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Synchrotron-based Mössbauer Spectroscopy Characterization of 
Sublimated Spin Crossover Molecules  

Alberto Cini,¥a Lorenzo Poggini,¥b Alexander I. Chumakov,c Rudolf Rüffer,c Gabriele Spina,a Alain 
Wattiaux,b Mathieu Duttine,b Mathieu Gonidec,b Maria Fittipaldi,*a Patrick Rosa*b and Matteo 
Mannini*d 

The spin crossover (SCO) efficiency of [57Fe(bpz)2(phen)] (where bpz = bis(pyrazol-1-yl)borohydride and phen = 9,10-

phenantroline) molecules deposited on gold substrates was investigated by means of synchrotron Mössbauer spectroscopy. 

The spin transition was driven thermally, or light induced via the LIESST (light induced excited Spin-State Trapping) effect. 

Both set of measurements show that, once deposited on a gold substrate, the efficiency of the SCO mechanism is modified 

with respect to molecules in the bulk phase. A correlation in the distribution of hyperfine parameters in the sublimated 

films, not evidenced so far in the bulk phase, is reported. This translates into geometrical distortions of the first coordination 

sphere of the iron atom that seem to correlate with the decreased spin conversion. The work reported clearly shows the 

potentialities of synchrotron Mössbauer spectroscopy for the characterization of nanostructured Fe-based SCO thus 

resulting as a key tool in view of their applications in innovative nanoscale devices. 

Introduction 

The spin crossover (SCO) effect, namely a reversible switching 

between low spin (LS) and high spin (HS) states, can be observed 

in transition-metal ion complexes (d4 to d7),1,2 forming bistable 

systems. These can be switched with a variety of external 

stimuli, such as temperature,3,4 light,5–8 pressure,9 and 

magnetic10 or electric field.11 The external stimulus influences 

the competition between the ligand-field strength and the spin-

pairing energy, responsible for the bistability of the system.1,2 

Moreover, SCO can be induced at low temperature (usually 

below ca. 20 K) from the LS state to a metastable HS state with 

typical lifetimes ranging from minutes to hours and even 

days.12–15  

The variety of switching stimuli permitting to induce SCO, 

thus controlling the spin state of the system, makes SCO 

molecules promising building blocks in the field of 

spintronics,16–18 as well as potential elements for displays and 

sensors.19,20 An accurate evaluation of the conditions in which 

SCO systems can maintain their behaviour when deposited on a 

solid substrate is a fundamental prerequisite to the 

development of SCO-based nanoscale devices21–30 and 

appropriate tools must be developed in order to properly study 

these systems when only a small number of molecules is 

considered. This paper addresses this last issue by proposing 

the use of Mössbauer spectroscopy based on the Synchrotron 

Mössbauer Source (SMS hereafter) set up at ID18, the Nuclear 

Resonance Beamline31 of the European Synchrotron Radiation 

Facility (ESRF) as an advanced tool for the characterization of 

thin SCO films.32 

Recent investigations of ultra-thin layers of SCO molecules 

deposited on several substrates indicate that strong 

modifications of their properties can occur with the possible 

coexistence of the two spin states and even a partial loss of the 

spin switching properties.21-30,33-39 Thus the SCO behaviour in 

these molecules depends strongly on the interaction with the 

substrate that can be further altered by attaching different 

substituents to the ligands.40 Furthermore, it has been noticed 

that the SCO features depend on the environment surrounding 

the molecule:41 cooperative intermolecular interactions,42–44 

favoured for example by hydrogen bonding or π-π stacking,45 

can take part in the SCO phenomenon in the solid state, as well 

as in thin sublimated films depending on the molecular 

reorganization in the film.   

