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Abstract

:

We have investigated by means of optical microscopy and magnetic measurements the first-order thermal spin transition of the [{Fe(NCSe)(py)2}2(m-bpypz)] spin-crossover compound under various shining intensities, far from the light-induced spin-state trapping region. We found evidence of photo-heating effects on the thermally-induced hysteretic response of this spin-crossover material, thus causing the shift of the thermal hysteresis to lower temperature regions. The experimental results are discussed in terms of the apparent crystal temperature and are analyzed theoretically using two evolution equations of motion, written on the high-spin (HS) fraction and heat balance between the crystal and the thermal bath. A very good qualitative agreement was found between experiment and theory in the stationary regime, explaining the experimental observations well and identifying the key factors governing these photo-thermal effects.
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1. Introduction


Switchable molecular solids [1,2] provide beautiful examples of first-order phase transitions. These materials [3,4,5] are recognized for their serious applications thanks to their reversible switching properties using temperature, pressure variations [6,7], light [8,9,10,11,12,13,14,15,16], magnetic [17,18] and electric [19,20,21] fields, etc. It is important to notice that iron(II)-based spin-crossover (SCO) materials have been recognized as well adapted candidates for nano-structuration potentialities [22,23,24,25,26], allowing their integration into devices for various applications, such as display and memory devices [27,28,29,30], multimodal sensing [31,32,33], probes of contact pressure or shocks [7], as well as actuators [34,35,36].



The significant changes accompanying their physical properties, among which are the volume, color, elasticity, magnetism, dielectric susceptibility, and conductance [37], allow the detection of their switching by various physical techniques. As an example, the volume accompanying the spin transition was used to design microscopic actuators [38]. Furthermore, switchable thin films [24,39,40] and nanoparticles [41,42,43] have also been synthesized and their properties analyzed. On the other hand, the spatiotemporal features at the macroscopic scale, accompanying the cooperative SCO materials exhibiting first-order transitions, remained quite unexplored until high-quality single crystals became available [44,45] and optical microscopy (OM) studies [46,47,48,49,50,51,52] were developed. As a result, the mechanism of the SCO transition on one single crystal was clarified, since it was identified that the transformation of a single crystal is governed by a nucleation and growth mechanism [51] in which the volume change at transition deploys long-range elastic interactions that delocalize the strain field at long distances. As a result, the electronic high-spin (HS) and low-spin (LS) phases, stabilized by the elastic strain, may coexist and compete as a function of temperature. In addition, OM investigations showed that although the first-order thermal transitions are sharp on one single crystal, the transition temperatures and so the thermal hysteresis loops are crystal-dependent and significantly depend on the crystal sizes and shapes [50]. Recent OM investigations [53] on the effect of light on the thermally-induced HS to LS transitions far from the Light-Induced Excited Spin-State Trapping (LIESST) effect [14] region, showed that under relatively strong light intensities the measured thermal hysteresis shifts to lower temperatures and the velocities of the HS–LS interfaces are also substantially affected. In the present work, we report on original photo-magnetic experiments conducted on a set of several single crystals of the [{Fe(NCSe)(py)2}2(m-bpypz)] spin-crossover compound under various shining intensities. Compared to the OM measurements, the thermal hysteresis arising from magnetic measurements consists in an envelope of the various transitions of the SCO grains, and, consequently, the obtained response crucially depends on the size and shape distributions of the micro-crystals, ultimately leading to the smoothing of the thermal hysteresis profile. The present work thus aims at investigating the dependence of the thermal hysteresis on the shining light intensity.



It is worth mentioning that the first photo-thermal effects around the thermally-induced region, although not recognized as such, appeared for the first time in Reference [54], where the authors named it Light-Perturbed Thermal Hysteresis (LiPTH), which emerged from the study of the SCO material [Fe(phy)2](BF4)2 (phy = 1,10-phenanthroline-2-carbaldehyde phenylhydrazone) by Mössbuer spectroscopy under light irradiation in the temperature interval of 250–300 K. Moreover, it is important to mention that LIESST [14,55] and Light-Induced Thermal Hysteresis (LITH) [11,56], using continuous wave irradiations, are clearly very low-temperature phenomena (<100 K) arising from the competition between the quantum photo-excitation processes and thermal relaxation, which may induce in cooperative systems the emergence of new instabilities, as is explained in Reference [11]. Above this region, the lifetime is so fast that ultrafast pump-probe techniques are required to observe and analyze the photo-induced states [57,58]. The effect of continuous wave irradiation in this high-temperature region, i.e., around the SCO thermal hysteresis, is associated with another mechanism, which is discussed in the present work.



