
emulsion [53]. In this case, a notable refractive index change from 1.76 
(LS state) to 1.63 (HS state) was reported at 550 nm. Similarly, spec
trophotometric and ellipsometric investigations revealed a well- 
reversible change in the refractive index upon the SCO in vacuum 
thermally deposited thin films of the Fe2+ complex [Fe(HB(1,2,4-triazol- 
1-yl)3)2] in the whole visible spectral range (see Fig. 5b), with ΔnHL 
reaching − 0.05 at 500 nm, between 1.62 (LS state) and 1.57 (HS state) 
[55,56]. As for thin films of the complex [Fe(hptrz)3](OTs)2, a smaller 
variation in the refractive index (ΔnHL = − 0.02) was derived across the 
visible range using spectroscopic ellipsometry (Fig. 5c) [51].

Importantly, as summarized in Table 2, for most of the SCO com
pounds studied, the relative change in the refractive index, expressed as 
ΔnHL / (1 – nLS), is found to approximately match the relative volume 
expansion, ΔVHL / VLS, observed during the LS-to-HS transition. This 
observation agrees with the empirical Gladstone-Dale relation [57]: 

ΔnHL

1 − nLS
=

ΔVHL

VLS
(23) 

which indeed predicts a decrease in the refractive index, ΔnHL = nHS – 
nLS, ranging from − 0.01 to − 0.1 for each SCO compound due to the 
relative volume change, ΔVHL / VLS = 1–10 %, typically accompanying 
the LS-to-HS transition. This important observation indicates that the 
molecular volume (or mass density) change of SCO materials is the main 
factor at the origin of the refractive index modulation in the vis-NIR 
spectral ranges. As mentioned above, this volume change primarily re
sults from the substantial elongation of the metal-ligand bond lengths 
when switching from the LS to the HS state, due to the larger occupancy 
of the anti-bonding eg orbitals of the metal ion in the HS state.

Interestingly, this change in n occurs in (quasi-)transparent wave
length windows of the material, where absorption remains extremely 
low in both spin states. For example, Fe2+ SCO compounds, such as [Fe 
(HB(1,2,4-triazol-1-yl)3)2] and [Fe(Htrz)2(trz)](BF4), exhibit only weak 
ligand-field d–d absorption bands centered around 540 nm (1A1g → 1T1g) 
in the LS state and around 830 nm (5T2g → 5Eg) in the HS state, asso
ciated with low absorption coefficients (α < 200 cm− 1, k < 10− 3). 
Therefore, a remarkable feature of many SCO materials is that they can 
display significant changes in n over broad spectral ranges, while the 
extinction coefficient remains extremely low and virtually unchanged in 
both spin states (k and Δk < 10− 3). As we will see later, this property 
turns out to be very useful for specific applications that aim to manip
ulate the phase of optical waves without altering their amplitude. It 
should be stressed that this change in n, which occurs independently of 
any variation in k, remains consistent with the Kramers-Kronig relations 
(Eq. (21) and (22)). Indeed, this modulation of the refractive index is not 
related to a change in the electronic polarizability of the molecules. 
Instead, it results from a change in the number of (electronic) oscillators 
per unit volume in the material caused by the spin-state switching, 
which generates a global modification of n over the whole spectrum. (In 

fact, this phenomenon is similar to the decrease in n observed in most 
materials when the temperature rises due to ordinary thermal expan
sion.) This effect can be accounted for within the framework of the 
Kramers-Kronig relations through a change in n∞ (high-frequency 
refractive index) upon the spin transition.

As indicated in Table 2, the studies dedicated to the refractive index 
change of SCO materials have mainly been carried out on powders, 
nanoparticles dispersed in solution, or polycrystalline thin films, but 
never on single crystals. Such investigations would, however, be very 
instructive, for example, for exploring the anisotropy of the refractive 
index and the associated birefringence effects (as well as their evolution 
upon spin-state switching), since the volume change of SCO materials 
can be highly anisotropic in some cases [19]. This question remains 
totally unexplored until now. Another question arises regarding a 
possible variation in the refractive index with size reduction, particu
larly at ultra-small sizes (< 10 nm). From currently available data, no 
significant change in the refractive index of SCO materials has been 
reported in nano-objects, compared to bulk materials [52]. However, 
this issue will certainly require more detailed and specific studies in the 
future.

At this point, it may be worth mentioning that the dielectric prop
erties of SCO materials have also been investigated in other spectral 
ranges, from the THz (far infrared) domain [58–60], through the GHz 
(microwave) range [61,62], and down to the domain of radio and quasi- 
static frequencies (Hz–MHz) [63–73]. As illustrated schematically in 
Fig. 6, different microscopic mechanisms of polarizability take place 
across various frequency ranges, resulting in a pronounced frequency 
dependence of the complex relative permittivity and refractive index. As 
the excitation frequency is lowered, more and more different mecha
nisms can contribute to the overall polarization of the material. These 
different polarizability processes are associated with well distinct 
characteristic (relaxation or resonance) frequencies, beyond which they 
can no longer contribute to the permittivity because they are unable to 
follow the frequency of the electric field. Consequently, these relaxation 
or resonance processes are characterized by a dissipation peak in the 
imaginary part, εr”, as well as a step-like decrease in the real part, εr’, of 
the complex relative permittivity.

As shown in Fig. 6, the only microscopic mechanism involved in 
polarizability in the UV–vis-NIR spectral ranges is of electronic origin. 
Indeed, electronic polarizability accounts for the relative tendency of 
electron clouds of atoms and molecules to be distorted from their normal 
shape by an external electric field, inducing local dipole moments. 

Fig. 6. Dielectric spectral response of materials, showing the typical evolution 
of the real (εr’) and imaginary (εr”) parts of the complex relative permittivity 
over a wide range of frequencies. The various microscopic mechanisms at the 
origin of the dielectric response are depicted.
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Because of the larger volume of HS molecules, which may favor larger 
deformation of electron clouds (particularly of the metal ion), a higher 
electronic polarizability might be expected in the HS state in comparison 
with the LS state. However, as mentioned above, experimental data 
show that the variation in electronic polarizability between the LS and 
HS states is, in fact, relatively small. Instead, the main contribution to 
ΔnHL simply arises from the reduction in the number of electronic os
cillators per unit volume upon the LS-to-HS switching, associated with 
the crystal lattice volume expansion of the material.

At lower frequencies, from the infrared spectral region and below, 
another contribution, referred to as ionic (or atomic) polarizability, 
strongly contributes to the relative permittivity (Fig. 6). This contribu
tion originates from the displacement of ions and atoms relative to the 
crystal lattice under the influence of an external electric field, which 
gives rise to net dipole moments. Typically, the ionic polarizability 
varies as 1 / ωe

2, where ωe is the harmonic natural frequency of the bond 
between two atoms [74]. Interestingly, the few experimental data 
available in the THz and GHz ranges (obtained only for SCO compounds 
of the Fe-triazole family) reveal that the relative permittivity system
atically exhibits opposite behavior compared to the vis-NIR response, i. 
e., it increases upon the LS-to-HS switching [58–62]. For example, the 
refractive index of the SCO compound [Fe(NH2-trz)3](Br2) increases 
from 1.70 to 1.84 (ΔnHL = +0.14) at 0.6 THz when going from the LS to 
the HS state, and from 2.42 to 2.50 (ΔnHL = +0.08) at 37 GHz (see 
Table 3) [60,62]. A similar evolution was also reported for the related 
compound [Fe(NH2-trz)3](NO3)2 [60,62]. This change in the sign of 
ΔnHL in the THz and GHz regions suggests that the dielectric response of 
the material is no longer dominated by variations in mass density (as in 
the vis-NIR ranges), but rather by the contribution of ionic polariz
ability. Indeed, ionic polarizability is expected to be greater in the HS 
state due to the significant decrease in the frequency ωe of certain 
vibrational modes – particularly those associated with the coordination 
octahedron – during the LS-to-HS transition. We can thus postulate that 
this reduction in bond rigidity facilitates the displacement of atoms 
under the influence of an applied electric field, leading to increased ionic 
polarizabilities in the HS state.

As an example, and to illustrate the typical frequency evolution of 
the dielectric response of SCO materials, Table 3 summarizes the values 
of the complex relative permittivity and refractive index of the SCO 
compound [Fe(NH2-trz)3](Br2) measured across different frequency 
ranges, from visible to GHz [49,60,62]. While ΔnHL = nHS – nLS is 
negative in the visible spectral range, a change in the sign of ΔnHL is 
observed in the THz–GHz domains, accompanied by substantial varia
tions in n of the order of 0.1 upon the SCO.

Then, at even lower frequencies (< 1 MHz), other mechanisms come 
into play, such as the orientational polarization of permanent dipole 
moments (if existing) and the polarization associated with site-to-site 
charge hopping phenomena, which contribute to the electrical con
ductivity of the material (Fig. 6). The relaxation processes associated 
with these polarization mechanisms, which contribute to the imaginary 
part of εr*, are known to be thermally activated, so that their relaxation 

frequencies generally depend on temperature. As with ionic polariz
ability, a higher orientational (dipolar) polarizability can be expected in 
the HS state because the larger lattice volume can facilitate the re- 
orientation of polar entities (e.g., solvent molecules) with the applied 
electric field as molecular mobility increases. Regarding electrical con
ductivity, in low-mobility solids such as molecular SCO compounds, 
charge transport occurs via charge hopping conduction between local
ized sites [75]. The hopping motion of an electrical charge involves a 
dielectric relaxation, as it is inherently associated with a redistribution 
of counter charges within the material. Owing to higher phonon fre
quencies in the LS state, experimental data consistently show larger 
electrical conductivity of SCO compounds in the LS state due to higher 
hopping rates. Hence, an increased conductivity relaxation frequency 
can also be expected in the LS state [70].

At very low frequencies (Hz–MHz), all the contributions mentioned 
above may contribute to the total dielectric response (relative permit
tivity) of the material. As such, it turns out that very different behaviors 
can be observed from one compound to another. In some SCO materials, 
the LS-to-HS transition is accompanied by an increase in the real part εr’ 
[63–65,68,69,72,73], which seems to indicate that the contributions of 
ionic (and even dipolar) polarizabilities still dominate the overall 
dielectric response of the material at these excitation frequencies. On the 
other hand, other compounds show the opposite behavior, with a 
decrease in εr’ in the HS state [66,67,70,71]. In the case of the SCO 
compound [Fe(Htrz)2(trz)](BF4), this drop in εr’ upon the LS-to-HS 
switching was attributed to a significant contribution from charge 
transport relaxation to the permittivity [67,70], since a sharp decrease 
in electrical conductivity (by ⁓2 orders of magnitude) is observed in 
this compound in the HS state [76]. Finally, it should be mentioned that 
extrinsic contributions to the polarization can also arise due to the 
presence of electrical charges trapped by inhomogeneities in the mate
rial and structural interfaces. Thus, the region at very low frequencies is 
generally dominated by significant dispersion caused by interfacial po
larization (e.g., electrode polarization), which, however, is not purely a 
material property. This contribution can obviously vary significantly 
depending on experimental conditions.

3. The (complex) refractive index change of spin-crossover 
materials as a means of optical detection

Taking advantage of the significant changes in the complex refrac
tive index, n*, of SCO materials across broad spectral ranges, numerous 
experimental optical or photonic detection methods can be used to 
probe and characterize the SCO phenomenon. As we shall see in this 
section, these photonic detection methods turn out to be particularly 
powerful for characterizing the spin transition in nanometric thin films 
and nanopatterns, down to the scale of individual nano-objects. 
Furthermore, as the spin-state equilibrium is sensitive to a variety of 
physicochemical parameters of the external environment, considerable 
efforts have been devoted to the development of diverse optical sensing 
applications based on the complex refractive index change of SCO 
(nano)materials.

3.1. Detecting and investigating the spin-crossover phenomenon

3.1.1. Detection based on optical absorption change
One of the simplest and most straightforward methods for charac

terizing the SCO phenomenon is to monitor the color change (i.e., the 
absorbance change) of the compound. Following this principle, a com
mon way to quantitatively determine the LS and HS fractions in non- 
opaque, homogeneous SCO samples – such as single crystals, thin 
films, or solutions – is to measure the optical absorbance of the sample in 
the UV–vis-NIR spectral domains using a spectrophotometer. (N.B. 
Strictly speaking, the definition of absorbance, A = − log10(T) (Eq. (19)), 
neglects losses due to reflection and scattering of light.) Indeed, ac
cording to the Beer-Lambert law (Eq. (15)), since A is proportional to the 

Table 3 
Evolution of the complex relative permittivity and refractive index of the SCO 
compound [Fe(NH2-trz)3](Br2) in the two spin states, recorded across different 
frequency ranges from the microwave to the visible domain.

Visible (600 THz) 
[49] 
λ0 = 500 nm

Far infrared (0.6 THz) 
[60] 
λ0 = 500 μm

Microwave (37 GHz) 
[62] 
λ0 = 8.1 mm

LS HS LS HS LS HS

n 1.74 1.68 1.70 1.84 2.42 2.50
ΔnHL − 0.06 +0.14 +0.08
k ≈ 10− 3 ≈ 0 0.44 0.42 0.02 0.06
ΔkHL ≈ − 10− 3 − 0.02 +0.04
εr’ 3.03 2.82 2.70 3.21 5.86 6.19
εr” ≈ 0 ≈ 0 1.50 1.55 0.12 0.32
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concentration of absorbing species in the sample, the absorbance 
measured at a well-chosen wavelength (within a spin-state-dependent 
absorption band) merely scales with the fraction of LS or HS mole
cules. Based on this principle, time-resolved optical transmission mi
croscopy has emerged as a powerful, non-invasive imaging tool for the 
spatiotemporal observation of the spin transition in micrometric SCO 
single crystals [77–85] (see Fig. 7). The fraction of HS molecules, XHS(x, 
t), at position x and time t, can be deduced from the measured absor
bance images, A(x,t), using the following formula: 

XHS(x, t) =
A(x, t) − ALS

AHS − ALS
(24) 

where ALS and AHS are the absorbances of the sample in the full LS and 
HS states, respectively. These investigations have made it possible to 
monitor, quantitatively, the evolution of the fraction of HS molecules 
with μm spatial and μs temporal resolution (for instance, by using a 
pump-probe approach [86]), leading to significant advances in under
standing the transition mechanisms and the underlying switching dy
namics of individual SCO single crystals [35]. In a fairly similar 
approach, the use of ultrashort pulsed lasers allows the LS/HS fraction 
(and, subsequently, the ultrafast spin-transition dynamics) to be moni
tored with sub-picosecond time resolution through pump-probe optical 
absorption techniques [46,87–93].

