Yuteng Zhang 
  
Karl Ridier 
  
Victoria Shalabaeva 
  
Isabelle Séguy 
  
Sylvain Pelloquin 
  
Henri Camon 
  
Stéphane Calvez 
  
Lucie Routaboul 
  
Lionel Salmon 
  
Gábor Molnár 
  
Azzedine Bousseksou 
  
A molecular spin-crossover film allows for wavelength tuning of the resonance of a Fabry-Perot cavity
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Materials that undergo electronic and/or structural phase change associated with a reversible switching of their optical properties have received recently increasing attention for the development of active photonic devices. [1][2] These phase-change materials (PCMs) exhibit changes of their refractive index in response to external stimuli (e.g. heat, voltage bias or light irradiation), which have been exploited for a variety of applications, such as smart windows, optical memories, spatial light modulators and photonic integrated circuits. [3][4][5][6][7][8][9][10][11] The most widely studied PCMs are chalcogenide alloys (e.g. Ge2Sb2Te5) showing amorphous-crystalline phase change, transition metal oxides (e.g. VO2) exhibiting metal-insulator transitions, and liquid crystals (e.g. 5CB) displaying order-disorder type transitions. Among these materials, however, mostly liquid crystals have been employed in practical applications requiring transparency in the visible spectral range. 3 Yet, the intrinsic limitations of liquid crystals (slow speed, high scattering losses, intricate processing and need for encapsulation 3 ) call for new material developments. 4 In this context, emerging nanomaterials of molecular spin-crossover (SCO) compounds represent a promising novel class of PCMs with high potential for active photonics applications. 12 These transition metal complexes (most often with Fe 2+ metal centers) display reversible switching between their low-spin (LS) and high-spin (HS) electronic configurations under various external stimuli (temperature or pressure change, light or X-ray irradiation, etc.). 13 The most apparent property of bulk SCO materials is the visible color change, which accompanies the switching event. On the other hand, much less recognized is the fact that the SCO is always associated with a substantial variation of the refractive index (n = 0.01 -0.1) as well. This property arises due to combined electronic (polarizability change) and structural effects (unit cell volume change up to 15%), albeit the latter contribution is assumed to prevail in most cases. 14 In the past, the refractive index change in SCO materials has been investigated from the UV to the THz spectral ranges either as a means for detecting the spin transition in nanoscale objects or with the aim to develop switchable optical materials/devices. [14][15][16][17][18][19][20][21][22][23][24][25][26] The latter comprise transient phase gratings, 14 tunable Bragg filters for the sub-millimeter wavelength range, 16 diffractive gas sensors 25 as well as active plasmonic switches based on lithographically patterned 22 or, more recently, on chemically synthesized 26 gold nano-rods. However, the SCO materials used in these works suffered from certain limitations, such as poor processability (e.g. powders), low environmental stability, weak cycling endurance and SCO far from room temperature. In the present Communication, we make use of the refractive index change associated with the SCO to render wavelength-tunable a Fabry-Perot resonator, using a high-quality SCO film, which effectively overcomes all these pitfalls, marking an important leap towards SCObased photonics. Our work is based on thin films of the molecular SCO complex [Fe(HB(1,2,4-triazol-1-yl)3)2] (compound 1). High-quality, nanocrystalline thin films of 1 were recently developed using vacuum thermal evaporation, followed by water vapor annealing. 27 These films exhibit a complete, well-defined and reproducible spin transition near 63-65 °C, depending only marginally on the film thickness 28 and film defects 29 . Recent studies have demonstrated that the molecular spin state of these thin films can be modulated at high frequencies (1-10 MHz) with outstanding switching endurance (> 10 7 cycles). [30][31] Based on these attributes, films of 1 have been integrated into electronic/electromechanical test devices to explore their electrical resistance switching capabilities [32][33] and their ability to induce mechanical actuation. 34 and thermal damping 35 . In addition, they have been effectively used for nanoscale thermal imaging. 31 In order to explore the photonic properties of 1, we have determined the optical constants (n, k) of a nominally 100-nm-thick film (on top of a silicon substrate) using a Horiba UVISEL ellipsometer. Ellipsometric data were acquired for wavelengths between 250 and 1000 nm at various angles of incidence (AOI = 56-60°) and selected temperatures (25-95 °C), and fitted by a single oscillator model. 36 Figures 1(a) and 1(b) display the wavelength dependence of the refractive index n and extinction coefficient k, respectively. Between 350 and 1000 nm, k remains below ca. 10 -4 in the whole temperature range, whereas n exhibits classical dispersion behavior. Indeed, in the Vis-NIR region, only a few Laporte-forbidden ligand-field transitions occur in 1 with absorption coefficients in the order of 100 and 10 cm -1 in the LS and HS states, respectively. These weak absorption bands are hardly detectable even in micrometer-thick films. 