An important class of SCO molecules is represented by 

complexes based on Iron(II) often arranged in a distorted-

octahedral coordination environment.1,43,44,46,47 The presence 

of the iron atom allows to study the SCO process using 57Fe 

Mössbauer spectroscopy enabling to readily estimate the LS 

and HS percentage as a function of  temperature,32,48 

pressure9,32,49–51 and light irradiation,5,32,52 as well as to deeply 

characterize the electronic structure of each spin state and 
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eventually the modifications induced by specific alteration in 

the molecular structure.5 It is worth noticing that the sensitivity 

of a standard setup based on a radioactive source is suitable, for 

molecules, mainly to study the bulk phase. This limitation is 

overtaken in synchrotron-based Mössbauer experiments,32 

taking advantage of a grazing incidence geometry, an approach 

that recently has been adopted by some of us to collect energy-

domain spectra of thin films of magnetic molecules 

chemisorbed on a substrate.53 

Here, as a proof of concept of the capabilities of this 

technique to investigate SCO complexes, we report the 

characterization of thin and ultra-thin films of one among the 

most studied Fe(II)-based SCO systems,24,26,47,54–60 namely the 

[Fe(bpz)2(phen)] (1) where bpz = bis(pyrazol-1-yl)borohydride 

and phen = 9,10-phenantroline, fully 57Fe enriched, 571 

hereafter, and deposited by thermal sublimation on 

polycrystalline Au substrates. Three samples with different 

thicknesses of the deposited molecules down to a few nm were 

investigated and the SCO phenomenon was studied both as a 

function of temperature and light irradiation (LIESST effect). 

Methods 

Samples preparation. Compound 571 was synthesized as single 

crystals by following literature procedures,58 starting from 57FeCl2 

obtained by the controlled oxidation of metallic 57Fe foil with HCl. 571 

identity was checked by comparing unit cell parameters measured by 

X-ray diffraction against reported values.55 Moreover, Raman spectra 

of enriched and natural abundance 1 (Fig. S1 in ESI) showed identical 

spectra with respect to both peak energies and lineshapes. The 

preservation of the SCO behaviour was checked by standard 

Mössbauer spectroscopy (Figs. S2 to S4 in ESI) and by standard 

magnetometry (Fig. S5 in ESI). Magnetometry and Raman (Fig. S6 in 

ESI) were also measured on the powder obtained after drying a CHCl3 

solution of 571, in order to check the chemical integrity of 571 and the 

preservation of SCO upon dissolution. The thin films of 571 on a gold 

substrate were obtained by thermal sublimation in high vacuum 

(HV), with a thickness of 50 nm and 5 nm. A thicker and less 

homogeneous deposit was also obtained by drop-casting a 0.5 mM 

solution in CH2Cl2 of 571 on the same substrate.  

 

SMS characterization. Nanostructured samples were investigated by 

taking advantage of the Synchrotron Mössbauer Source set up at 

ID18 of ESRF. One of the peculiarities of SMS is the possibility to 

investigate thin films down to the single molecular layer,53 that is 

obtained by an extreme care in the collimation of the high photon 

flux of the synchrotron radiation and a multi-step 

monochromatization, the peculiar part of which is the nuclear 

resonant monochromator obtained with a 57FeBO3 single crystal,61,62  

combined with a grazing incidence geometry.  

Due to the structure of our samples (low-Z film on a high-Z 

substrate, Z being the atomic number), the grazing incidence 

reflection occurs at the substrate surface, and the molecular layer 

produces absorption lines. In the case of small grazing angles, the 

spectra can be treated as those obtained in a standard setup in 

transmission geometry, provided that the effective thickness of the 

samples is multiplied by a factor 2/sinθ. Here the effective thickness 

is a dimensionless parameter that takes into account the number of 

Mössbauer active nuclei encountered by the radiation along its path 

in the sample, θ is the grazing angle between the surface of the 

sample and the direction of the incoming radiation, and the factor 

2/sinθ accounts for the path lengths of both the incident and 

reflected radiations inside the molecular layer. In our experimental 

conditions, working at θ~ 0.1° provides a thousand-fold amplification 

factor with respect to a standard experiment performed at normal 

or close to normal incidence. This amplification effect allows the 

characterization of ultrathin molecular films containing 571 

molecules, therefore allowing to follow the spin transition in 

nanostructured samples by varying the temperature, provided that 

the two following hypotheses are fulfilled: (i) the increases of metal-

ligands bond lengths do not change significantly the temperature 

dependences of recoilless fraction parameters (𝒇)63 for both the HS 

and LS states and (ii) the spin state lifetimes are outside the 

Mössbauer time window. 