In this work, we demonstrate that a SCO compound under light intensity experiences photo-thermal effects that cause its photo-heating. The present experimental data are analyzed in terms of apparent temperature, resulting from thermal processes occurring in the sample, taking into account the photo-thermal heating and thermal exchanges between the sample and the thermal bath whose temperature is monitored. Indeed, as a consequence, the actual compound temperatures may sizably differ from the data displayed by the temperature controller, which is denoted as “apparent temperature”. All the OM, photo-magnetic, and photo-thermal effects results are presented, discussed, and modeled using a microscopic description based on a non-equilibrium extension of the Ising-like model, combined with an equation of the heat balance between the SCO system and its environment (i.e., light and thermal bath) which gives the temporal dependence of the SCO compound’s (or crystal’s) temperature.




2. Experiments and Results


The investigations in this study were performed using optical microscopy and photo-magnetic measurements. Cryogenic optical microscopy investigations [47,59,60] were conducted in a transmission mode using a standard optical microscope, Nikon Eclipse LV100, equipped with a fast CCD camera (DALSA Falcon 1.4 M100HG Color, 100 fps max, Dalsa, Ontario, Canada). Complete images of the crystal were recorded using an objective × 20 (numerical aperture (NA) = 0.4 with a resolution limit of ~0.75 µm) as a function of temperature in transmission mode. The illumination was provided by a tungsten halogen lamp, whose intensity was controlled in order to study the consequence of the photo-heating effects on the spin transition.



The experiments were performed on one single crystal of the compound [{Fe(NCSe)(py)2}2(m-bpypz)], where py = pyridine and m-bpypz = 3,5-bis(2-pyridyl)-pyrazolate [61], whose molecular structure in the HS and LS states is displayed in Figure 1, in the course of the spin transition, where the HS and LS phases can be easily identified. The choice of this sample was due to the following three characteristics: (i) the strong thermo-chromic character of this complex at the transition, (ii) its sharp first-order transition, and (iii) its robustness at the transition which allows reversible thermal cycling studies with the same single crystal without the material degrading.



2.1. Photo-Magnetic Studies under Various Shining Intensities


Magnetic susceptibility data were collected using a Quantum Design MPMS (Magnetic Property Measurement System) 5 SQUID (Superconducting QUantum Interference Device) magnetometer (Quantum Design, San Diego, CA, USA) under an applied field of 1 T. The magnetic susceptibility (χm) of the title compound was measured over the 10 to 150 K temperature (T) range with a temperature sweep rate of 1 K min−1 on a set of selected single crystals. Diamagnetic corrections for the sample holder and the material (using Pascal constants) were applied. The χmT versus T plot is displayed in Figure 2. In the high-temperature region, the χmT value (3.55 cm3 K mol−1) is consistent with a HS (S = 2) configuration of the hexacoordinated Fe(II) ions. Upon cooling and (respectively heating) in the dark, the χmT remains constant down to 111 K (respectively 114 K), then sharply decreases (respectively increases) to ca. 0.25 cm3 K min−1 (3.45 cm3 K min−1), indicating the presence of an almost complete sharp HS to LS (respectively LS to HS) first-order spin transition with an equilibrium transition temperature, T1/2≃113 K.



Photo-magnetic measurements were performed with a set of photo-diodes coupled through an optical fiber to the cavity of a MPMS-55 Quantum Design SQUID magnetometer operating at 2 T. The sample was first slowly cooled to 10 K, until reaching the LS state, without any presence of residual HS fraction. The magnetic response of the sample under irradiation with white light excitation and a power (measured at the sample surface) of ~5 mW cm−2 revealed a significant increase of the magnetic signal (see Figure 2) until the value χmT=1 cm3 K mol−1 at which the signal saturates, according to the LIESST process [14]. Then switching off the light and increasing the temperature led first to an increase of the magnetic signal until T=50 K, which indicated the presence of sizable zero field splitting effects and antiferromagnetic exchange between the two iron(II) centers of the binuclear [62,63,64]. Then, from this temperature, the HS fraction fell down around the relaxation temperature of T(LIESST) = 60 K [56,65], given by the temperature at which the curve ∂(χMT)∂T vs. T (given in the inset of Figure 2) reaches its minimum value. It is worth noting that excitations using 830 nm did not show any presence of a reverse-LIESST phenomenon on this compound.