In micrometer-sized crystals, optical detection can typically be ach
ieved by monitoring a ligand-field d–d transition band (usually in the 
vis-NIR spectral ranges), where the change in the absorption coefficient 
upon spin-state switching is ordinarily of the order of Δα = 100 cm− 1. As 
an example, for a 50-μm-thick crystal, this change in α corresponds to a 
variation in optical absorbance of ΔA ≈ 0.22, which is readily detectable 
by any optical detection device. However, since absorbance is 

proportional to the path length, the optical contrast between the two 
spin states often becomes extremely low in nanometer-sized samples. To 
illustrate this shortcoming, the absorbance change in a 50-nm-thick SCO 
sample associated with a ligand-field band is expected to be ΔA ≈ 10− 4, 
which is below the detection limit of most standard commercial spec
trophotometers. For such small-sized samples, it is often possible, 
however, to detect and characterize the spin transition by instead 
probing charge-transfer bands (typically in the UV spectral range, but 
sometimes in the visible domain for certain compounds), whose varia
tions in the absorption coefficient (Δα ≈ 104–105 cm− 1) lead to absor
bance changes (ΔA ≈ 0.02–0.2 for a 50-nm-thick film) that are large 
enough to be detected [94–97]. For this reason, UV–vis spectropho
tometry is a technique of choice to quantitatively characterize the mo
lecular spin-state switching in nanometric thin-film samples.

For example, Fig. 8a displays temperature-dependent UV–vis ab
sorption spectra of a 130-nm-thick film of the Fe2+ SCO complex [Fe(HB 
(3,5-(CH3)2-pz)3)2] deposited by thermal evaporation [98]. At 325 K 
(HS state), the spectrum is essentially featureless except at wavelengths 
below 250 nm, where strong UV absorption bands attributed to intra- 
ligand and charge-transfer transitions of the HS species are observed. 
Upon cooling the film down to 103 K, two well-resolved absorption 
bands appear at 349 and 278 nm, corresponding to MLCT absorptions of 
molecules in the LS state. Therefore, as shown in Fig. 8b, monitoring the 
temperature dependence of these MLCT bands allows for a quantitative 
determination of the thermal spin-transition curve, revealing, in the case 
of thin films of [Fe(HB(3,5-(CH3)2-pz)3)2], a pronounced asymmetric 
thermal hysteresis loop, as well as varying completeness of the spin 
transition at low temperatures depending on the film preparation 
method (as-deposited or annealed). However, it should be noted that 
such quantitative characterization is only feasible with homogeneous, 
high-quality thin films that exhibit minimal light scattering. In some 

Fig. 7. Time-resolved optical transmission microscopy snapshots of a SCO single crystal of [Fe(2-pytrz)2{Pd(CN)4}]⋅3H2O during the thermally induced spin 
transition upon cooling and heating. The images reveal that the spin-state switching occurs through a nucleation and growth process, whereby the new stable phase 
nucleates from the top right corner of the crystal before growing via the propagation of a phase boundary. Reproduced with permission from Ref. [84].

Fig. 8. (a) Absorption spectra of an as-deposited 130-nm-thick film of the Fe2+ SCO complex [Fe(HB(3,5-(CH3)2-pz)3)2], recorded upon cooling from 325 to 103 K. 
The inset displays an AFM topography image of the film. (b) Spin-transition curves of the as-deposited and annealed films, extracted from the temperature 
dependence of the MLCT absorption band at 349 nm. Reproduced with permission from Ref. [98].
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instances, this technique can also be applied to ‘heterogeneous’ systems 
(e.g., SCO nanoparticles embedded in a transparent polymer matrix), 
provided the heterogeneity size (e.g., particle size) is much smaller than 
the optical wavelength, thereby minimizing scattering losses.

3.1.2. Detection based on synergetic luminescent properties
In a few cases, the absorbance change was also used in a less direct 

way, through luminescent doping, as fluorescence is a highly sensitive 
technique (ideally down to single-molecule detection) that allows for 
higher signal-to-noise ratios and, consequently, higher contrast. The 
basic idea is to choose a luminophore whose emission and/or excitation 
spectra show a suitable overlap with the characteristic HS or LS ab
sorption bands of the SCO material, enabling selective quenching of the 
luminescence in a given spin state of the metal centers. The lumines
cence response primarily results from the opening or closing of non- 
radiative relaxation channels for the luminophore in the excited state, 
which occurs either due to spin-state-dependent changes in the spectral 
overlap between the luminophore and the SCO molecules, or as a result 
of the structural changes accompanying the spin transition [99]. 
Consequently, a relatively large modulation of luminescence intensity 
could be achieved as a function of the spin state of the metal centers 
[100]. For instance, a modulation of the luminescence signal has been 
reported in thin films of [Fe(NH2-trz)3](OTs)2 nanoparticles doped with 
rhodamine-110 [101], or through the use of a luminophore grafted onto 
the surface of SCO nanoparticles [102]. Following this approach, 
various studies have been conducted using different types of grafted 
fluorophores, including organic molecules, lanthanide complexes, and 
quantum dots [100]. These investigations provide a deeper under
standing of the energy transfer mechanisms involved in these hybrid 
compounds. For example, when pyrene molecules are grafted onto the 
surface of the silica shell of SCO@shell particles (see Fig. 9a), the spin- 
state sensitivity of the excimer emission was attributed not only to 
radiative energy transfer mechanisms but also to non-radiative effects, 
which are related to changes in the pyrene-pyrene distance induced by 
the spontaneous mechanical strain accompanying the spin transition 

[103]. Interestingly, it should be emphasized that such a large modu
lation of luminescence occurs even if the emission and/or excitation 
bands of the luminophore are combined with the weak ligand-field d–d 
absorption bands of the complex, enabling SCO detection to be achieved 
in individual nano-objects using visible light. As an example, the SCO 
properties of single fluorescent nanodots of the [Fe(hptrz)3](OTs)2 de
rivative, doped with acridine orange and fabricated using a soft lithog
raphy approach, could be readily determined by fluorescence 
microscopy at around 550 nm (Fig. 9b) [104].

On the other hand, some compounds intrinsically exhibit SCO- 
dependent fluorescence properties – without the need for luminophore 
doping – which can be achieved through the use of specific ligands, the 
synthesis of lanthanide-based heterodinuclear complexes (Ln-Fe), or the 
encapsulation of guests [105–111]. For example, the spin-transition 
curve of the dinuclear complex [Fe2(L1)5(NCS)4]⋅4MeOH (L1 = N-sali
cylidene-4-amino-1,2,4-triazole) could be successfully tracked via fluo
rescence by following the temperature-dependent shifts of emission 
bands associated with the radiative relaxation of intra-ligand electronic 
transitions [112]. More recently, Piguet et al. [113] reported the 
monitoring of the Fe2+ spin state through Eu3+ fluorescence in hetero
dinuclear complexes. The resulting temperature-dependent Eu3+- 
centered emission observed for [EuFe-(L)3](CF3SO3)5 (where L stands 
for various ligands containing benzimidazole-2-yl-pyridine units) pro
vides unambiguous evidence for the indirect lanthanide-based optical 
detection of SCO.

3.1.3. Detection based on refractive index change
Beyond changes in the optical absorption (or emission) properties of 

spin-transition materials, the modification of the real part, n, of the 
complex refractive index can also be used to probe the SCO phenome
non, particularly in nanostructures and nanometric thin films. As 
mentioned in the previous section, spectroscopic ellipsometry (Fig. 5) is 
a powerful, dedicated method for probing changes in n over broad 
spectral ranges, and thereby detecting the molecular spin-state switch
ing [49,51,55]. However, other refractive-index-sensitive methods can 

Fig. 9. (a) (left panel) Pyrene-grafted [Fe(Htrz)2(trz)](BF4)@SiO2 core-shell particles and (right panel) their normalized excimer luminescence intensity recorded at 
550 nm for two successive thermal cycles. Reproduced with permission from Ref. [103]. (b) (left panel) Normalized excitation (blue curve) and emission (red curve) 
spectra of the complex [Fe(hptrz)3](OTs)2 doped with acridine orange in the solid state. The black lines depict the absorption spectra of an undoped chloroform 
solution of the SCO complex in both spin states. The vertical dashed lines indicate the spectral pass band (around 550 nm) used in fluorescence microscopy ex
periments to acquire the thermal variation of the luminescence for a selected nanodot (right panel). The inset shows a magnified SEM image of the studied nanodot. 
Reproduced with permission from Ref. [104].
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also be employed.
First, since changes in n affect the refraction and reflection condi

tions at interfaces, a straightforward manner to study the spin transition 
is to measure the specular reflection of (high-quality, low-roughness) 
thin films or single crystals. Indeed, even in spectral ranges far from 
the intense absorption bands of the compound, large and reproducible 
variations in the specular reflectance can be observed in SCO nano
metric thin films, of the order of ΔR / R ≈ 10–20 %, due to the refractive 
index modulation (Fig. 10), thus allowing for a quantitative character
ization of the SCO phenomenon [97,114]. Special attention must be paid 
to the wavelength of study, since the reflectance spectra of thin films 
exhibit oscillations caused by constructive and destructive interference 
between the beams reflected at the air/film and film/substrate in
terfaces. Thus, at certain specific wavelengths, the change in R will be 
almost zero. An example is shown in Fig. 10a for a 215-nm-thick film of 
the SCO complex [Fe(HB(1,2,4-triazol-1-yl)3)2] on a fused-silica sub
strate. On this substrate, the reflectance level is low (between 5 % and 
10 % over the entire spectrum), but a substantial relative decrease in R 
(e.g., by ΔRHL / RLS ≈ − 13 % at 452 nm, see Fig. 10c) can be observed in 
many spectral ranges when switching the film into the HS state. In this 
compound, the LS-to-HS transition, which is accompanied by a drop in 
the refractive index from 1.62 to 1.57 in the visible range (see Table 2), 
leads to a reduced refractive index mismatch with air (nair = 1) and with 
the substrate (nsub ≈ 1.46), resulting in a decrease in the amplitude of 
the oscillations of R in the HS state. Obviously, both the level of optical 
reflectance and the spin-state-dependent changes strongly depend on 
the nature of the substrate. Nevertheless, regardless of the substrate, a 
significant relative variation in R is also always evidenced in the UV 
spectral region, where the SCO film exhibits large optical absorption 
changes. As shown in Fig. 10a and b, a considerable increase in optical 
reflectance is observed around 300 nm (by ΔRHL / RLS = +20 % and 
+205 % on fused-silica and silicon substrates, respectively) when going 
from the LS to the HS state, because the intense charge-transfer bands of 
the SCO compound result in low specular reflectance in the LS state.

Beyond specular reflection, which is effective only for high-quality, 
low-roughness thin films or single crystals, it should be noted that the 
SCO phenomenon can also be routinely detected and monitored by 
diffuse reflection on polycrystalline samples, such as powders. In this 
case, the most general mechanism responsible for diffuse reflection does 
not solely involve the refractive index contrast at the external surfaces of 
the probed material, but rather all the scattering centers within it (e.g., 
grain boundaries, crystallite surfaces, internal defects, etc.), which 
generate a series of scattered (primary, secondary, etc.) rays in random 
directions. In addition, as light enters the material, the diffused rays will 
lose some wavelengths during their path though the material due to 
absorption, and will thus emerge colored. Therefore, because of the 
color change of spin-transition materials, the SCO phenomenon can be 

readily monitored by diffuse reflection (or diffuse scattering) in a large 
variety of samples in different forms. However, it should be underlined 
that this characterization method is not truly quantitative, since it is 
nearly impossible to deduce the exact fraction of LS or HS molecules 
within the sample, the level of scattering intensity (and its variation) 
depending on many other parameters.

As an alternative experimental method, the detection of the spin 
transition was also demonstrated in micrometric surface-relief gratings 
made of a SCO material, by means of optical diffraction [51,52]. In these 
gratings, fabricated via lithographic methods, the modulation of the 
molecular spin state leads to a spatially periodic change in the refractive 
index, which, in turn, induces a substantial modification of the diffrac
tion pattern acquired by transmission microscopy. For example, SCO 
detection was demonstrated on gratings of the compound [Fe(hptrz)3] 
(OTs)2 by measuring the change in the first-order diffraction intensity 
(relative to the zero-order signal) with temperature [51], revealing a 
refractive index change of ΔnHL ≈ − 0.02 at λ0 = 700 nm induced by the 
spin-state switching.