The thermal SCO, as well as the occurrence of light induced 

excited Spin-State Trapping (LIESST) effect, were investigated by 

collecting the Mössbauer spectra of the samples as a function of the 

temperature and of irradiation performed in situ (see Experimental 

for details). 

 

Mössbauer spectra analysis. A quantitative assessment of spin 

states fractions required the evaluation of the Mössbauer absorption 

cross-section of the samples (see Experimental for details). At each 

temperature, each spectrum has been analysed as resulting from the 

convolution of an HS and a LS contribution. Both were characterized 

by electric hyperfine parameters (i.e. the isomer shift and the 

quadrupole splitting), as well as by sample-specific parameters, as 

thickness and texture (a parameter describing the possibility of 

preferential orientation of the molecules on the substrate).63 

Appropriate fitting of the spectra required two further steps: 1) 

a distribution of quadrupole splitting values (∆𝑬𝑸), which was 

assumed to be Gaussian, with a standard deviation 𝝈; 2) a correlation 

between the quadrupole splitting and the isomer shift (𝜹), with 

𝜹 − 𝜹𝟎 = 𝜶
(∆𝑬𝑸−∆𝑬𝑸,𝟎)

𝟐
          (Eq. 1) 

where 𝜶 is the correlation coefficient and 𝜹𝟎 and ∆𝑬𝑸,𝟎 are 

respectively the mean values of 𝜹 and ∆𝑬𝑸. Eq. 1 resulted into 

different linewidths of each line of the quadrupole doublet. For 

a proper comparison, the same fitting procedure was used also 

for the in house Mössbauer transmission measurements 

realized on the 571 microcrystalline sample (see Figs. S2 to S4 

and Table S1 in ESI). 

Results 

Thermally induced SCO transition. The temperature-dependent 

Mössbauer spectra of the two 571 ultrathin films are reported in Fig. 

1. The 50 nm thick film spectrum at 240 K features as main 

contribution a doublet with a quadrupole splitting of approximately 

2 mm/s, characteristic of the HS state of 571 in the bulk phase.56 The 

spectrum is not symmetric, pointing to the presence of a minor LS 

contribution. Upon lowering the temperature, the 50 nm thick film 

spectra feature an overall broadening of the two main absorption 
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lines and the increase in weight of a third line attributed to one line 

of the LS doublet, weakly evidenced also at high temperature and  

 

centred at ca. 0.7 mm/s. Finally, at 3.0 K, a significant contribution 

from the HS state is still present, pointing here to an incomplete spin 

conversion.  

In the 5 nm thick sample spectra (Fig. 1b), a low S/N ratio is 

evident, as expected for the reduced number of 57Fe nuclei present 

in this sample. Nevertheless, a clear evolution of the spectra with 

temperature is observable also in this sample, thus confirming the 

thermally induced SCO transition, even if in this case the HS 

contribution is significant in all the investigated temperature range 

indicating only a partial conversion. 

The synchrotron Mössbauer spectra of the 571 drop-cast sample 

recorded at high and low temperature are reported in Fig. 2. At 278 

K, the spectrum qualitatively resembles that measured at room 

temperature for the 50 nm thick film, except for the increased 

intensity of the spectral lines due to the higher number of 57Fe nuclei 

present with respect to the sublimated sample. It again features an 

asymmetric doublet with a quadrupole splitting of approximately 2 

mm/s, characteristic of the HS state of 571 in the bulk phase,56 with a 

minor LS contribution. At 3.0 K, the doublet is broadened, and a third 

line appears at about 0.7 mm/s, which can be ascribed to the 

quadrupole-split line of the LS state. Contrarily to 571 in the bulk 

phase (see Fig. S2 and Table S1 in ESI), the HS contribution to the 

Mössbauer spectrum at low temperature is not negligible accounting 

for 60(1) % (see Data analysis and discussion). 