The effect of light on the thermal hysteresis of the present compound is presented in Figure 3a, where χmT is measured for several light intensities of an 830 nm excitation, at a temperature scan rate of 0.5 K min−1. At first sight, one can easily remark that the increase of the light intensity excitation results in the shift of the thermal hysteresis to low-temperature regions. This trend is expected for a light-induced heating effect. On the other hand, the plot of the upper and lower transition temperature as a function of the intensity of light (Figure 3b) show that the hysteresis width remains almost constant in this process.




2.2. Optical Microscopy Thermal Hysteresis and Photo-Heating Effects


Figure 4a depicts some selected snapshots of the single crystal [{Fe(NCSe)(py)2}2(m-bpypz)] transformation in the vicinity of the spin transition, recorded at a scan rate of r=0.2 K min−1 with a relatively weak light intensity of the microscope, I=21 mW cm−2. For both cooling and heating processes, the snapshots of Figure 4a indicate that the spin transition on one single crystal proceeds through a single domain nucleation and growth mechanism, with a well identified HS–LS interface which propagates along the crystal length. The origin of such a single domain nucleation is attributed here to long-range elastic interactions between the SCO molecules, arising from the large crystal volume change (~3%) at the transition [66,67,68,69,70,71,72]. Indeed, the local volume change at the transition on each site is felt by the other molecules at long-range distances, due to an image pressure (negative in the case of positive volume misfit and positive in the opposite case) [73,74] traveling from the crystal boundary (the surface) in the form of an acoustic wave. As a result, the nucleation from the border of the crystal, which can be initiated randomly (a stochastic process) or by the existence of temperature gradients, generates long-range stresses, which prevent the nucleation from other sites, in the case of strong cooperative systems. The thermo-chromic transformation from the diamagnetic LS state to the paramagnetic HS state of the single crystal, illustrated in Figure 4a is consistent with the optical spectra, reported in Figure 4b, where we can clearly identify the absorption bands of the LS and HS states.



Taking benefit from the thermo-chromic character of the present spin transition, we could derive quantitatively from the recorded images the average HS fraction, which is simply equal to the surface of the light areas appearing in the snapshots of Figure 4. On the other hand, to minimize the signal–noise ratio, one could also follow the optical density (OD=log10I0 I), where I0 is the bright field intensity and I is the transmitted intensity through the crystal. This OD scales with the HS fraction, nHS, to which it connects through the relation, nHS=(OD−ODLS)(ODHS−ODLS), where ODLS (respectively ODHS) is the optical density of the LS (respectively HS) state.



Figure 5 depicts the thermal hysteresis derived from the variation of the average optical density of the crystal obtained for various shining intensities at a constant temperature scan rate (0.2 K min−1). The chosen low value of the scan rate, 0.2 K min−1, excludes the presence of any sizable kinetic effects on the thermal hysteresis. The HS fraction is plotted here as a function of the apparent temperature (which is the temperature indicated by the controller and which probably differs from that of the crystal).



As mentioned above, the thermal dependence of the HS fraction, derived from the evolution of the average optical density of the single crystal, presented in Figure 5, shows a global and monotonous shift of the thermal hysteresis to lower temperature regions, as clearly confirmed by the decrease of the cooling and heating transition temperatures of the thermal hysteresis. This behavior is attributed to the photo-heating effects produced by light absorption, which obviously favors the HS state. It is worth noting that this behavior is different from that arising from the temperature scan rate kinetics which affect equally both branches of the thermal hysteresis and keeps the middle of the thermal hysteresis invariant [53,75,76,77].



In the present situation where the crystal is maintained under light, its temperature, T, is higher than that of the thermal bath, TB, indicated by the temperature controller, which now becomes an apparent temperature. Furthermore, all transition temperatures are in the range of 102–113 K, excluding molecular photo-induced processes, such as LIESST [14,55] and LITH [11,15,45,56,78,79] effects, which are significant in this system only below 60 K.