30 Below 350 nm, k steeply increases and peaks at a value of 0.23 around 315 nm, whereas n exhibits anomalous dispersion. The associated strong UV absorption is assigned to charge-transfer transitions in the LS state and it can be conveniently used to probe the SCO phenomenon in the thin films. 27 The temperature dependences of the refractive index n and film thickness t are depicted in Figures 1(c) and 1(d), respectively. These curves show a compelling correlation. Far from the spin transition, both n and t are weakly temperature dependent, in agreement with the nearly zero thermal expansion coefficient of 1. 37 Around the spin-transition temperature (65 °C), the film thickness abruptly increases by 4.6 %, from 91.2(3) in the LS state to 95.4(2) nm in the HS state. This variation is in reasonable agreement with the 5.6 % expansion of the orthorhombic c-axis of the unit cell upon the SCO revealed by single crystal X-ray diffraction. 37 (N.B. The film is oriented with the c-axis normal to the substrate. 27 ) On the other hand, the value of n concomitantly drops by ca. 0.2-0.04 (depending on the wavelength) at the LS-to-HS transition. To translate this refractive index change into a functional property, we fabricated metal-based Fabry-Perot structures on glass substrates. Fabry-Perot interferometers are widely used in optical instruments, such as spectrometers, lasers, filters and so forth. [START_REF] Born | Principles of Optics[END_REF] They are constituted of a material (of arbitrary thickness) sandwiched in between two semi-transparent mirrors. Impinging light is bounced back and forth between the two mirrors and, at the resonance wavelength(s), effectively passes multiple times through the central material. As a result, the wavelength-selective constructive interaction with this layer occurs over an artificially increased length, which equivalently means that energy is stored in the device, which behaves as a resonator. The nominal design of our device, Ag(50 nm)/SCO(115 nm)/Ag(50 nm), was set to exhibit a reflection (and a transmission) resonance in the green spectral range with a Q-factor (defined as the resonant wavelength divided by its full spectral width at half height) of 60. Both the Ag and SCO layers were deposited by vacuum thermal evaporation (5×10 -7 Torr base pressure). To reach a high degree of crystallinity the as-deposited SCO film was solvent vapor annealed as described in ref. 27. A rotating, water-cooled substrate holder was used to achieve homogeneous and damage-free films. The normal-incidence transmittance and variable-incidence (AOI = 8-60°) reflectance characteristics of the devices were subsequently quantified, for both transverse electric (TE) and transverse
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magnetic (TM) polarizations, using a PerkinElmer Lambda 950 spectrophotometer. The temperature of the devices was controlled using a Peltier stage. Fortuitously, the transmittance window of the Ag films around 320 nm (associated with the silver plasma frequency) closely coincides with the LS absorption peak of 1. This allowed us to probe the optical absorbance change of 1 upon the spin transition -similar to neat films 27 . As shown in Figure 2(a), the spin transition in the cavity occurs in a reproducible and abrupt fashion near 65 °C. The total absorbance change (ΔOD = 0.29) indicates that the spin transition is nearly complete in the 115-nm-thick film. 28 These results unambiguously confirm that the presence of the Ag films -below and on top of the SCO layerdoes not substantially impact the spin-transition properties. (N.B. This observation was confirmed for the four investigated Fabry-Perot devices.) Figure 2(b) shows representative reflectance spectra of the cavities recorded in the LS (25 °C) and HS (80 °C) states at various AOI under TE polarized illumination. As expected, the Ag/SCO/Ag multilayer structure exhibits pronounced resonances with quality factors Q of ca. 30-35, i.e. approximately twice lower than predicted. Importantly, the resonance peaks display a blueshift (up to 8 nm) when going from the LS to the HS state. This shift can be better appreciated in Figure 2(c), which shows a detailed temperature scan, as well as in Figure 2(d), which displays the dispersion of the cavity resonance in the LS and HS states for both TM and TE polarizations. The experimental behaviour can be fitted using conventional transfer matrix calculations [START_REF] Born | Principles of Optics[END_REF] including the known optical properties of silver [START_REF] Johnson | [END_REF] and the above-reported ellipsometric data of the SCO film. The calculated characteristics are shown in Figures 2(b)-(d) in dotted lines. Taking into account a thickness expansion factor of the SCO film of 4.6 % associated with the spin transition, a good agreement between the experimental and calculated angular dependences of the resonances is obtained for an effective (LS) SCO layer thickness of 119.0 nm and a silver thickness of 47.8 nm, both of which being close to the targeted deposition values. However, to reach a better agreement between the experimental and simulated spectra (in particular concerning the resonance widths), it was necessary to introduce a surface roughness with a 1.7-nm-standard-deviation. This roughness parameter can be attributed to a combination of (glass) substrate roughness and evaporation-related contributions. 