 

LIESST effect. The 50 nm and the 5 nm thick films were irradiated at 

low temperature (6.0 K and 3.0 K, respectively) employing LEDs 

selected according to their wavelengths at low temperature and 

mounted on the sample holders in order to be able to irradiate in situ 

Figure 1 Temperature dependence of the 57Fe Mössbauer spectra for 571 thin films. Experimental spectra (black lines) and best fit curves (red lines) for a) 50 nm thickness and b) 5 nm 

thickness. Residuals are reported in ESI (Figs. S7 to S10). 

Figure 2 57Fe Mössbauer spectra of the drop-cast deposit of 571. Experimental spectra 

(black lines) and best fit curves (red lines). Residuals are reported in ESI (Figs. S11 and 

S12). The absorption cross-sections associated to the HS state (magenta line) and the 

LS state (blue line) are shown. 
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(see Experimental for details). Mössbauer spectra measured after 

various irradiation times (up to about 3 hours) are shown in Fig. 3 (for 

the 50 nm thick film three representative irradiation times are 

reported, while all spectra are reported in Fig. S13). For both 

samples, the temporal evolution of the shape of the spectra shows 

that a fraction of molecules is photoconverted from the LS state to 

the HS state, as confirmed by the fit of the spectra (see Data analysis 

and discussion). 

Data analysis and discussion 

Thermally induced SCO transition. A rather good agreement 

between measured and calculated spectra is achieved over all 

the thermal range for the sublimated films (see Fig. 1) and the 

drop-cast sample (see Fig. 2). The contribution of the HS and LS 

components used in the fitting procedure at representative 

temperatures are reported in Fig. 2 for the drop-cast sample 

and Figs. 4 and S14 for the 50 nm and 5 nm thick samples, 

respectively. The refined parameters extracted from the fit of 

the spectra acquired at the highest temperature and 3.0 K are 

reported in Table 1, while the parameters extracted for each 

temperature are reported in Tables S5 and S7 in ESI. 

In the drop-cast sample and the sublimated films, the values 

of the hyperfine parameters for the HS state agree quite well 

with those obtained from the fit of the in house Mössbauer 

characterization of 571 (see Table S1). The parameters extracted 

from this last sample agree well with those reported previously 

in literature for 571 in the bulk phase.47,56 Moreover, for the 

drop-cast sample and the ultrathin films a rather good 

agreement is found also for the quadrupole splitting of the LS 

state. For the LS isomer shift, a small but appreciable variation 

is found at low temperature, while there is agreement at high 

Figure 3 57Fe Mössbauer spectra evolution with irradiation times (LIESST effect). Experimental spectra (black lines) and best fit curves (red lines) of the 50 nm thick film (a) and 

the 5 nm thick film (b). Best fit parameters are reported in Tables S9 and S12, while HS/LS absorption cross-section and residuals are reported in Figs. S18 to S21. The velocity 

range is restricted to better evidence the relevant part of the spectra. 

Figure 4 Fitting of selected 57Fe Mössbauer spectra of the 571 50 nm thick film. 

Experimental spectra (black lines) and best fit curves (red lines) for three selected 

temperatures. The absorption cross-sections associated to the HS state (magenta 

line) and the LS state (blue line) are shown. The velocity range is restricted to 

better evidence the relevant part of the spectra. 
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temperature at least for the 50 nm thick sample. Furthermore, 

the shape of the cross-section due to the HS state is made up of 

an approximatively symmetric doublet (low value of 𝜶) and it 

broadens as the temperature decreases (while 𝝈 increases). 