On the other hand, the analysis of the light intensity dependence of the upper and lower transition temperatures (denoted T+ and T−) of the thermal hysteresis of Figure 5, leads to a linear plot, reported in Figure 6, with almost the same slopes for the two sets of data. This tendency suggests that the photo-thermal effects are proportional to the intensity of light, an idea that will be incorporated in the theoretical section. Finally, the results of the optical microscopy, reported in Figure 6, agree well with the photo-magnetic data (Figure 3), despite a slight difference in the switching temperatures as often observed between two different characterization techniques.





3. Theory of the Photo-Heating Effects


The theoretical description of the photo-heating effects requires the use of non-equilibrium thermodynamics to establish the equations of motion of the HS fraction and crystal temperature. It is important here to consider that the crystal is in contact with a thermal bath whose temperature, TB, is monitored at a temperature sweep rate. The crystal is maintained under light intensity that causes its photo-heating [48,53,75,80], with a constant rate. The photo-heating effect is assumed to be proportional to the light intensity, the optical absorption of the SCO material and must also depend on the crystal heat capacity [35,81].



3.1. The Thermally-Induced Spin Transition


The spin transition system is simply described here by an Ising-like model, whose thermodynamic aspects have already been discussed in several papers [50,82,83,84]. In this model, each SCO molecule is represented by two levels of fictitious spin, S, whose eigenvalues +1 and −1 are respectively associated with the HS and LS state of the molecule. The Hamiltonian system writes


H=−J∑isisj+Δeff∑isi



(1)




where J >0 describes the ferroelastic interaction among the spin-crossover units and Δeff=(Δ −kBTlng) is the effective energy gap, which includes the contributions of the ligand field energy, Δ, which stabilizes the LS state and the degeneracies ratio, g=gHS/gLS, between the LS and HS states, which favors the HS state at high temperature. The latter, plays the role of an entropic term which competes with the ligand field. The mean-field analysis of Hamiltonian, Equation (1), follows very standard developments which lead quite easily to the following homogenous, free energy:


Fhom=12Jm2−kBTln[(2g coshJm−ΔeffkBT)],



(2)




where m=⟨s⟩ is the average fictitious magnetization per site. From the analytical expression of the free energy, given in Equation (2), one can straightforwardly derive the self-consistent equation, after minimizing the variational free energy in Equation (2) with respect to the net “magnetization”, m, through the relation of ∂Fhom∂m=0. This leads to the state equation


m=tanhβ [Jm−Δeff]



(3)




where β=1kBT and whose resolution gives the temperature dependence of the HS fraction, nHS, that is the fraction of molecules occupying the HS state, which simply connects to the average fictitious magnetization as


nHS=1+m2



(4)







A brief look at Equation (3) shows that m=0 is always a solution when Δeff=Δ −kBTlng=0. Once m=0, it follows that nHS=12; this means that the temperature cancelling the effective field is the transition temperature of the system, the expression of which writes simply as Teq=ΔkBlng.



It is interesting to note that the resolution of Equation (3) does not need any numerical simulations to be performed; despite the self-consistent nature of this equation, it can be easily reversed by expressing the temperature as a function of the magnetization:


T=2(Jm−Δ)kBln[(1+m1−m)1g]



(5)







Then changing m from −1 to +1 by accounting for the limits gives, in a unique way, the associated temperature, T. An example of the thermal dependence of the HS fraction in the case of the first-order transition is given in Figure 7, where the stable, metastable, and unstable states are clearly highlighted.




3.2. Light-Induced Photo-Heating Effect


A brief trip into the non-equilibrium statistical mechanics world is necessary to well describe the photo-heating effects under study. The time-dependence of the “magnetization” or the HS fraction can be deduced from the mean-field free energy landscape, given in Equation (2), through the general motion equation, ∂m∂t=−Γ∂F∂m, where the free energy plays the role of the driving force of the HS changes. Interestingly, this expression finds the equilibrium properties of the system, since in the stationary state, where ∂m∂t=0 is fulfilled, one recovers the equation of state (Equation (3)).