The possibility to monitor the SCO phenomenon through refractive 
index changes has also been demonstrated using surface plasmon reso
nance (SPR) spectroscopy [50,52,54,115]. Surface plasmons – some
times also called surface plasmon polaritons (SPPs) – correspond to a 
fundamental electromagnetic mode that can propagate along the inter
face between a metallic material (containing free charge carriers) and a 
dielectric medium. This excitation, which involves a guided electro
magnetic wave (polariton) coupled with the collective oscillation of 
surface charges in the metal (surface plasmons), can be described as a 
quasiparticle with discrete energy and momentum. SPP waves can be 
excited by incident light only under simultaneous wavevector and fre
quency matching conditions, which are conventionally achieved using 
the Kretschmann configuration [116], employing a prism as a coupling 
medium. For a specific combination of wavelength, incident angle, and 
polarization of the incident light beam, a resonance is observed, char
acterized by a minimum in reflectance as a function of the angle (for a 
given wavelength) or as a function of the wavelength (for a given inci
dent angle). Importantly, the angular (or spectral) position of the reso
nance peak depends on both the refractive index and the thickness of the 
dielectric layer. The first experimental proof was reported by Félix et al. 
[50] in 2011, using a multilayer structure Ti (5 nm)/Au (45 nm)/[Fe 
(hptrz)3](OTs)2 (30 nm) deposited on a glass prism (Fig. 11a). When 
switching the SCO film from the LS to the HS state, the associated 
decrease in n leads to a shift of the SPR peak to lower angles (Fig. 11b), 
allowing the spin-transition curve of the film to be monitored (Fig. 11c). 
However, as shown in Fig. 11c, the observed SPR angular shift is the 
result of the combined effect of ordinary thermal expansion (as revealed 
by the linear slopes of the SPR angle with temperature) and the SCO (as 
evidenced by the change of slope around 320 K and the presence of a 3- 

Fig. 10. Reflectance spectra of a 215-nm-thick film of the SCO complex [Fe(HB(1,2,4-triazol-1-yl)3)2] recorded at normal incidence on (a) fused-silica and (b) silicon 
substrates. (c) Corresponding relative variation of optical reflectance, ΔR / R, at 452 nm as a function of temperature. The dotted vertical line indicates the spin- 
transition temperature (T1/2) of the SCO film.
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K-wide hysteresis loop).
A similar effect was demonstrated in lithographically patterned gold 

nanorod arrays coated with SCO thin films [52,115], using localized 
surface plasmon resonance (LSPR) spectroscopy, where reversible 
spectral shifts of the LSPR wavelength by 2–3 nm were reported upon 
SCO. More recently, making use of the high refractive index change in 
the SCO coordination polymer [Fe(Htrz)2(trz)](BF4), modulation of the 
LSPR by up to ca. 35 nm was achieved in chemically synthesized 
Au@SCO core-shell nanocomposite systems [54]. By the same token, 
taking advantage of the capability of Au nanoparticles to efficiently 
convert light into heat through plasmonic heating (due to the non- 
radiative decay of localized surface plasmons), these authors and 
others [117–119] have also demonstrated a significant enhancement of 
the LS-to-HS photothermal switching efficiency in these systems, 
compared to pristine SCO particles, when exciting the SPR of the gold 
nanorods with low-power laser beams. Overall, these investigations 
based on SPR techniques – due to their high sensitivity to refractive 
index changes – have proven to be extremely promising for detecting 
and investigating the SCO phenomenon in nanoparticles and ultra-thin 
films down to ⁓10 nm in thickness, i.e., a size scale where most other 
characterization techniques fail.

Finally, since the vast majority of studies are conducted on large 
ensembles of particles or crystallites, which inevitably leads to unde
sired averaging effects that can blur (or hinder) some essential features, 
it appears crucial to investigate the SCO properties at the scale of 

individual, isolated nano-objects. To this aim, the use of optical micro
scopy techniques based on refractive index contrast, employing either 
interferometric (phase shift) or plasmonic principles, turns out to be 
very promising [120–122]. These studies are of paramount importance 
for a deeper understanding of the mechanisms of spin-state switching at 
the most fundamental level. For example, the refractive index change of 
the SCO compound [Fe(NH2-trz)3](Br2)•H2O (see Fig. 5a) was exploited 
to detect the occurrence of SCO in single microparticles (5–10 μm in 
size) using differential interference contrast (DIC) microscopy [120]. 
This technique works on the principle of interferometry between two 
light beams, which are spatially displaced at the sample position and 
recombined after transmission through the sample, to gain information 
about the optical path length of the studied particle. The differential 
signal measured in transmission is indeed proportional to the optical 
path length difference, i.e., to the refractive index and the geometric 
path length (thickness and volume) of the investigated object. Following 
a similar approach, even more impressive results were recently obtained 
by Liu et al. [121] who could study and image individual SCO nano
particles by using surface plasmon resonance microscopy (SPRM). In 
this setup, a low-power 680-nm beam was used, in a Kretschmann 
configuration through the objective of an inverted optical microscope, to 
excite SPPs at the interface of a gold-coated coverslip (Fig. 12a). As 
shown in Fig. 12b, the interaction between the SPPs and the nano
particle deposited on the gold surface creates a wave-like pattern in the 
reflected beam, which was collected using a CCD camera, and whose 

Fig. 11. (a) Schematic of a SPR device consisting in a multilayer structure Ti (5 nm)/Au (45 nm)/[Fe(hptrz)3](OTs)2 (30 nm) deposited on a glass prism. (b) Angle- 
dependent reflectance spectra of the multilayer at 303 K (LS state) and 336 K (HS state) at λ0 = 660 nm. (c) Temperature dependence of the SPR angle (reflectance 
minima) in both heating and cooling modes, revealing the spin-transition curve of the SCO film. Reproduced with permission from Ref. [50].

Fig. 12. (a) Schematic illustration of the surface plasmon resonance microscopy (SPRM) technique used to monitor the thermally induced spin transition of single 
SCO nanoparticles. A focused 1064-nm laser beam was employed to regulate the local temperature (via photoheating) of the gold surface, while detection was 
performed at 680 nm. (b) SPRM images of a single nanoparticle (indicated by the blue arrow) in the LS (left) and HS (right) states. (c) SPRM intensity as a function of 
heating laser power (upper axis), and the associated temperature of the particle (lower axis), showing a hysteresis loop between the LS and HS states. A SEM image of 
the studied SCO nanoparticle is shown in the inset (scale bar, 500 nm). Reproduced with permission from Ref. [121]. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)
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intensity depends quantitatively on the refractive index and volume of 
the nano-object. In this way, the SCO phenomenon could be detected 
and studied in single sub-micrometer-sized particles of the compounds 
[Fe(NH2-trz)3](Br2) and [Fe(Htrz)2(trz)](BF4), revealing well-defined 
thermal hysteresis loops between the LS and HS states (Fig. 12c). 
Notably, this technique allowed the authors to carry out unique studies 
on the stability, cyclability, and spin-transition dynamics at the level of 
single SCO nanoparticles.

3.1.4. Additional remarks
At this stage, we shall make three important remarks. First, the 

relationship between the refractive index change and the fraction of LS/ 
HS molecules might not be that simple. Obviously, the most straight
forward way to relate these two quantities is to consider a linear evo
lution of the (measured) effective refractive index of the material, neff, 
with the fraction of molecules in the LS or HS state, following a simple 
mixing law of the form: 

neff = XHSnHS +(1 − XHS)nLS (25) 

where XHS is the fraction of HS molecules, and nHS and nLS are the 
refractive indices of the material in the HS and LS states, respectively. In 
fact, different effective medium theories have been developed to 
describe the evolution of the effective refractive index, neff, of a com
posite material composed of different constituents with distinct indices. 
The most often used theory is the Maxwell-Garnett approximation, 
which describes the effective index of a medium containing a collection 
of impurities (whose size must be small compared to the wavelength of 
the light) homogeneously distributed within a host matrix [123,124]. 
Following this simple model, it may be reasonable to describe the evo
lution of the effective index neff of SCO materials during the spin tran
sition (e.g., from LS to HS) by considering the HS molecules as small 
inclusions (with a varying volume fraction) in a LS matrix. Within the 
framework of this theory, it can be shown that a linear variation of neff as 
a function of XHS (as described in Eq. (25)) is a good approximation, 
provided that the difference in refractive index between the LS and HS 
states is not too large – which is generally the case for SCO materials. 
However, while the Maxwell-Garnett effective medium theory is a priori 
valid for SCO compounds exhibiting spatially homogenous spin con
versions, it should remain a crude approach if phase separation occurs, 
which is typically the case for cooperative SCO solids displaying first- 
order spin transitions and associated hysteresis behaviors.

Second, unlike the variation in optical absorbance, which, to a good 
approximation, depends only on the concentration of absorbing (LS or 
HS) species in the material, the refractive index may change not only due 
to the molecular spin-state switching, but also due to ordinary thermal 
expansion. Indeed, to the first order of approximation, and over a small 
range of temperature variation (ΔT), the change in the refractive index 
can be written as: 

Δn(T,XHS) =

(
∂n
∂T

)

ΔT +

(
∂n

∂XHS

)

ΔXHS (26) 

where the first term, ∂n/∂T, stands for the variation rate of the refractive 
index due to ordinary thermal expansion, while ∂n/∂XHS denotes the 
variation rate of n due to SCO. The first contribution, related to ordinary 
thermal expansion, generally causes the measured spin-transition curves 
to exhibit a linear slope with temperature (as shown in Fig. 10c and 11c, 
for example). Therefore, to quantitatively extract the thermal evolution 
of XHS from a refractive-index-sensitive technique, it is often necessary 
to correct the data for thermal expansion, which can be done by 
measuring the signal in the two spin states over a wide temperature 
range, far from the spin-transition temperature.

Finally, as a third remark, it is worth mentioning that many other 
optical characterization techniques can be employed to detect the SCO 
phenomenon [125]. Similar to UV–vis spectrophotometry, Fourier- 
transform infrared spectroscopy (FTIR) is commonly used to probe 

vibrational absorption bands in the near- and mid-infrared spectral re
gions. In fact, certain vibrational modes of SCO materials exhibit a sig
nificant spectral shift during the spin transition, particularly those 
associated with the coordination octahedron, owing to the considerable 
elongation of the metal-ligand bond lengths in the HS state [29]. These 
modes generally appear at energies below 600 cm− 1. Another spectro
scopic technique commonly used in the SCO field is Raman spectroscopy 
[126], which also allows for probing vibrational changes in SCO com
pounds. Interestingly, it has been shown that Raman spectroscopy can 
be advantageously employed to investigate SCO ultra-thin films in close 
contact with gold nanostructures, in which case a strong exaltation of 
the Raman signal can be achieved through local electric-field enhance
ment (e.g., localized surface plasmons), a technique known as surface- 
enhanced Raman spectroscopy (SERS) [127]. Other spectroscopy tech
niques operating in different spectral ranges can also be used, such as 
dielectric spectroscopy [64,70] and X-ray absorption (XAS) spectros
copy [125]. Finally, it is worth noting that near-field scanning optical 
microscopy (NSOM) has also been employed to monitor the spin tran
sition with high (sub-micrometer) spatial resolution, i.e., beyond the 
optical diffraction limit [128].

3.2. Towards photonic-based sensing applications

3.2.1. Colorimetric sensors
Since the SCO phenomenon can be triggered by a range of external 

stimuli, it offers significant potential for the development of diverse 
sensor devices based on optical detection, with the aim of monitoring 
changes in the physicochemical properties of the surrounding environ
ment. Unsurprisingly, numerous applications have been proposed in the 
literature that exploit the color change associated with the spin- 
transition process. For instance, the thermo-, piezo-, vapor-, and 
solvato-chromic behaviors of SCO materials open up possibilities for 
designing smart paints, coatings, and colorimetric sensors. This scope is 
further amplified by the fact that the spin transition can occur gradually 
or abruptly, with or without hysteresis (memory effect), offering ample 
opportunities for innovation in practical applications [129,130]. These 
include real-time monitoring of the external environment (e.g., tem
perature, pressure, or gas/vapor concentration) or control of sample 
history relying on a memory effect (e.g., cold chain [131], post-hoc 
detection of overheating or mechanical shocks on fragile valuable ob
jects [132], etc.).

However, although numerous preliminary studies and claims can be 
found in the literature, real examples of the integration of SCO materials 
into functional (temperature, pressure, or gas sensing) devices for 
quantitative measurements remain scarce [8]. For example, among the 
most notable achievements, one can mention the development of ther
mochromic sensor arrays, made from SCO-polymer nanocomposites, for 
the rapid visual detection of temperature variations [133]. Following 
the same idea, colorimetric sensors were fabricated for the real-time 
detection (with the naked eye) of various volatile organic compounds 
and hazardous gases under ambient conditions [134–138]. These che
mosensors are based on the vapochromic response of various Fe2+

complexes, which undergo spin-state switching upon guest adsorption, 
inducing specific and distinguishable color changes (characterized by 
spectral shifts or intensity changes in optical absorption bands) 
depending on the guest molecules (Fig. 13a). Through quantitative color 
analysis – using recorded RGB (red, green, and blue) and HSB (hue, 
saturation, and brightness) values – the selective detection of a wide 
range of volatile organic molecules was demonstrated, along with the 
quantitative determination of their concentration levels in the atmo
sphere (Fig. 13) [136]. These examples highlight the potential of such 
SCO-based colorimetric sensors for the quantitative recognition of haz
ardous gases or toxic industrial chemicals (such as NH3, HCl, HBr, and 
N2H4). Similarly, some authors have also demonstrated the fabrication 
of a 2D codebar (readable using a simple CMOS camera) patterned with 
micrometric particles of the SCO complex [Fe(L)2] (LH = 2-(pyrazol-1- 
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yl)-6-(1H-tetrazol-5-yl)pyridine), whose solvatochromic property was 
used to detect selectively ethanol and methanol [139].

Similar colorimetric sensors were also implemented to visually 
detect contact pressures, for example, induced by local mechanical im
pacts [132,140]. Such pressure sensing devices were demonstrated 

using the SCO complex [Fe(hyetrz)3]I2⋅0.5EtOH, which exhibits a spin 
transition with a wide thermal hysteresis loop centered at room tem
perature. As shown in Fig. 14, while the sample is initially prepared in 
the HS state (white color), the application of an external contact pres
sure (above a threshold pressure value) changes the color of the sample 

Fig. 13. (a) Images showing the vapochromic transformation of a colorimetric sensor based on the SCO complex [Fe(trz-tet)2(H2O)4]•2H2O upon exposure to four 
toxic industrial chemicals (NH3, HCl, HBr, and N2H4). Reproduced with permission from Ref. [135]. (b) Color change of the sensor over time for 14 representative 
volatile organic compounds at saturated concentrations, and (c) color change as a function of NH3 concentration over 10 min at room temperature. The color changes 
of the sensors were quantified by recording RGB (red, green, and blue) and HSB (hue, saturation, and brightness) values, resulting in a six-dimensional color vector. 
The color analysis was performed by calculating the Euclidean distance (total length) between these vectors in the six-dimensional value space. The inset images in 
(c) illustrate the vapochromic transformation upon exposure to NH3 at different concentrations. Reproduced with permission from Ref. [136]. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. (a) Selected snapshots showing the color change (from white to purple) induced by the application of local contact pressures on the SCO colorimetric sensor, 
resulting from the HS-to-LS transition at room temperature within the hysteresis loop shown in (b). The powder appears white in the HS state and purple/violet in the 
LS state. (c) Contact-pressure dependence of the spectral position of two d–d absorption bands derived from room-temperature diffuse reflection spectra, showing a 
sharp change around 87 MPa. Reproduced with permission from Ref. [132]. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
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to purple due to the HS-to-LS transition [132]. A quantitative determi
nation of the applied pressure can be deduced from a calibration analysis 
(based on diffuse reflectance measurements) of the spectral position and 
intensity of the ligand-field d–d absorption bands, which are affected by 
the pressure impact (Fig. 14c). Moreover, since the color change is 
permanent (as it occurs within the thermal hysteresis loop), it allows for 
the localization and determination of the applied contact pressure 
afterward.