Table 1 57Fe Mössbauer parameters of the HS and LS states extracted from the fit 

of the spectra measured at the highest and lowest temperature for each sample: 

isomer shift (𝜹𝟎) and quadrupole splitting (∆𝑬𝑸,𝟎) mean values, calculated HS 

fraction (%HS). Parameters with no error were kept fixed in the fitting procedure.  

a The values are reported with respect to α-Fe. 

On the contrary the LS contribution is clearly asymmetric 

and constituted of one narrow line with practically natural 

linewidth and a second line that is about ten times broader (see 

Figs. 1 and 4). This asymmetry in the absorption lines of each 

species is absent in the bulk sample (see Note S1, Fig. S2 and 

Table S1 in ESI). Therefore, the clear appreciable difference in 

the Mössbauer parameters between those of the bulk sample 

and the surface deposited samples is the LS isomer shift and the 

correlation between the broadening of the hyperfine 

parameters both for the HS and LS state. 

Further details concerning the electronic structure of the 

molecules in the different samples can be extracted from the 

thermal behaviour of the hyperfine parameters of the HS and 

LS states (Fig. 5). For the LS state, the isomer shift of the 50 nm 

and 5 nm thick samples is less dependent on the temperature 

with respect to the bulk phase (see Fig. 5), in which a 

temperature dependence analogous to that of the HS state is 

observed. Therefore, in the LS state of the sublimated samples, 

a mechanism compensating the second order Doppler effect 

should be active, resulting in an isomer shift which is practically 

temperature independent (see Fig. 5). This effect could be 

related to a dependence of the molecular wavefunction on the 

temperature which could be induced by the substrate, logically 

more relevant in the 5 nm sample (see Fig. 5). Therefore, the 

role of surface seems to be more pronounced in this last 

sample. 

Moreover, one can notice that the values of the hyperfine 

parameters of the HS state increase upon lowering the 

temperature. In particular, the isomer shift exhibits the usual 

Sample T(K) Spin state 𝜹𝟎
a (mm/s) ∆𝑬𝑸,𝟎 (mm/s) %HS 

Drop-cast 278 HS 0.975(8) 1.75(2) 91(4) 

  LS 0.47(8) 0.5(2)  

 3.0 HS 1.101(1) 2.311(2) 60(1) 

  LS 0.41 0.6  

50 nm 240 HS 1.003(4) 1.880(8) 84(3) 

  LS 0.46(2) 0.44(3)  

 3.0 HS 1.122(2) 2.324(5) 50(1) 

  LS 0.425(2) 0.558(3)  

5 nm 177 HS 1.11(7) 1.9(1) 58(8) 

  LS 0.26(7) 0.2(2)  

 3.0 HS 1.12(4) 2.22(7) 41(4) 

  LS 0.26(7) 0.2(2)  

Figure 5 Temperature dependence of the mean value of 57Fe Mössbauer hyperfine parameters. The 50 nm (red dots) and the 5 nm (blue triangles) thick films, the drop-cast sample 

(black squares) and the microcrystalline sample (magenta diamonds) isomer shifts with respect to α-Fe (panel a HS state, panel b LS state) and quadrupole splittings (panel c HS 

state, panel d LS state). The distributions are reported as bar around the mean value, except for the isomer shift of the microcrystalline sample for which the mean value with its 

error bar is reported. In panel c, fits relative to the sublimated samples and bulk with Eq. 2 are shown. All values are reported in ESI (Tables S5 and S7). Light and dark green diamonds 

are data for bulk extracted from ref. 56 and 47, respectively.
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temperature dependence63 due to the second order Doppler 

effect, showing a linear dependence on the logarithm of the 

total effective thickness (𝒕𝒂) with a slope of 0.05(1) mm/s for 

the 50 nm thick sample (𝜹 vs 𝐥𝐧(𝒕𝒂)), as reported in Fig. 6). This 

trend is in good agreement with a theoretical model reported 

previously,63 considering that the slope value depends on the 

actual dispersion of phonon modes and on the ratio between 

the 𝒇 value of the HS and LS states. A different behaviour is 

observed for the HS state of the 5 nm thick sample, for which 𝜹 

vs 𝐥𝐧(𝒕𝒂) remains constant (see Fig. 6), again pointing to a more 

pronounced role of the surface in this last sample. 