On the other hand, photo-heating generates another equation of motion on temperature, which should account for the crystal heating due to light and for the thermal exchanges between the crystal and its immediate environment—here, the thermal bath. Here, we stay in the homogenous mean-field, and so we neglect the spatiotemporal effects on temperature and HS fraction, as well as the thermal diffusion inside the material. Furthermore, the weak light power used in the experimental studies presented above, do not produce any photo-induced effects, like LIESST and LITH, which are omitted in these theoretical developments.



Within these elements, the equations of motion of HS fraction and temperature are:


{∂m∂t=−Γ(m−tanhβ(Jm−Δeff))



(6)






{∂T∂t=−1τ(T−TB)+I0σCp(T,m)



(7)







In Equation (6), Γ fixes the time scale of the relaxation of the HS fraction. Equation (7) sets the temporal evolution of the SCO material’s temperature, T. The first right-hand term describes the heat exchanges between the SCO system and the thermal bath, TB, with a time scale of 1τ, while the second takes into account the temperature increase due to the photo-heating effects under the light intensity, I0, where σ is the optical absorption and Cp is the system’s heat capacity which depends on the temperature and “magnetization” or HS fraction.



It is worth noting here that, in the experiment, TB is the measured temperature by the temperature probe and then consists in an apparent temperature, while the true SCO crystal/powder temperature remains unknown. Here, we are mainly interested in the stationary state for which ∂m∂t=0 and ∂T∂t=0, leading to the new state equations,


{m=tanhβ(Jm−Δ+kBT2lng)



(8)






{T=TB+αCp(T,m)



(9)




with α=σI0τ and C p(T,m)=CpLS+ΔCp(1+m2), where ΔCp is the heat capacity change between the LS and HS phases. One can see that for I0=0 (i.e., α=0), there is no photo-heating, and the crystal instantaneously follows the bath temperature.



Combining Equations (8) and (9), we arrive at the following equation of state:


TB=(Jm−Δ)−αX(m)CpLS+ΔCp(1+m2)X(m)



(10)




where,


X(m)=12ln[(1+m1−m)1g]



(11)







The HS fraction vs. TB is determined from Equation (10) with heat capacity values, CpLS=0.1 a.u., and CpHS=0.01 a.u, given in arbitrary units and J=155 K, Δ=394 K, g=1097.



The obtained results are summarized in Figure 8, which presents the apparent temperature, TB, and the dependence of the HS fraction for various shining light intensities. We can clearly see that the model reproduces the experimental results quite well since the thermal hysteresis shifts downwards under strong shining intensities. However, we clearly see that the model exaggerates the shift in the lower branch of the thermal hysteresis due to the difference of heat capacities between the LS and the HS states.



Figure 9a reports the bath-temperature dependence of the HS fraction for the same intensity values with a negligible heat capacity difference between the LS and HS states, i.e., ΔCp=0, while CpLS=CpHS are different from zero. The results show the previous dissymmetry observed in the shift of the upper and lower switching temperature disappears, leading to a linear decrease of the transition temperatures as a function of the light intensity (Figure 9b), in very good qualitative agreement with the above magnetic and optical microscopy experimental results.




3.3. Effect of Light Absorption


It is interesting to note that this model accounts for the effects of the absorption of light along the sample thickness. At this end, the sample is now considered as a multilayer system with thickness, L. Each layer has a coordinate, x, which corresponds to its depth relative to the top layer which has the coordinate x=0. Each layer then receives an intensity, I(x), whose expression is


I(x)=I0e−xδ



(12)




where, δ is a characteristic depth. Each thin layer then has its own equation of state:


TB(x)=(Jm−Δ)−στI0e−xδX(m)CpLS+ΔCp(1+m2)X(m)



(13)




where, X(m) is given in Equation (11). Equation (13) is then resolved for each x value leading to nHS(TB,I0, x). The average HS fraction for a fixed intensity, I0, is then obtained after the following averaging equation:


⟨nHS⟩=1L∫0LnHS(x,TB,I0)dx



(14)







This procedure is repeated for several values of the incident light intensity, I0, which leads to the results of Figure 10.