3.2.2. Refractive-index-based sensors
Such colorimetric approaches are generally effective at the macro

scopic scale; however, their applicability diminishes at smaller size 
scales due to the typically low absorption coefficients of SCO compounds 
in the visible spectrum. For this reason, it appears that the most prom
ising strategies for detection applications at the nanometric scale involve 
either refractive index sensing or luminescent doping. Recently, prac
tical applications of SCO-induced refractive index modulation have been 
demonstrated for microthermometry purposes, based on the principle of 
thermoreflectance imaging (i.e., the change in specular optical reflec
tion with temperature) of surfaces coated with SCO nanometric thin 
films. As shown in Fig. 15, this thermometric application was demon
strated using SCO thin films deposited on metallic microwires, heated by 
Joule effect [97,101,114,141,142]. Notably, the use of different com
plexes with distinct SCO behaviors allows for the development of diverse 
thermometric functions and thermal imaging approaches, depending on 
the abruptness of the thermally induced spin-state conversion or the 
presence/absence of a thermal hysteresis loop (memory effect).

As an example, a thin film of the SCO compound [Fe(Htrz)2(trz)] 
(BF4), which exhibits a large thermal hysteresis loop, was used to ac
quire ex situ images of fast (μs) transient heating events by optical 
reflectivity (Fig. 15a) [141]. In this context, the thermal memory effect 
is particularly advantageous because it allows for the detection of 
temperature changes retrospectively using high-resolution imaging 
techniques. This approach is ideal for investigating rapid and spatially 
localized transient thermal events that are difficult to capture with real- 
time optical methods. Conversely, the absence of a thermal hysteresis 
loop allows for real-time thermometry applications. In this case, 
employing a SCO film with an abrupt thermal transition enables real- 
time binary detection of the surface temperature, as a sudden change 
in optical reflectivity occurs at the spin-transition temperature, thereby 
defining a clearly delineated isotherm. As shown in Fig. 15b, this 
approach was demonstrated using vacuum deposited thin films of the 
SCO complex [Fe(HB(1,2,4-triazol-1-yl)3)2], which displays an abrupt 
spin transition centered at 64 ◦C, allowing clear-cut isotherms to be 
displayed on the surface [114]. As demonstrated in this study, this 
approach can be used to record real-time contour maps of the surface 
temperature without the need for any prior thermal calibration of the 
surface reflectivity. Finally, using another SCO complex, [Fe(HB(1,2,3- 
triazol-1-yl)3)2], exhibiting a gradual thermal SCO, continuous and real- 
time mapping of the surface temperature was achieved (Fig. 15c), pro
vided that careful thermal calibration of the optical reflectivity change 
was performed beforehand [97]. Overall, based on this SCO-enhanced 
thermoreflectance approach, the capability to map surface tempera
ture distributions with sub-μm spatial resolution, μs temporal resolution, 
and 1 ◦C thermal resolution has been demonstrated [97,114]. In all these 
examples, and in contrast to conventional thermoreflectance micro
scopy techniques, the presence of the SCO thin layer on the studied 
surface significantly increases the relative change in optical reflectivity 
with temperature, ΔR/R, due to the modification of the refractive index 
upon the SCO, even within the visible spectral range. In other words, the 
SCO film leads to a significant enhancement of the thermoreflectance 
coefficient, κ = d(ΔR/R)/dT, (i.e., the thermal sensitivity), by up to a 
factor of ten compared to uncoated surfaces [97]. This gain in sensitivity 
offers the possibility of mapping surface temperature distributions using 
a simple CCD-based optical detection system, making this SCO-based 
approach a versatile and cost-effective thermal imaging method. Note 

that this microthermometry application was also demonstrated using 
thin films of various SCO complexes from the Fe-triazole family doped 
with organic luminophores, where the detection was instead based on 
the modulation of the luminescence signal induced by the spin transition 
[101,143].

As certain SCO compounds (such as porous MOFs) exhibit a shift in 
the spin-state equilibrium upon the absorption/desorption of guest 
molecules, they can also be implemented for chemical sensing applica
tions [144,145]. The development of gas sensor materials holds signif
icant relevance owing to their potential applications in various fields, 
such as environmental monitoring, home safety, the automotive in
dustry, and indoor air quality management. Following this idea, tunable 
micrometric gratings of microporous SCO MOFs were fabricated using a 
combination of photolithography and multilayer assembly methods to 
quantitatively follow the concentration of different analyte molecules 
[51,146]. The detection is achieved by monitoring the first-order 
diffraction efficiency change of the SCO grating in response to refrac
tive index variations and/or grating geometry modulation caused by the 
guest-induced change of the molecular spin state. As an example, as 
shown in Fig. 16, lithographically patterned diffraction gratings of the 
SCO compound {Fe(bpac)[Pt(CN)4]} were successfully developed to 
assess the atmospheric concentration of different halogenobenzene 
molecules [146].

It is worth noting that the inclusion of guest molecules into the 
porous MOF structure inherently leads to a rise in the mass density of the 
system, so that the refractive index increases accordingly. This effect, 
which obviously also occurs in SCO-inactive materials, forms the basis of 
the operational principles of many diffraction-based sensors. In this 
context, SCO materials may offer several advantages, including 
enhanced selectivity and improved sensitivity, due to the substantial 
change in the refractive index upon the spin-state switching [146].

4. Spin-crossover-based tunable photonic devices

The previous section was dedicated to photonic-based sensing de
vices, which rely on the modification of the complex refractive index of 
SCO materials to quantitatively detect and monitor physicochemical 
changes in the external environment. Conversely, an applied perturba
tion can also be used to trigger the SCO phenomenon, with the aim of 
inducing a controlled modulation of a light signal between an optical 
OFF-state and an optical ON-state in a photonic switch-type device. In 
fact, in the vast fields of optics and photonics, this tunability turns out to 
be a major asset, which is highly demanded for various applications 
[147,148]. These include, for example, dynamic displays, optical 
memories, spatial light modulators (e.g., beam steering, holographic 
displays, distortion correction) [149], photonic integrated circuits (e.g., 
optical switches, modulators, filters, limiters) [150], optical neural 
networks, and other approaches for optical computing and telecom
munication. To achieve these active functionalities, there is currently a 
need for materials with switchable optical properties, i.e., materials 
exhibiting controllable complex refractive indices [148].

In this context, SCO (nano)materials may constitute an attractive 
family of switchable molecular compounds for use as active elements in 
tunable photonic devices. Although this aspect has not been extensively 
explored until now, it could see significant development in the coming 
years, supported by recent advancements in the processability and 
integration of SCO nano-objects into devices, alongside widespread ac
cess to nanotechnology tools. In the present section, we review the 
current state of the art in the development of SCO-based tunable pho
tonic devices used to manipulate light propagation. The overall perfor
mance of SCO materials for optical modulation will be discussed and 
compared with those of commonly used phase-change materials (PCMs). 
Notably, it will be shown that, for certain applications, SCO nano
materials emerge as promising candidates for implementing optical 
tunability in the visible spectral range, where most conventionally used 
PCMs present severe limitations. Finally, we will see that original light- 
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Fig. 15. Surface temperature mapping of Joule-heated microwires using SCO-enhanced thermoreflectance microscopy. (a) Optical reflectivity images of a microwire 
coated with a thin film of the SCO complex [Fe(Htrz)2(trz)](BF4) displaying a large thermal hysteresis loop, (left) after normal operation of the device (applied AC 
current of 20 mA) and (right) when a single current spike (50 μs, 50 mA) was added to the AC current to mimic an erratic heating event. A clear change in optical 
reflectivity on the wire is observed in the latter case, indicating overheating. Reproduced with permission from Ref. [141]. (b) Contour maps of the surface tem
perature acquired in real-time by optical reflectivity using a thin film of the SCO complex [Fe(HB(1,2,4-triazol-1-yl)3)2] at different base temperatures Tb of the 
device. As the complex exhibits an abrupt spin transition at 64 ◦C, sharp variations in optical reflectivity are observed at the transition temperature, delineating well- 
defined isotherms (indicated by red dotted lines). Reproduced with permission from Ref. [114]. (c) Temperature maps of the microwire for various applied electrical 
currents, recorded using a thin film of [Fe(HB(1,2,3-triazol-1-yl)3)2], which undergoes a gradual thermal SCO, enabling continuous real-time mapping of the surface 
temperature. Reproduced with permission from Ref. [97]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.)

K. Ridier et al.                                                                                                                                                                                                                                   Coordination Chemistry Reviews 535 (2025) 216628 

18 



matter coupling phenomena can also be exploited when SCO molecules 
are integrated into specifically designed resonant optical cavities, 
opening new and promising prospects – still largely unknown and un
explored – for manipulating molecular properties (including possibly 
the SCO properties) through the electromagnetic environment sur
rounding the molecules.

4.1. Spin-crossover-based photonic switch-type devices

The first optical switching device based on SCO compounds was 
developed by Kahn and co-workers [38,39] more than 30 years ago for 
data storage and display applications. The fabricated device used a layer 
of a SCO compound from the Fe-triazole family, known for its wide (60 
K) thermal hysteresis loop, deposited on top of an alumina plate on 
which addressable resistive dots and connecting electrodes were screen- 
printed (Fig. 17a). When electrically addressed, the dots act as localized 
heat sources, enabling the molecular spin state to switch from LS to HS, 
accordingly changing the color of the SCO layer from violet to white. 
The information is stored as long as the temperature of the system re
mains within the hysteresis loop. To erase the information, the tem
perature must be reduced below the HS-to-LS switching point, which can 

be achieved using an integrated Peltier element. As shown in Fig. 17b, 
other related displays were developed based on the same principle 
[151]. Moreover, building on the same idea, it is worth mentioning that 
the color change of SCO materials has also been exploited for the 
development of commercially available display solutions, such as smart 
inks, pigments, and paints [152], as well as for the design of tunable 
floor coatings (for applications in the construction sector, for example) 
[153]. Many of these applications have been patented.

These pioneering macroscopic devices and applications, which pri
marily used microcrystalline powder samples, relied on optical absor
bance detection and thermal addressing. However, these two principles 
are conceptually incompatible when it comes to device size. At larger 
scales, slow heat dissipation becomes a limiting factor, while the typi
cally low absorption coefficients of SCO materials in the vis-NIR spectral 
regions pose significant challenges at reduced scales. This apparent in
compatibility between optical contrast and nanometric size makes it 
difficult, if not impossible, to develop technological devices based on the 
color change. Alternative approaches are therefore needed at the 
nanometric scale. In this context, much efforts have recently been 
deployed towards the development of micro- and nanoscale SCO devices 
based rather on the refractive index change (for manipulating light 

Fig. 16. (a) Optical microscopy image of a surface-relief grating of the SCO compound {Fe(bpac)[Pt(CN)4]} (grating period: 30 μm, line width: 15 μm, line thickness: 
80 nm). (b) Typical diffraction pattern of the grating showing the zero-order and first-order diffracted spots. (c) Variation of the diffraction efficiency (η) as a function 
of the concentration of chloro-, bromo-, and iodo-benzene molecules in the atmosphere. (d) Time evolution of η under different concentrations of iodobenzene (the 
black arrow indicates the moment when the gas was injected into the sample chamber). Reproduced with permission from Ref. [146].

Fig. 17. (a) Principle of a display device using a SCO compound as active element. The device consists of a SCO layer deposited on top of a substrate made of an 
alumina plate, onto which resistive dots and connecting electrodes were previously screen-printed. The dots, which serve as heat dissipators, are electrically 
addressed through columns and rows. Reproduced with permission from Ref. [39]. (b) Another SCO-based display device, shown before (left) and after (right) thermal 
writing. Reproduced with permission from Ref. [151].
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propagation), and requiring high transparency in both spin states.
The first photonic switch-type device, based on the SCO-induced 

change in the refractive index, was reported in 2006 by the Freysz 
group [59]. The device is a one-dimensional (1D) photonic crystal 
(Bragg grating) operating in the sub-millimeter wavelength (THz fre
quency) range. It consists of a periodic structure of alternating layers of 
glass (170 μm) and air (350 μm), with the SCO material [Fe(NH2-trz)3] 
(Br2)•H2O, in the form of microcrystalline powder, inserted as a defect 
layer (Fig. 18a). By switching the molecular spin state, a 15-GHz shift in 
the defect mode frequency (around 0.255 THz) was observed in this 
device (Fig. 18b), which thus operates as a tunable SCO-based THz filter.

In this last example, the use of a SCO microcrystalline powder is not 
problematic, as it does not cause significant scattering losses (because 
the wavelength of light in the millimeter range is much larger than the 
average size of the microcrystallites). By contrast, the design of photonic 
switching devices operating in the vis-NIR ranges requires high-quality, 
low-loss (i.e., minimal absorption and scattering) SCO nano-objects. In 
this context, recent advancements in the development of SCO nano
materials in a variety of forms, such as nanoparticles, thin films, nano
patterns, and nanoheterostructures [8,154,155], have significantly 
enlarged the scope of their integration into different types of devices (e. 
g., optical resonators, gratings, waveguides), thereby expanding their 
spectral range of application.