By fitting the temperature dependence of the effective 

thickness of the samples by means of the Debye model (see Fig. 

S15), Debye temperatures of 106(8) K and 128(2) K were found 

for the 50 nm and 5 nm thick films, respectively. These values 

are of the same order of magnitude and are in line with values 

reported beforehand for the bulk sample.47 However, the 

difference between the Debye temperatures of the two 

samples together with the different trend of the 𝜹 vs 𝐥𝐧(𝒕𝒂) 

may suggest that the vibrational properties of the molecules 

depend on the thickness of the sublimated molecules.  

Most importantly, considering the thermal behaviour of 

both the 50 nm sublimated film as well as of the drop-cast 

sample, a ratio of the effective thicknesses equal to 2.7 was 

obtained. This would point towards a nominal thickness for the 

latter of the order of 140 nm. Although, this is just a rough 

estimation, due to the uncontrolled smoothness and coverage 

for the drop-cast and a certain inhomogeneity of the deposit, it 

explains the similar behaviour of the two samples, and the 

observed difference with respect to the bulk. The low thickness 

of the drop-cast sample may derive from the low solubility of 
571 in dichloromethane used for this experiment. 

The temperature dependence of the Fe(II) quadrupole 

splitting of the HS state can be fitted by the relation 

∆𝑬𝑸,𝟎 = 𝑨
𝟏−𝐞𝐱𝐩(−∆ 𝑻⁄ )

𝟏+𝟐𝐞𝐱𝐩(−∆ 𝑻⁄ )
          (Eq. 2) 

where ∆ is the energy splitting between the energy levels of the t2g 

state considering a Jahn-Teller distortion of the regular octahedron, 

𝑨 is a parameter related to the energy level splitting in the crystalline 

field, and 𝑻 is the temperature. Fits of the HS state quadrupole 

splitting values with Eq. 2 are shown in Fig. 5c. They give 𝑨 = 2.30(3) 

mm/s and ∆ = 627(21) K (54(2) meV) and 𝑨 = 2.22(2) mm/s and ∆ = 

494(23) K (43(2) meV) for the 50 nm and 5 nm thick samples, 

respectively. Therefore a 20-40% reduction in the ∆ value is observed 

when the 571 molecules are deposited on a substrate (50 nm and 5 

nm) with respect to molecules in the bulk phase, for which values of  

𝑨 = 2.20(2) mm/s and ∆ = 787(29) K (69(2) meV) can be extracted 

from a fit with Eq. 2 of data reported in ref. 56 (see Fig. 5c). Here, the 

crystal field parameters extracted from the Mössbauer spectra point 

towards geometrical constraints induced by the packing of the 

molecules on the surface. The subtlety of these effects, combined 

with the lack of structural data at the nanoscale, prevents any 

straightforward indication of the nature of the geometrical 

deformations imposed on the molecules. 