4. Conclusions


The effect of light excitation on the thermal hysteresis of a spin-crossover material have been investigated by means of photo-magnetic measurements on a set of single crystals as well as by optical microscopy on a unique single crystal. Both experiments lead to the same response of the thermal hysteresis which shifts to a lower temperature region as the intensity of the incident light is increased. This behavior is explained in terms of photo-heating effects due to the light absorption by the crystal and modeled by a microscopic model accounting for the light absorption and the thermal exchange between the crystal and the thermal bath. It is then deduced that the experimentally measured temperature is an apparent one, while that of the crystal differs notably as far as the light excitation intensity is increased. A very good agreement was found between the experimental data and the modeling.
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	SCO
	Spin Crossover
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	High-Spin
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	Light-Induced Excited Spin-State Trapping



	LITH
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Figure 1. (a) Molecular structure of the [{Fe(NCSe)(py)2}2(m-bpypz)] molecule in the low-spin (LS) and high-spin (HS) states. The red and blue bonds are the most affected during the spin transition. The red dots represent Fe atoms, while the blue (gray) ones are N (C). The white and purple dots are hydrogen and Se atoms, respectively. The Fe–N distance increases by about 10% at the transition. (b) Transmission image of the single crystal [{Fe(NCSe)(py)2}2(m-bpypz)] in the course of the spin transition on heating at T = 110.5 K and intensity I = 21 mW cm−2. The crystal size (length × width × thickness) is ~107 µm × 29 µm × 10 µm. 
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Figure 2. Thermal dependence of HS fraction (black circles) showing the occurrence of a first-order transition with a thermal hysteresis of ~5 K wide. In the low-temperature region, the red triangles show the photo-excitation process at 10 K and the green squares denote the thermal dependence of the photo-induced metastable state in the dark. Inset is the derivative of the photo-magnetic signal in the region of 30–80 K to determine the relaxation temperature, T(LIESST) = 60 K. 
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Figure 3. (a) Thermal dependence of the magnetic moment (χmT) under various light irradiation intensities, given in the figure, showing a significant shift of the thermal hysteresis to low-temperature regions. (b) Light intensity dependence of the upper and lower transition temperatures of the thermal hysteresis. 
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Figure 4. (a) Selected optical microscopy (OM) snapshots on cooling and heating showing the experimental spatiotemporal behavior of [{Fe(NCSe)(py)2}2(m-bpypz)] single crystal along the spin transition, recorded at a scan rate of r=0.2 K min−1 and light intensity of I=21 mW cm−2. The dark (respectively light) phase corresponds to the LS (respectively HS) state. (b) Optical spectra of the current single crystal recorded in the LS (blue) and HS (red) states, showing absorption bands in the visible region. 
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Figure 5. Set of thermal hystereses recorded at various shining intensities, with the temperature scan rate of 0.2 K min−1 showing the shift of the thermal hysteresis to lower temperature regions as a result of photo-heating effects. 
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Figure 6. The dependence of the apparent switching temperatures upon the shining intensity, derived from Figure 5. The specific shining intensities were measured at the location of the sample cell. 
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Figure 7. Thermal dependence of the HS fraction showing a hysteresis loop with respective upper and lower transition temperatures, 116 and 106 K. Stable, metastable, and unstable regions are plotted with black, red, and blue lines, respectively. The parameters values are: Δ=394 K, g=1097, and J=155 K. 
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Figure 8. (a) Simulated bath-temperature (TB) dependence of the HS fraction under light causing its photo-heating for various light intensity values, given in arbitrary units. (b) Light intensity dependence of the upper and lower transition temperatures of the thermal hysteresis. Parameter values are: J=155 K, Δ=394 K, g=1097, CpLS=0.1 a.u., and CpHS=0.01 a.u. (arbitrary units). 
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Figure 9. (a) Simulated bath-temperature (TB) dependence of the HS fraction under various light intensities (from 0 to 1, given in arbitrary units) for, ΔCp=0, showing a monotonous linear shift of the hysteresis loop. (b) Light intensity dependence of the upper and the lower transition temperatures of the thermal hysteresis leading to parallel lines. Used parameter values are: J=155 K, Δ=394 K, g=1097, CpLS=0.1 a.u., and CpHS=0.1 a.u. 
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Figure 10. (a) Simulated bath-temperature (TB) dependence of the HS fraction under various light intensities (given in arbitrary units) including the effect of light absorption. (b) Light intensity dependence of the upper and lower transition temperatures of the thermal hysteresis. Used parameter values are: J=155 K, Δ=394 K, g=1097, CpLS=0.1 a.u. (arbitrary unit), and CpHS=0.1 a.u., δ=1 a.u., L=1 a.u. 
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