Among recent major advances, an attractive approach aims at syn
thesizing (nano)composite materials consisting of SCO (nano)particles 
embedded in a polymer matrix [156]. Based on this strategy, polymer 
optical waveguides incorporating SCO nanomaterials were recently 
implemented [157] with the aim of modulating the transmitted optical 
signal. As an example, microparticles of the SCO complex [Fe(NH2-trz)3] 
(Br2) were integrated into multi-mode and single-mode optical wave
guides, either by mixing the particles with the epoxy core of the guides 
or by depositing them onto the surface of the core [158]. Following this 
approach, the authors demonstrated noticeable variations in the trans
mitted optical signal of the waveguides upon the SCO. In these types of 
waveguide structures, the modulation of the optical signal can occur due 
to changes in the absorption spectrum of the SCO particles, as well as 
due to changes in their refractive index when the particles are in close 
contact with the waveguide core and interact with the evanescent field 
of the propagating light. However, it is important to emphasize that this 
approach, which relies on the use of nanocomposite materials, may 
encounter inherent limitations due to scattering losses caused by the 
presence of the particles. Therefore, a compromise must be achieved 
between the size and concentration of active particles to enable signif
icant signal modulation while minimizing scattering losses. Still, the 
actual magnitude of the effective refractive index change in nano
composite materials upon the SCO remains largely unexplored so far.

Based on recent progress in nanofabrication, another strategy in
volves incorporating SCO nanometric thin films into nanocavities to 

tune optical resonances in the visible spectral range. In this view, an 
active plasmonic device was fabricated, consisting of lithographically 
patterned gold nanorod arrays coated with a 60-nm-thick film of the 
SCO compound [Fe(hptrz)3](OTs)2 (Fig. 19a) [115]. In this device, a 
reversible blueshift of the LSPR wavelength by 2–3 nm was recorded in 
the visible domain (around 700 nm) upon the thermally induced LS-to- 
HS transition, in response to the refractive index change of the SCO film. 
Interestingly, the plasmonic resonance can also be tuned via a photo
thermal effect (plasmonic heating), by turning ON/OFF a laser beam 
incident on the nanorods (Fig. 19b). This device represents the first 
example of a photonic switch-type structure displaying wavelength- 
tunable resonances in the visible spectrum driven by the SCO 
phenomenon.

Pursuing this strategy, thin films of sublimable SCO complexes, 
deposited by thermal evaporation under vacuum [159], have also 
emerged as promising switchable elements for integration into photonic 
devices due to their high purity, low surface roughness, and tightly 
controllable nanometric thickness. For instance, thin films of the evap
orable complex [Fe(HB(1,2,4-triazol-1-yl)3)2] have been utilized in 
metal-based Fabry-Pérot cavities, where the molecular SCO film is 
inserted between two parallel reflecting Ag mirrors [Ag (50 nm)/SCO 
(115 nm)/Ag (50 nm)] (Fig. 20a) [55]. Such Fabry-Pérot cavities are 
widely used in various optical devices, including spectrometers, lasers, 
and filters, among others [160]. Within this structure, incident light 
undergoes multiple reflections between the two metal mirrors, leading 
to constructive interference between the reflected beams, which results 
in the formation of optical standing waves (i.e., resonance modes) 
within the SCO layer at well-defined wavelengths. For these specific 
wavelengths, the device behaves as an optical resonator, characterized 
by distinct resonance peaks in both the transmission and reflection 
spectra. The corresponding resonance wavelengths, λres, at normal 
incidence, depend on the distance L between the two mirrors and the 
refractive index n of the dielectric medium between them, as described 
by the formula: 

λres =
2nL
m

(27) 

where m is an integer. The cavities in Ref. [55] were designed with 
resonances in the green part of the visible spectrum (at normal inci
dence) and quality factors Q of ca. 30. As displayed in Fig. 20b and c, the 
reflectance spectra reveal that the LS-to-HS state switching of the SCO 
film gives rise to a reversible blueshift of the cavity resonance (by ⁓4 
nm, excluding the contribution of ordinary thermal expansion) in 
response to the refractive index change of the SCO material in this 
spectral region (ΔnHL = − 0.05). As a result of this resonance spectral 
shift, a maximum change in optical reflectance of ΔR = 25 % between 
the LS and HS states was achieved in this device. Importantly, the quality 
factor (i.e., the resonance linewidth) of the cavity remains unchanged 

Fig. 18. (a) Schematic of a SCO-based one-dimensional photonic crystal operating in the THz frequency range, with the SCO compound inserted as a defect layer. (b) 
Experimental transmission spectra of the device in the two spin states, showing a 15-GHz shift in the defect mode frequency upon the spin-state switching. Solid lines 
show the result of theoretical calculations (shifted by 20 dB for clarity). Reproduced with permission from Ref. [59].
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during the spin transition due to negligible absorption losses in the SCO 
layer in both spin states.

It is important to mention, however, that the volume expansion of 
the SCO material during the transition inevitably leads to a variation in 
the sample thickness as well. From Eq. (27), it can be observed that the 
increase in the SCO layer thickness, L, will compensate for the drop in 
the refractive index to some extent. In fact, for the compound [Fe(HB 
(1,2,4-triazol-1-yl)3)2], it appears that the relative change in the 
refractive index during the LS-to-HS transition, ΔnHL / nLS = − 3.9 %, is 
fully counterbalanced by the concomitant expansion of the film thick
ness, ΔLHL / LLS = 4.6 %, resulting in no discernible spectral shift of the 
cavity resonance at normal incidence along the SCO process (see 
Fig. 20b) [55]. However, as the angle of incidence, θ, is increased, the 
cavity mode progressively acquires a non-zero in-plane wavevector 
component, k‖ = (2π/λ0) × sin(θ) ∕= 0, making it less ‘sensitive’ to the 
(out-of-plane) volume change. As a consequence, the largest spectral 
shifts of the resonance peak are observed at large incident angles (see 
Fig. 20b).

Bearing in mind this effect, another tunable optical resonator was 
designed using the same SCO compound, which consists of a Ag (35 
nm)/SCO (162 nm) bilayer structure deposited on a glass prism 
(Fig. 21a) [56]. Although this structure resembles a conventional SPR 
setup, the use of a relatively thick SCO layer allows for the excitation of 
electromagnetic modes in the visible domain (with either transverse 

magnetic (TM) or transverse electric (TE) polarized light), which are not 
of plasmonic origin, but correspond to the formation of resonant 
standing waves within the SCO film (similar to a Fabry-Pérot cavity). 
Due to the use of the coupling prism, optical modes with large in-plane 
wavevectors can be excited, resulting in an increased sensitivity, dλres/ 
dn, of the resonance wavelength to refractive index changes in the SCO 
layer. As depicted in Fig. 21b and c, a large reversible spectral shift of the 
resonance of up to 30 nm was reported, associated with a reflectance 
contrast between the LS and HS states as large as ΔR = 70 %. Interest
ingly, the tuning of the resonance wavelength was also demonstrated 
through photothermal effects at λ0 = 532 nm. In particular, the large 
spectral shift of the resonance at the transition was found to give rise to a 
photothermal nonlinearity that could be leveraged for achieving an 
optical (self-)limiting application (Fig. 21d). Such optical limiting de
vices are typically used for protection of equipment and humans against 
hazardous high-power light beams, for example [161].

In the different photonic switching devices presented above, the 
modulation of the optical signal is based on the SCO-induced tunability 
of an optical resonance at a well-defined wavelength, which limits the 
spectral bandwidth of the devices to only a few nanometers. Therefore, 
to enhance the applicability of SCO compounds, other devices with 
different geometries and operating principles will have to be considered 
in order to enlarge the operating spectral bandwidth, while maintaining 
good performance in terms of optical modulation depth. In this regard, 

Fig. 19. (a) SEM image of a gold nanorod array fabricated by electron beam lithography, displaying plasmonic resonance (LSPR) in the visible spectrum (around 700 
nm). (b) Variation of the plasmonic resonance wavelength when turning ON/OFF a 633-nm laser beam (spectrally overlapping the plasmon resonance) on (top panel) 
a pristine gold nanorod array and (bottom panel) an array covered with a 60-nm-thick SCO layer. No effect is observed on the pristine gold array, while a reversible 
blueshift of the resonance wavelength is evidenced under laser irradiation in response to the refractive index change of the SCO film induced by the photothermal 
spin transition. Reproduced with permission from Ref. [115].

Fig. 20. (a) Schematic of a SCO-based Fabry-Pérot cavity consisting of a thin film of the SCO complex [Fe(HB(1,2,4-triazol-1-yl)3)2] incorporated between two 
parallel Ag mirrors. (b) Reflectance spectra of the cavity at selected angles of incidence (θ) in the two spin states. (c) Temperature evolution of the cavity resonance 
wavelength at a fixed angle of incidence (θ = 45◦), revealing a blueshift of the resonance peak by approximately 4 nm upon the LS-to-HS transition. Adapted with 
permission from Ref. [55].
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recent numerical simulations have demonstrated the potential to 
develop SCO-based modulators by exploiting changes in total internal 
reflection conditions at interfaces, which could enable broadband, high- 
contrast switching operations [162].

4.2. Can spin-crossover nanomaterials be really competitive? Comparison 
with other phase-change materials (PCMs)

Recently, in the ‘active photonics’ context, considerable research has 
been devoted to so-called phase-change materials (PCMs), which exhibit 
reversible and significant changes in their optical properties as they 
undergo solid-solid electronic and/or structural phase transitions 
[163–170]. The most widely used solid-solid PCMs are chalcogenide 
alloys (e.g., Ge2Sb2Te5 (GST)), which undergo amorphous-crystalline 
phase transitions, and whose main application has been in rewritable 
optical storage technology [171–173], and transition metal oxides (e.g., 
VO2), which exhibit metal-insulator transitions [164,174,175]. These 
materials have been pivotal in the development of reconfigurable 

photonic devices (mainly operating in the NIR spectral domain) such as 
optical memories, spatial light modulators, and photonic integrated 
circuits [148,176,177].

It is important to recognize that the requirements for a PCM are not 
the same depending on the targeted application, and a single material 
cannot meet all specific needs and constraints. Besides the obvious 
requirement for a large refractive index modulation, Δn, other poten
tially important assets include fast switching speeds in both directions 
and good reversibility over a large number of switching cycles (see 
Table 4). While most of these requirements can be readily fulfilled by 
existing PCMs, an important bottleneck arises due to high transmission 
losses [178]. Indeed, one of the key factors in integrated optics is 
minimizing absorption and/or scattering losses. While thin films can 
exhibit low absorption losses due to short propagation lengths (< μm), 
integrated optics typically involves much longer propagation lengths (~ 
cm), so that an excellent transmittance of the employed materials be
comes mandatory. Most of the known PCMs, such as VO2 or GST, exhibit 
high extinction coefficients (kmin > 0.5–1) within the vis-NIR ranges in at 

Fig. 21. (a) Schematic of an optical resonator consisting of a Ag (35 nm)/SCO (162 nm) bilayer deposited on a glass prism, excited using the Kretschmann method. 
(b) Reflectance spectra of the resonator acquired at selected temperatures (TE polarization, θair = 68◦), showing a blueshift of the resonance peak upon the LS-to-HS 
transition. (c) Temperature dependence of the resonance wavelength over two heating-cooling cycles at a fixed angle of incidence (68◦). (d) Laser (λ0 = 532 nm) 
power reflected by the device as a function of the incident power, measured at different angles of incidence, revealing a nonlinear optical limiting behavior (for an 
appropriate choice of incidence angle and laser power) induced by the photothermal shift of the resonance peak. Reproduced with permission from Ref. [56].

Table 4 
Comparison of key requirements for optical tunability in the visible spectral domain (at 500 nm) among different classes of all-solid PCMs, including metal-insulator 
transition materials (e.g., VO2) and chalcogenide alloys (e.g., GST), with those of SCO materials (e.g., [Fe(HB(1,2,4-triazol-1-yl)3)2]).

Main requirements Transition metal oxide 
(VO2)

Chalcogenide alloy 
(GST)

SCO material 
[Fe(HB(1,2,4-triazol-1-yl)3)2]

Large refractive index change |Δn| 0.5 [179] 0.6 [180] 0.05 [56]
Fast switching speed ≈ 1 ns [181] ≈ 20–50 ns [182] ≈ 10 ns [46]
High switching endurance 107 cycles [175] 104 cycles [183] > 107 cycles [114]
Low extinction coefficient kmin 0.6 [179] 1.9 [180] < 10− 3 [56]
FOM2 0.83 0.32 50
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least one of their two phases (implying large attenuation losses), and 
thus remain unsuitable for operation in these spectral domains [178]. 
Therefore, the development of new PCMs with high transparency in the 
vis-NIR regions is crucial for a broad range of applications.

In this regard, as summarized in Table 4, although the refractive 
index change of SCO materials is relatively modest in comparison with 
other conventionally used PCMs, some SCO materials appear to be fully 
competitive in terms of switching speed (around 10 ns [46]) and 
switching endurance (> 107 cycles [114]), as is the case for the SCO 
compound [Fe(HB(1,2,4-triazol-1-yl)3)2]. Notably, many SCO materials 
offer a significant advantage which is the low propagation losses in the 
vis-NIR spectral ranges, due to their low absorption coefficients (α <
200 cm− 1, i.e., k < 10− 3).