Conclusions

In summary, we have shown that thin films of the molecular SCO complex [Fe(HB(1,2,4-triazol-1-yl)3)2] exhibit a substantial change of their refractive index (n = 0.2-0.04) in the UV-Vis-NIR spectral ranges upon the spin transition, whereas absorption losses remain negligible (k ≤ 10 -4 ) for wavelengths above ca. 350 nm. High-quality films of this compound were then incorporated into metal-dielectric-metal stacks by straightforward vacuum evaporation. The resulting Fabry-Perot cavities displayed spectrally tuneable resonances (up to 8 nm shift), which could be traced back -using transfer matrix calculations -to the refractive index and film thickness changes upon the near-room-temperature spin transition. The present results, together with the previously demonstrated large bandwidth and high cycling endurance of the films (in ambient conditions), demonstrate that the quality of spin crossover nanomaterials has reached today performance thresholds, which qualify them as viable technological solutions for demanding photonic applications. As such, this work opens up prospects for a wealth of reconfigurable and self-adaptive applications, including spatial light modulators, photonic integrated circuits and tuneable optical components -with particular relevance for the visible wavelength range wherein other families of PCMs fall short.
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 1 Fig. 1. Ellipsometric characterization of a nominally 100-nm-thick film of 1. (a-b) Optical constants (n, k) in the UV-Vis-NIR region (250-1000 nm) acquired at selected temperatures between 25 and 95 °C. (c) Temperature dependence of the refractive index n at selected wavelengths (heating mode). (d) Variation of the film thickness t as a function of the temperature (heating mode).
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 2 Fig. 2. Optical properties of Ag(50 nm)/SCO(115 nm)/Ag(50 nm) multilayer Fabry-Perot cavities. (a) Temperature dependence of the optical density change across the cavity (ΔOD = OD -ODHS) at λ = 318 nm (normal incidence, non-polarized) along two heating-cooling cycles (2 °C.min -1 scan rate). (b) Reflectance spectra at selected AOI in the two spin states (TE polarization). (c) Cavity resonance (TE polarization, AOI = 45°) as a function of temperature (heating mode). (d) Dispersion curves in the two spin states for TE and TM polarizations. The dotted lines in (b) and (d) were calculated by means of the transfer matrix method using ellipsometry data.
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