In optical switching devices incorporating conventional PCMs, it is 
important to emphasize that the modulation of the optical signal relies 
on both the switching of the real part of the PCM refractive index, Δn 
(phase modulation), and the variation of the extinction coefficient, Δk 
(amplitude modulation). In general terms, the performance of an active 
PCM used for optical modulation can be quantified using the following, 
generic figure-of-merit (FOM): 

FOM1 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Δn)2
+ (Δk)2

√

kmin
(28) 

where Δn and Δk represent the changes in the real and imaginary parts of 
the refractive index induced by the phase transition, while kmin denotes 
the extinction coefficient of the active material in its low-absorbing 
phase. A large value of kmin necessarily implies high transmission los
ses, which thus restrain the achievable optical modulation depth of the 
device. In the case of specific applications that require only phase 
modulation in optical switches/modulators without amplitude modu
lation (i.e., with low attenuation losses), the relevant FOM becomes 
[184]: 

FOM2 =
Δn
kmin

(29) 

While the FOM2 values are around 25 and 10 in the NIR (at 1550 nm) 
for GST and VO2, respectively, they drop to less than 1 in the visible 
domain for both materials, due to the high values of k in both phases 
(kmin > 0.5). In comparison, some SCO materials, such as [Fe(HB(1,2,4- 
triazol-1-yl)3)2], exhibit a FOM2 of around 50 over the whole visible 
spectrum, indicating that they can surpass commonly used PCMs in 
terms of phase modulation capabilities in low-loss devices. It is worth 
mentioning that the compound Ge2Sb2Se4Te1 (GSST), which has been 
recently proposed as a low-loss alternative to GST (where Te is partly 
substituted by Se), still suffers from a poor FOM2 (< 3) in the visible 
domain [184,185]. Interestingly, the large optical bandgap sulfide- 
based chalcogenide, Sb2S3, shows an improved FOM2 compared to [Fe 
(HB(1,2,4-triazol-1-yl)3)2] (due to negligible absorption in its amor
phous phase and a large Δn of the order of unity), but only for wave
lengths above 600 nm [186,187]. Although this FOM2 does not reflect 
the universal applicability of PCMs in tunable photonic devices, it 
nevertheless suggests that certain SCO materials, owing to their low 
optical absorption in both phases, can outperform well-established 
PCMs in specific applications (e.g., phase modulation) that require 
broadband transparency in the visible spectral domain [56]. As a matter 
of fact, it has been demonstrated [56] that the figures-of-merit of the 
fabricated SCO-based optical resonators, in terms of tunability (reso
nance spectral shift, optical modulation depth, etc.) in the visible range, 
are fully comparable to those reported for resonators incorporating 
conventional PCMs operating in the NIR (λ0 ≈ 1550 nm) [164,165].

Most of the SCO-based tunable photonic devices fabricated so far are 
based on thermal addressing, and can therefore be considered as 
implementations of thermo-optic switches. Thermo-optic switching 
utilizes the temperature dependence of the refractive index of a mate
rial, quantified by the so-called thermo-optic coefficient (TOC), dn/dT, 

to realize optical switching functionality [188–190]. The most widely 
considered materials for fabricating thermo-optic devices include poly
mers (e.g., poly(methyl methacrylate), polyurethane, polyimide, etc.), 
perovskite oxides (e.g., LiTaO3, BaTiO3, etc.), and silicon-based mate
rials (e.g., Si3N4, SiOx, 4H-SiC, etc.) [189]. Compared to these materials, 
SCO compounds generally exhibit high TOCs across wide spectral do
mains, but over a limited temperature range around the spin-transition 
temperature. In fact, the thermo-optic response can vary significantly 
from one SCO compound to another, depending on the abruptness of the 
thermal spin transition. As an example, thin films of the complex [Fe(HB 
(1,2,4-triazol-1-yl)3)2], which undergo a relatively abrupt transition 
around 64 ◦C, exhibit an average TOC of dn/dT ≈ − 2 × 10− 3 K− 1 in the 
visible range, i.e., one to two orders of magnitude greater than that of 
materials usually considered [56], but over a narrow temperature range 
of ⁓20 ◦C centered around the transition temperature. As discussed in a 
recent paper [56], beyond their high TOC near the switching tempera
ture, SCO materials compare favorably to other materials commonly 
used in thermo-optic switches, as they offer high heating efficiency 
(power × time constant) for optical modulation [191] and, thus, rela
tively low power consumption.

Overall, all the features discussed here suggest that the use of SCO 
nanomaterials in the field of tunable photonics has a promising future, 
provided that they can be adapted to enter the realm of integrated 
photonics fabrication platforms and enable energy-efficient switching at 
ultrafast frequencies.

4.3. Towards intriguing strong light-matter coupling effects

In the SCO-based optical resonators presented in section 4.1, the 
resonance peaks were located in the visible spectral range, where the 
SCO compounds under study are virtually transparent in both spin 
states. Therefore, aside from the phase modulation of the propagating 
optical waves within the cavity induced by the change in n, no other 
interaction occurred between the resonant cavity and the SCO material. 
The situation is different, however, when one optical mode of the cavity 
is tuned to be in resonance (i.e., at the same frequency) with a transition 
between two quantum states of the molecules, characterized by its 
transition dipole moment d. In this case, the optical field and the mo
lecular transition can be regarded as two oscillators in resonance, which 
can interact with each other by exchanging energy. Such interaction 
with light can profoundly modify the properties of materials when it 
occurs inside an optical cavity, wherein the electromagnetic field is 
confined. Indeed, the light-matter interaction term, g, which is given (in 
the dipole approximation) by: 

g = − d⋅E (30) 

where E is the confined optical field, can be particularly large in optical 
cavities due to the enhanced electric field density associated with 
resonant modes.

If the light-matter interaction term, g, remains moderate, the system 
undergoes only weak perturbations: transitions (absorption/emission) 
between energy levels can be promoted, but the energy levels them
selves of the material remain essentially unchanged beyond their orig
inal linewidths. This is defined as the weak-coupling regime [192]. This 
regime is characterized by an enhancement of the quantum spontaneous 
emission rate of the molecule, which is also referred to as the Purcell 
effect [193]. On the other hand, when the interaction term, g, is large 
enough, then coherent and fast oscillatory exchange of energy can occur 
between light and matter, through the rapid exchange of virtual pho
tons. The molecule can indeed absorb and emit a virtual photon that 
remains trapped within the cavity, so that it can be re-absorbed by the 
same or another molecule. If the rate of energy exchange exceeds the 
rate of any dissipation (e.g., cavity-photon leakage, non-radiative 
relaxation) or decoherence (e.g., molecular dephasing) processes, then 
the so-called strong-coupling regime arises between matter and the 
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surrounding electromagnetic field [194–200]. In this regime, new 
hybrid light-matter eigenstates (with both molecular and photonic 
characteristics) – known as polaritons – are formed, with an energy 
separation called Rabi splitting (ℏΩR), which is proportional to the 
coupling strength (see Fig. 22a). In the quantum electrodynamics pic
ture, the uncoupled system formed by a molecule and a cavity can exist 
in two quantum states: |e〉mol|0〉cav, where the molecule is in the excited 
state with 0 photon in the cavity, and |g〉mol|1〉cav, where the molecule is 
in the ground state with 1 (virtual) photon in the cavity. Exactly like two 
atomic orbitals can hybridize to form new (molecular) orbitals (with 
different energies and shapes than the component atomic orbitals), the 
states |e〉mol|0〉cav and |g〉mol|1〉cav can mix under the effect of the light- 
matter interaction term to form new hybrid states, |P+〉 and |P− 〉, 
which correspond to the eigenstates of the coupled system {molecules +
cavity}. These so-called polaritonic states can thus be written as a 
quantum superposition of their excitonic (molecular) and photonic 
components [192]: 

|P+〉 =
1̅
̅̅
2

√
(
|e〉mol|0〉cav + |g〉mol|1〉cav

)
(31) 

|P− 〉 =
1̅
̅̅
2

√
(
|e〉mol|0〉cav − |g〉mol|1〉cav

)
(32) 

Consequently, the coupled system {molecules + cavity} must be 
considered as a single entity with new energy levels, and exhibiting 
unique physicochemical properties.

An intriguing feature is that this light-matter hybridization occurs 
even in the absence of real photons inside the cavity, since the coupling 
can arise from the vacuum fluctuations, i.e., the finite zero-point energy 
of the quantized electromagnetic field within the cavity [198]. In other 
words, the coupling is mediated by the exchange of virtual photons 
(which arise from the vacuum fluctuations in the electromagnetic field) 
and does not require real photons (light) to be applied on the cavity. The 
vacuum Rabi splitting energy between the polaritonic states for a single 
molecule in strong light-matter interaction with a cavity mode is given 
by [194]: 

ℏΩ(1)
R = 2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

g2 −
1
4
(Γcav − Γex)

2
√

(33) 

where Γcav and Γex are the resonance linewidths of the cavity mode and 
the molecular excitation, respectively. The associated Rabi frequency, 
ΩR, is a measure of the energy exchange rate between the molecule and 
the cavity, i.e., a measure of the coupling strength.

Another fascinating aspect of strong coupling is its collective nature 
when a large number N of molecules are coupled to the same cavity 
mode. In fact, molecules in high concentration within a cavity can 
couple collectively to an effective mode of the electromagnetic field, 
meaning that all these molecules – even if they are far apart – can ex
change energy coherently (via emission/re-absorption of virtual pho
tons) with the same optical mode [192]. Such an in-phase behavior of all 
coupled molecules gives rise to the formation of a collective dipole, 
which leads to an enhancement of the vacuum Rabi splitting, ℏΩR

(N), such 
as: 

ℏΩ(N)

R =
̅̅̅̅
N

√
×ℏΩ(1)

R (34) 

where ℏΩR
(1) is the single-molecule Rabi splitting as given in Eq. (33). 

From a spectroscopic point of view, the strong-coupling regime is said to 
be achieved when the splitting energy between the two polaritonic states 
is larger than the spectral linewidths of both the cavity mode and the 
molecular excitation, i.e., ℏΩR

(N) > Γcav, Γex (Fig. 22b) [201]. This con
dition indicates that the energy exchange (emission/re-absorption) rate 
between the cavity and the molecules is faster than the loss rates, which 
can result from both the finite lifetime of photons inside the cavity 
(given by Γcav) and/or the finite lifetime of the molecular exciton (given 
by Γex).

Two decades ago, studies on light-matter interactions and their im
plications using optical cavity fields were primarily conducted by 
physicists, with a major focus on inorganic materials (such as inorganic 
quantum wells) that required cryogenic temperatures and the fabrica
tion of high-quality optical cavities [202,203]. Over the past decade, 
however, this topic has gradually expanded into the fields of molecular 
chemistry and materials science. Organic molecular systems, in partic
ular, have garnered significant interest because exceptionally large 
vacuum Rabi splitting energies (of up to ≈ 1 eV) [204–206] can be 
achieved at room temperature, even in highly lossy, metal mirror-based 
optical cavities. This arises due to the large transition dipole moments 
and oscillator strengths of excitons (with relatively narrow allowed 
energy bands) in organic molecular materials, as well as the high den
sities at which molecules can be integrated within the cavities.

As such, the field of ‘polaritonic chemistry’, which focuses on the 
study of organic molecular systems under the regime of strong light- 
matter coupling, has gained significant attention in both experimental 
and theoretical research over the last decade [194–200]. In particular, 
this field has emerged in recent years as a powerful means to modify the 
chemical and physical properties of molecules incorporated into 

Fig. 22. (a) Simplified energy landscape of a {molecules + cavity} system in the strong-coupling regime. The resonance between the molecular excitation (electronic 
or vibrational) and the cavity mode of energy ℏω leads to the formation of two hybrid light-matter (polaritonic) states, |P+〉 and |P− 〉, separated by the so-called Rabi 
splitting energy ℏΩR. Interestingly, the absolute energy of the ground-state level of the coupled system may also be modified (ΔG0) due to strong coupling. (b) 
Experimental ground-state absorption spectrum of cyanine dye molecules before (black curve) and after (red curve) undergoing strong light-matter coupling with a 
cavity mode. Adapted with permission from Ref. [194]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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purposefully designed optical cavities, through the formation of polar
itons. Indeed, as strong coupling to electronic excitations directly alters 
the excited-state potential energy surface of molecules (due to the large 
excited-state splitting), substantial effects on the photochemistry and 
photophysics of coupled photochromic molecules and organic poly
mers/dyes have been reported [207–210], thus providing a means to 
manipulate the photoreaction and relaxation pathways in the coupled 
molecules. More interestingly, not only is the energy of the excited states 
modified by the formation of polaritonic states, but many theoretical 
studies [211,212] have pointed out that the energy of the molecular 
electronic ground state might also be altered due to strong coupling, 
especially when the perturbation of the excited states is sufficiently large 
– i.e., when the Rabi splitting becomes a sizeable fraction (> 10 %) of the 
unperturbed material excitation energy. In this so-called ultrastrong- 
coupling regime, theoretical considerations indeed predict that, in 
addition to the large excited-state splitting, a lowering of the ground- 
state energy level must occur as the latter also acquires a non-zero 
photonic contribution [211,212], which suggests appealing perspec
tives for manipulating the thermodynamic (ground-state) properties of 
molecules placed inside an optical cavity.

In the case of molecular SCO materials, achieving a strong-coupling 
regime from ligand-field d–d absorption bands seems unfeasible due to 
their weak absorption coefficient (i.e., weak transition dipole moment). 
However, in a recent study [213], the first observation of strong light- 
matter coupling involving SCO molecules was reported by coupling a 
cavity mode to the intense charge-transfer bands of two isomeric 

complexes, [Fe(HB(1,2,4-triazol-1-yl)3)2] and [Fe(HB(1,2,3-triazol-1- 
yl)3)2], in the UV spectral range. The coupling was achieved by fabri
cating optical resonators consisting of a bilayer of Al (16 nm) and SCO 
complexes (⁓150 nm), deposited by thermal evaporation onto a prism 
(Fig. 23a). The choice of metal layer (Al instead of Ag) and the thickness 
of the SCO film allowed an optical mode of the structure to be resonant 
with the intense UV charge-transfer absorption bands of the SCO com
pounds in their LS state. In the angular dispersion map of the cavity 
(Fig. 23b), distinct splittings of the photon mode can be observed at 
wavelengths corresponding to the main absorption bands of the SCO 
molecules in the LS state. These splittings are the signature of strong 
light-matter coupling between the molecules and the optical modes. Due 
to the strong absorption and high concentration of SCO molecules within 
the cavity, Rabi splittings of up to 550 meV were reported, even sug
gesting the achievement of an ultrastrong-coupling regime. As the UV 
absorption bands are completely bleached when heating the SCO film 
above the spin-transition temperature, unsplit resonance peaks are 
recovered in the HS state (Fig. 23b). Thus, owing to the SCO phenom
enon, reversible switching between (ultra)strong- and weak-coupling 
regimes can be achieved within a single cavity, as demonstrated by 
the temperature-dependent evolution of the measured Rabi splittings 
(Fig. 23c).

This study [213] demonstrates that SCO molecules can be success
fully used as active elements to control (e.g., activate/deactivate) the 
strong-coupling regime in photonic nanostructures and, in turn, tune 
cavity resonances. As such, this phenomenon opens up considerable 

Fig. 23. (a) Schematic of a SCO-based optical resonator, consisting of an Al (16 nm)/[Fe(HB(1,2,4-triazol-1-yl)3)2] (138 nm) bilayer deposited on a prism, used to 
achieve the strong light-matter coupling regime. (b) Angular dispersion map of the resonator obtained by acquiring angle-dependent reflectance spectra in the LS and 
HS states. The panel on the left shows absorbance spectra of the SCO film in both spin states. The absorption maxima of the SCO complex in the LS state are indicated 
by horizontal dashed lines. A clear splitting (indicated by a white arrow) of the optical mode is observed in the LS state, revealing the strong-coupling regime, while 
unsplit resonances are evidenced in the HS state. (c) Temperature evolution of the Rabi splitting energies associated with the two main absorption bands, denoted as 
2A and 2B. (d) Comparison of the thermal spin-transition curves of a bare SCO film of [Fe(HB(1,2,4-triazol-1-yl)3)2] and the coupled film within the optical resonator. 
This comparison shows that the SCO properties (i.e., abruptness and switching temperature) of the film strongly coupled to the optical resonator remain essentially 
unchanged within experimental uncertainties. Adapted with permission from Ref. [213].
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prospects for modulating light propagation in original switchable 
polaritonic nanocavities – instead of using conventional refractive index 
switching. On the other way around, another appealing perspective is to 
use the strong-coupling phenomenon to tune the properties of coupled 
SCO molecules inside the resonant cavities. First, since light-matter 
coupling directly affects the excited-state energy levels of molecules, 
substantial effects are expected on the photoswitching pathway involved 
in the light-induced spin transition upon photoexcitation into the 
coupled polaritonic states. This could potentially lead to a modification 
of the overall dynamics and/or the quantum efficiency of the photoin
duced transition, as has been observed, for example, in certain photo
chromic molecules [207,210]. Second, if the coupling strength is 
sufficiently large, a lowering of the molecular ground-state energy level 
might also be achieved, opening the fascinating perspective of modi
fying the thermodynamic equilibrium between the LS and HS states of 
the coupled molecules. However, the magnitude of this effect remains 
highly controversial in the field of polaritonic chemistry, even at the 
theoretical level [200], especially in the case where the coupling 
collectively involves a large number of molecules [214,215].

In this context, the fact that SCO molecules can be coupled to a cavity 
mode, a priori, in only one spin state provides a means to finely inves
tigate the potential effect of strong coupling on the ground-state energy 
level, i.e., on the spin-state equilibrium temperature. Our first investi
gation [213] shows that the SCO properties of the film coupled to the 
optical resonator remain essentially unaltered (Fig. 23d), indicating that 
no noticeable change in the energy gap between the LS and HS ground 
states could be detected under the experimental conditions used. Very 
recently, a more detailed investigation [216], carried out in Fabry-Pérot 
cavities, revealed that the shift in the spin-transition temperature due to 
strong coupling remains below 1 ◦C (i.e., within experimental un
certainties), confirming that the ground state remains largely unaffected 
by the formation of polaritons. Undeniably, further work is needed to 
shed light on this phenomenon, which will require the study of ultra- 
small systems composed of a reduced number of molecules in the 
ultrastrong-coupling regime, within nanocavities with more tightly 
confined electromagnetic fields.

Interestingly, light-matter hybridization is not limited to electronic 
excitations, as molecular vibrations can also strongly couple to IR 
electromagnetic fields in microcavities, leading to the formation of 
vibrational or phonon polaritons [199,217]. This so-called vibrational 
strong coupling (VSC) offers exciting possibilities for the selective 
modification of chemical bond energies, which has been recently much 
investigated for tuning the ground-state chemical reactivity of molecules 
[218–223]. In the specific case of SCO complexes, VSC offers appealing 
perspectives for tuning the spin-transition properties in optical cavities, 
since the SCO phenomenon is intrinsically linked to intramolecular vi
brations. In addition, it is worth mentioning that other effects, which 
differ from strong coupling, might also be observed in optical cavities. 
Notably, theoretical calculations have suggested that the interaction 
between the permanent dipole moment (μ) of SCO molecules and the 
confined electromagnetic field in plasmonic nanocavities could lead to a 
significant shift in the spin-state equilibrium temperature – provided 
that μ is aligned with the cavity mode polarization and undergoes a 
sizeable change during the spin transition [224]. For this reason, 
particular attention should be paid to SCO compounds that exhibit a 
large (change of) dipole moment, which might typically be observed in 
low-symmetry complexes formed from hetero-ligands.

Overall, investigating the physicochemical behavior of molecules 
within optical cavities, whose properties can be tuned through light- 
matter interactions with confined electromagnetic fields, opens the 
door to a variety of fascinating perspectives that have yet to be 
discovered [200]. To this end, the precise mechanisms underpinning 
polaritonic chemistry still need to be elucidated.

5. Light-induced spin crossover: Towards all-optical devices?

All the SCO-based optical switches investigated so far (see section 4.1 
and 4.3) are based on thermal (or photothermal) addressing, which is an 
intrinsically slow process, unsuitable for many technological applica
tions. In this context, an important asset of SCO materials is the possi
bility to trigger the molecular spin-state switching by ultrashort light 
irradiation. This property opens up appealing prospects for the devel
opment of ultrafast, all-optical SCO-based switching devices.

The process by which the molecular spin state can be switched from 
the LS to the HS state upon photoexcitation into specific metal-centered 
absorption bands (either ligand-field or charge-transfer bands) of the LS 
species is referred to as the LIESST effect [25,26]. Importantly, this 
photoswitching process is known to be ultrafast (sub-picosecond) at the 
molecular scale. The mechanistic details of this molecular photo
conversion process have been largely discussed, particularly in the case 
of Fe2+ SCO complexes, in terms of the energy diagram shown in Fig. 24, 
which displays the potential energy surface of the well-known Fe2+ SCO 
complex [Fe(ptz)6](BF4)2, as determined through detailed optical ab
sorption spectroscopy (Fig. 2a) [27,28,42,225,226]. As a direct transi
tion from the LS singlet state (S = 0) to the HS quintet state (S = 2) is 
forbidden by selection rules, the photoswitching pathway is known to 
involve intermediate, short-lived excited states. In brief, upon irradia
tion of the sample at specific wavelengths in the UV–vis ranges, transient 
excited states of the molecules, 1T1g (⁓540 nm) or 1MLCT (⁓305 nm), 

Fig. 24. Energy diagram depicting the electronic potential wells of the Fe2+

SCO complex [Fe(ptz)6](BF4)2 and their spectroscopic assignment, showing the 
LIESST and reverse-LIESST pathways. The vertical straight lines represent light- 
induced transitions (via Franck-Condon processes, i.e., unchanged nuclear co
ordinates), whereas the wavy lines represent non-radiative relaxations. Adapted 
with permission from Ref. [226].
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are populated from the 1A1g LS ground state via a Franck-Condon pro
cess (vertical transition on the potential energy surface). Subsequently, 
the excited molecules relax non-radiatively to the 5T2g HS state through 
cascading intersystem crossings, involving successive changes in spin 
multiplicity (ΔS = 1) via the population of intermediate short-lived state 
(s), as illustrated in Fig. 24 [226,227]. Importantly, as revealed by 
femtosecond time-resolved experiments, the photoexcited molecules 
reach the HS potential well within 100–200 fs [228–231]. In addition, 
precise spectroscopic measurements have shown that the quantum ef
ficiency for the light-induced population of the metastable HS state is 
close to unity, meaning that each absorbed photon virtually results in 
one photoswitched molecule [42,232].

As highlighted by several theoretical studies [233,234], the excep
tional speed and efficiency of the LIESST effect may be attributed to the 
instantaneous activation of key molecular vibrations influencing the 
main reaction coordinate (metal-ligand stretching modes) after photo
excitation – favoring ultrafast cascading intersystem crossings – fol
lowed by their fast damping, which enables efficient structural trapping 
of the photoinduced HS molecules. As shown in Fig. 24, it is important to 
note that the reverse process (known as the reverse-LIESST effect), 
which consists in pumping the system back to the LS state, is also 
possible by selectively irradiating into the 5T2g → 5Eg ligand-field band 
of HS molecules (at ⁓830 nm in the case of [Fe(ptz)6](BF4)2) [235]. 
However, this molecular photoconversion process exhibits slower dy
namics compared to the LIESST effect [236] and a low quantum effi
ciency of only about 10 %.

In solid-state SCO systems, however, it appears that only a small 
fraction (typically a few percent) of molecules can be photoconverted 
into the HS state on an ultrashort timescale [46,93,237–240]; otherwise, 
degradation of the compound is generally observed upon increasing 
pulse energies. This aspect constitutes a severe limitation in the 
perspective of achieving large optical modulation depths in SCO-based 
devices driven by short light pulses. However, on longer timescales, 
time-resolved X-ray diffraction and optical spectroscopy studies 
[89,91,241,242] have revealed a significant amplification of the fraction 
of switched HS molecules, due to the subsequent activation of so-called 
thermo-elastic effects within the material, driven by the active role of 
the crystal lattice (see Fig. 25). In short, following the ultrafast molec
ular photoswitching process, significant photoinduced stresses (internal 
pressure) are generated within the material, due to the structural rear
rangement (volume swelling) of the photoswitched molecules and the 
transient increase in lattice temperature. Indeed, since the photon en
ergy of the excitation laser (⁓1–4 eV) is much larger than the zero-point 
energy difference between the LS and HS states (⁓50–200 meV), a large 
part of the excitation energy is transferred to the lattice and converted to 

heat [243,244]. In response to these photoinduced stresses, mechanical 
equilibrium with the external environment is restored through the 
propagation of coherent acoustic phonons, resulting in a global struc
tural expansion of the crystal lattice on the so-called acoustic timescale, 
which is determined by the typical length scale of the sample and the 
speed of sound in the SCO material [89,91,241,242].

Subsequently, this new lattice conformation (with expanded volume 
and elevated temperature) induces, in turn, a second increase of the 
fraction of HS molecules, which is usually referred to as a “thermo- 
elastic” switching step [46,238,239,245]. This delayed molecular con
version corresponds to a stage of thermodynamic equilibration between 
the spin state of molecules and the lattice conformation. Importantly, 
this thermo-elastic switching step can involve the conversion of a sig
nificant fraction of molecules (typically between 10 % and 30 % 
[46,237,238], though it can be as high as 50 %, as demonstrated in a 
recent study [240], depending on experimental conditions), which is 
obviously an important asset for achieving large modulation amplitudes 
in optical switching devices. However, despite the fact that the tem
perature rise and lattice expansion are completed within ⁓100 ps in 
SCO nanomaterials, recent experimental studies [46,238,239] have 
revealed that this thermo-elastic conversion step actually takes place on 
a timescale of tens of nanoseconds (see Fig. 25), thus demonstrating a 
clear temporal separation between electronic and lattice degrees of 
freedom [239]. This significant delay was imputed to the intramolecular 
energy barrier between the LS and HS states, which requires an 
Arrhenius-like activation process to switch the molecules into the HS 
state. Therefore, these recent studies suggest that this intramolecular 
energy barrier inherently acts as a dynamical bottleneck in the photo- 
transformation process of SCO compounds. However, it was also 
demonstrated in another recent work [246] that very high excitation of 
SCO nanoparticles can mitigate the effects of such local energy barriers, 
allowing the system to relax directly towards the HS state without in
cubation time.

Importantly, the LS-to-HS photoswitching process is said to be vol
atile since the final HS state has a finite lifetime after photoexcitation. 
The recovery to the LS ground state appears to be primarily governed by 
the rate of heat dissipation to the external medium. Notably, the back- 
relaxation dynamics critically depends on the size of the sample and 
the nature of its external environment. For Fe2+ SCO nanometric thin 
films (on glass substrates), the relaxation back to the LS state was 
typically found to occur within 0.1–1 μs at room temperature (see 
Fig. 25) [46,239]. These results demonstrate the feasibility of modu
lating the molecular spin state under ambient conditions in the 1–10 
MHz frequency range using ultrashort laser excitations. Although 
promising, these initial results are still insufficient, as the 

Fig. 25. (a) Time evolution of the fraction of photoswitched HS molecules, ΔXHS, in a 175-nm-thick film of [Fe(HB(1,2,4-triazol-1-yl)3)2], recorded at selected 
temperatures by transient absorption spectroscopy, following a laser pulse with an energy density of 23 mJ cm− 2. After the ultrafast (sub-picosecond) photoswitching 
process, a second thermo-elastic conversion step is observed on a timescale of tens of nanoseconds, before relaxation back to the LS state takes place (⁓1 μs). (b) 
Dynamics of the lattice volume change in the same film, quantified by the time evolution of the orthorhombic c-lattice parameter variation, Δc, recorded by X-ray 
diffraction. The lattice volume expansion occurs within 100 ps (acoustic timescale) following the laser pulse. As with ΔXHS, a delayed increase in the lattice volume is 
observed on a timescale of tens of nanoseconds in response to the thermo-elastic switching step. Reproduced with permission from Ref. [239].
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technologically relevant frequencies for optical switches are rather in 
the GHz range.

To increase the accessible modulation frequency of SCO devices, it 
appears essential to fine-tune the photoresponse of the crystal lattice of 
SCO nanomaterials by engineering the thermomechanical coupling with 
the external environment (e.g., by incorporating the SCO elements in 
close contact with a heat sink to accelerate heat dissipation and back 
relaxation). At the same time, it is also crucial to tune the intramolecular 
energy barrier of SCO molecules, which governs the LS-to-HS thermo- 
elastic amplification step. From this perspective, an important bottle
neck arises in Fe2+ SCO compounds, as their local energy barrier is 
relatively high due to the large variation in metal-ligand bond lengths 
(ΔrHL ≈ 0.2 Å) between the LS and HS states. This critical limitation 
highlights the potential advantages of using SCO compounds with 
different d-electron configurations, such as Fe3+ (3d5) and Co2+ (3d7) 
complexes, which exhibit lower intramolecular energy barriers due to 
smaller metal-ligand bond length changes (ΔrHL ≈ 0.15 and 0.10 Å, 
respectively), enabling sub-nanosecond switching times at room tem
perature [28]. However, for these complexes, the price to pay will 
certainly be a reduced refractive index change in the visible spectrum, 
owing to their relatively small volume changes during the SCO 
transition.

Finally, beyond the switching speed of the molecular spin state, 
another fundamental (yet still unexplored) question concerns the dy
namics of refractive index changes in SCO nano-objects following the 
molecular photoconversion. Since the main contribution to refractive 
index modulation in the visible spectral range arises from the volume 
change of the crystal lattice, it can be expected from the available 
experimental data that the photoinduced change in n may typically 
occur on the acoustic timescale, i.e., within 10–100 ps in nanometer- 
sized objects. Interestingly, in other spectral ranges (e.g., THz), where 
refractive index modulation is predominantly governed by variations in 
the ionic polarizability of molecules between the LS and HS states (see 
section 2.3), this change in n could potentially be faster, occurring on the 
timescale of intramolecular reorganization processes (picoseconds). 
Obviously, these rough estimates still need experimental validation. 
From this point of view, it is worth noting that polaritonic SCO-based 

devices (section 4.3), as well as any other device relying on optical 
modulation induced by electronic transition changes, hold significant 
promise for achieving all-optical, high-speed switching applications.

Interestingly, a non-volatile photoswitching response – a property 
essential for many optical memory applications – can also be achieved 
when photoexciting within the hysteretic region of certain SCO solids. 
Such a hysteresis loop arises in some SCO materials due to the formation 
of a free energy barrier between the LS and HS phases, which stems from 
the existence of strong, long-range elastic interactions between the 
metal centers. In such cases, the photoexcited state can be efficiently 
trapped – with virtually infinite lifetime – due to the high free energy 
barrier between the two phases [35]. Such a non-volatile photo
conversion process within the thermal hysteresis loop of SCO materials, 
driven by pulsed-laser excitation, has been experimentally reported in 
numerous studies [79,86,243,244,246–253]. However, the mechanisms 
and underlying dynamics of this laser-induced switching – particularly 
how the hysteretic free energy barrier is overcome to efficiently trap the 
HS state – remain a subject of ongoing debate [35]. While a typical 
activation time on the millisecond timescale was reported in bulk 
crystals of the compound [Fe(HB(1,2,4-triazol-1-yl)3)2] [86], the LS-to- 
HS transition was found to be completed within ⁓50 ps in nanometer- 
sized (10–15 nm) particles of [Fe(Htrz)2(trz)](BF4) dispersed in solution 
(Fig. 26) [246]. Although the mechanism at the origin of this fast 
switching process remains to be investigated, these recently obtained 
results [246] support the feasibility of all-optical memory applications 
based on SCO nanomaterials with ultrafast (tens of picoseconds) 
encoding times.

Finally, beyond the LIESST effect, it should also be noted that other 
non-volatile photoswitching processes of the molecular spin state rather 
involve photochemical reactions of the coordinating ligands. Specif
ically, for some SCO complexes, the selective photoexcitation of ligand- 
centered absorption bands can induce conformational changes in the 
ligands (such as photoisomerization or cyclization) or in guest molecules 
[255], which lead to modifications in the ligand field strength and, 
consequently, a change of the molecular spin state. This is the case of the 
so-called ligand-driven light-induced spin change (LD-LISC) effect, 
whereby the ligand is photochemically transformed from one isomeric 

Fig. 26. (a) Typical thermal hysteresis loop between the LS and HS states in 10–15 nm sized nanoparticles of the SCO compound [Fe(Htrz)2(trz)](BF4). Reproduced 
with permission from Ref. [254]. (b) Transmission electron microscopy (TEM) image of the [Fe(Htrz)2(trz)](BF4) nanoparticles used for the time-resolved photo
switching study. (c) Time evolution of the fraction of photoswitched HS molecules, extracted from X-ray emission spectroscopy (XES), following a 266-nm laser pulse 
at different excitation fluences. The inset shows the sub-picosecond timescale evolution of the HS fraction, collected for an excitation fluence of 100 mJ cm− 2. 
Reproduced with permission from Ref. [246].
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form to another [256–258]. Similarly, another effect, known as light- 
driven coordination-induced spin-state switching (LD-CISSS), involves 
a change in the coordination number of the metal ion as a result of the 
photoisomerization reaction, affecting the ligand field and orbital oc
cupancy [259–262]. Interestingly, such ligand-driven photoswitching 
processes, which can operate in a reversible way at room temperature, 
are non-volatile, since the transformation occurs between two stable, 
long-lived isomeric forms. However, due to the significant structural 
rearrangement during photoisomerization, these photoconversion pro
cesses are difficult to achieve in bulk solids and often require relatively 
long irradiation times [263,264], which greatly limits their suitability 
for practical applications.

6. Summary and outlook

Undeniably, molecular spin-crossover complexes possess a unique 
combination of optical properties. They display large differences in 
extinction coefficient and refractive index between their low-spin and 
high-spin forms, which arise from both electronic and structural factors. 
The most characteristic structural difference is the increase in mass 
density in the LS state, which gives rise to a broadband enhancement of 
the refractive index in the vis-NIR spectral ranges, seemingly violating 
the Kramers-Kronig relations between n and k. Although thermo
chromism and thermoreflectance are ubiquitous in SCO materials, 
somewhat surprisingly, the literature with properly assigned optical 
spectra and refractive index data remains meager and mostly limited to 
ferrous (Fe2+) triazole and tetrazole complexes. Researchers should 
therefore be advised to systematically report these figures for novel SCO 
compounds, in particular for non-ferrous systems. Theoretical studies 
going beyond crystal field theory – for example, using density functional 
theory – could also provide valuable insights in this context. Further 
fundamental work is also needed to elucidate the link between the 
electronic spin state of molecules and the refractive index of the mate
rial, which is a particularly intriguing question at ultrafast timescales 
wherein the electronic and lattice degrees of freedom are known to 
evolve separately in time [239].

Somewhat less recognized is the fact that the spin-state dependence 
of the complex refractive index is not limited to the optical frequencies, 
but also embraces the terahertz and microwave domains, with signifi
cant application potential in a variety of technologies (e.g., terahertz 
switches, reconfigurable antennas). However, to enable progress to
wards these applications, the fundamental physics governing the 
changes in dielectric properties in these spectral ranges still needs to be 
uncovered.

The first and currently most important practical use of optical 
property changes at the SCO is the detection of the phenomenon itself. 
Indeed, optical detection provides an extremely cost-effective and ver
satile means of monitoring the SCO phenomenon both in bulk and, 
importantly, in nanoscale materials, including single nanoparticles. 
Optical detection can not only afford high sensitivity, but also high 
spatial (< μm) and temporal (< ps) resolutions, which allowed to obtain 
precious insights into the spatiotemporal dynamics of the spin-state 
switching process. Besides fundamental research, optical detection has 
also been employed to develop sensors for monitoring changes in the 
environment (e.g., temperature, pressure, and concentration of chemical 
species). Among these, importantly, surface temperature microsensors 
based on SCO coatings, as well as thermochromic SCO inks, have 
reached such an advanced stage of development that they can be 
considered commercially relevant. As such, they provide a first tangible 
proof of the technological applicability of SCO materials. This can 
encourage engineers to go beyond proofs of concept and construct fully- 
fledged devices in order to explore the full technological potential of 
SCO-based sensors.

The ability to incorporate high-quality SCO materials with precise 
geometries into photonic and nanophotonic devices has also enabled the 
development of new concepts such as tuneability, adaptability, and 

reconfigurability, which can be advantageously used in a variety of 
active photonic applications. Specifically, the unique optical properties 
of SCO materials provide scope to realize integrated active photonic 
devices with a broad optical bandwidth and low transmission losses in 
the visible spectral range, wherein other families of phase-change ma
terials usually underperform. However, further improvements in optical 
contrast are needed to reduce footprint and energy consumption. This 
will require smart designs that account for the most desirable modal 
interaction between the SCO material and the optical fields within the 
photonic device.

Regardless of the intended optical applications (sensing or switch
ing), a great advantage of molecular SCO materials is their intrinsic 
versatility, which implies different spin-state switching behaviors and 
various optical properties, depending on the specific transition metal ion 
complex selected from the vast and flexible family of SCO compounds. 
The response can be either transient or non-volatile (memory effect), 
depending on the compound used and the experimental conditions, 
which allows for a wide range of functionalities. This versatility and 
multifunctionality mean that SCO systems provide an excellent platform 
for synergistically combining optical properties with other physico
chemical phenomena, such as sorption, chirality, catalytic activity, 
ferroelectricity, mechanical damping, and so forth [265,266]. Working 
towards the design of such diversely functionalized SCO materials is 
expected to gain increasing importance in the near future. In this 
context, it is worth noting the strong conceptual connections between 
SCO molecules and other types of molecular magnetic switches, such as 
valence tautomeric complexes, bistable organic radicals, Jahn-Teller 
switches, Prussian blue analogues, and other cyanometalate assem
blies [267,268]. As such, the application ideas, design concepts, and 
challenges discussed in the present review on SCO materials can, in 
many cases, be directly extended to these systems. These various com
pounds can thus broaden the possibilities for synthetic chemists in 
designing switchable optical properties and may also give rise to func
tionalities that are not conceivable using SCO complexes.

Undeniably, the SCO field has also reached a certain degree of 
maturity due to significant progress made over the last decade in the 
fabrication and design of SCO nanomaterials (thin films, nanopatterns, 
gratings, etc.), with notable gains in terms of cycling endurance, 
switching speed, and long-term stability, which may qualify them as 
viable technological solutions for demanding photonic applications. The 
switching speed can be further improved in modulation-type devices 
using Fe3+ and Co2+ complexes, which exhibit smaller intramolecular 
energy barriers in comparison with Fe2+ compounds. As for non-volatile 
switch-type devices, there is a real promise for achieving ultrafast 
switching through size reduction effects, which could lead to a drastic 
decrease in the hysteretic free energy barrier between the HS and LS 
phases, enabling fast (picosecond) activation times.

Finally, recent studies have demonstrated (ultra)strong light-matter 
coupling between molecular electronic excitations and electromag
netic modes for SCO molecules embedded within resonant optical cav
ities. In this strong interaction regime, light and matter couple to form 
new hybrid polaritonic states, which modify the molecular energy 
landscape. This raises a fascinating question: Can one tune the 
(switching) properties of SCO molecules through light-matter 
hybridization?
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[22] M. Grzywa, R. Röß-Ohlenroth, C. Muschielok, H. Oberhofer, A. Błachowski, 
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D. Ballarini, F. Mangione, G. Lerario, D. Sanvitto, G. Gigli, Exploring light–matter 
interaction phenomena under ultrastrong coupling regime, ACS Photonics 1 
(2014) 1042–1048, https://doi.org/10.1021/ph500266d.

[207] J.A. Hutchison, T. Schwartz, C. Genet, E. Devaux, T.W. Ebbesen, Modifying 
chemical landscapes by coupling to vacuum fields, Angew. Chem. Int. Ed. 51 
(2012) 1592–1596, https://doi.org/10.1002/anie.201107033.

[208] B. Munkhbat, M. Wersäll, D.G. Baranov, T.J. Antosiewicz, T. Shegai, Suppression 
of photo-oxidation of organic chromophores by strong coupling to plasmonic 
nanoantennas, Sci. Adv. 4 (2018) eaas9552, https://doi.org/10.1126/sciadv. 
aas9552.

[209] V.N. Peters, M.O. Faruk, J. Asane, R. Alexander, D.A. Peters, S. Prayakarao, 
S. Rout, M.A. Noginov, Effect of strong coupling on photodegradation of the 
semiconducting polymer P3HT, Optica 6 (2019) 318–325, https://doi.org/ 
10.1364/OPTICA.6.000318.

[210] J. Mony, C. Climent, A.U. Petersen, K. Moth-Poulsen, J. Feist, K. Börjesson, 
Photoisomerization efficiency of a solar thermal fuel in the strong coupling 
regime, Adv. Funct. Mater. 31 (2021) 2010737, https://doi.org/10.1002/ 
adfm.202010737.

[211] C. Ciuti, G. Bastard, I. Carusotto, Quantum vacuum properties of the intersubband 
cavity polariton field, Phys. Rev. B 72 (2005) 115303, https://doi.org/10.1103/ 
PhysRevB.72.115303.

[212] J. Galego, F.J. Garcia-Vidal, J. Feist, Cavity-induced modifications of molecular 
structure in the strong-coupling regime, Phys. Rev. X 5 (2015) 041022, https:// 
doi.org/10.1103/PhysRevX.5.041022.

[213] L. Zhang, K. Ridier, O.Ye. Horniichuk, S. Calvez, L. Salmon, G. Molnár, 
A. Bousseksou, Reversible switching of strong light–matter coupling using spin- 
crossover molecular materials, J. Phys. Chem. Lett. 14 (2023) 6840–6849, 
https://doi.org/10.1021/acs.jpclett.3c01136.
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Stetten, P. Łaski, R. Kamiński, K.N. Jarzembska, R.F. Wallick, T. Stensitzki, R. 
M. van der Veen, H.M. Müller-Werkmeister, G. Molnár, D. Xiang, C. Milne, 
M. Lorenc, Y. Jiang, Capturing ultrafast molecular motions and lattice dynamics 
in spin crossover film using femtosecond diffraction methods, Nat. Commun. 16 
(2025) 2043, https://doi.org/10.1038/s41467-025-57202-0.
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