The observed distributions in quadrupole splitting values are 

instructive data since they can be related to heterogeneity in the Fe-

ligand distances of the 571 molecules in the sublimated films. In fact, 

by taking the value of extracted from the fit of the Mössbauer 

spectra as an uncertainty on the electric quadrupole splitting and 

recalling the radial dependence of this splitting, the Fe-ligand 

distribution can be evaluated. From the experimental distribution of 

quadrupole splitting of the HS state, we can estimate at 3.0 K a 

distribution of the order of 0.04 Å in the Fe-ligands distances for all 

three samples, while for the LS state such a distribution is of the 

order of 0.01 Å in all the thermal range for the three samples.63 

Notably, these distributions in the Fe-ligands distances are almost 

one order of magnitude lower than the general accepted changes in 

the Fe-ligands distances associated with the transition between HS 

and LS states in bulk phase.46 Moreover, these values are confirmed 

by the Fe-N distances obtained by X-ray diffraction structures of 1 in 

the LS and HS states (see Fig. S16 and Note S2 in ESI).55 Therefore, 

the correlation found between the hyperfine parameters of the 

spectra of the sublimated samples is likely to be induced by the 

interaction with the surface and would indicate a heterogeneity of 

the crystal field that allows a partial delocalization of electron density 

on the eg levels, which ultimately influences the switching properties. 

Moreover, considering that no preferential orientation of the 

molecules in the sublimated samples was evident from the data 

analysis, we tentatively reach the conclusion that the differences 

seen between sublimated/drop-cast samples and bulk appear thus 

to be exclusively attributable to changes in the electronic structure 

induced by the surface. 

Figure 6 HS (filled symbolsblack) and LS (open symbolsblue) isomer shift of the 50 nm 

(a) and 5 nm (b) thick films as a function of the total effective thickness. The dashed 

lines are linear fits. 
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To further analyse the quadrupole splitting, Density Functional 

Theory (DFT) calculations were performed on 1, which allowed to 

evaluate the Electric Field Gradient (EFG) tensor according to the 

protocol reported in literature,64 which yielded excellent results for 

closely related Fe(II) pyrazolyl-borate complexes (see Note S3 in ESI 

for details). DFT calculations show a quite high sensitivity of the EFG 

to the constraints on the geometry of the phen and H2Bpz2 ligands, 

supporting that the distribution of quadrupole splitting observed is 

another direct consequence of the complexes interaction with the 

surface and the resulting geometrical deformation incurred. 

Finally, concerning the spin conversion of the investigated 

samples, the high spin fractions (%HS), calculated from HS and 

LS absorption cross-sections, as a function of temperature are 

reported for all samples in Fig. 7. For the 50 nm thick film, the 

HS fraction at 240 K and 3.0 K amounts to 84(3) % and 50(1) %, 

respectively. The reduced efficiency of the SCO with respect to 

molecules in the microcrystalline material can be ascribed to an 

effect of the interaction between the molecules and the 

substrate or to a distortion of the molecules with respect to the 

regular structure assumed in the crystals. These effects may be 

responsible for another observed behaviour of the sample: the 

gradual spin transition of the 50 nm thick sample. This slower 

transition than in the bulk phase may still be compatible with a 

cooperative phenomenon,1 although most likely hampered by 

the heterogeneity of the sample (distribution in the Fe-ligand 

distances) induced by the molecule-substrate interaction. 

In the temperature range between 3.0 K and 177 K, about 20 % 

of the molecules of the 5 nm thick film undergoes SCO. At high 

temperatures, the characterization of this sample is more difficult 

due to the decrease of the S/N ratio of the spectra, which results in 

increased uncertainty on the extracted parameters. Although a clear 

comparison between the data relative to the 50 nm and 5 nm 

samples is not possible, the trend of %HS for the 5 nm thick film 

seems to indicate a decreased spin conversion. This in turn could be 

related to the different vibrational properties for the 5 nm thick 

sample with respect to the 50 nm thick one, as suggested previously 

by the analysis of the hyperfine parameters.  

For the drop-cast, at high temperature, a minor contribution of 

the LS state is present, in agreement with measurements realized on 

microcrystalline sample of 571 (see Fig. S2, Table S1 and refs. 47,56). 

At 3.0 K there is still a very high contribution (~ 60 %) of the HS state, 

in line with the estimated thickness.  

Overall a partial spin conversion is detected by SMS spectroscopy 

for the three thin samples: both sublimated and the drop-cast 

samples. Consequently, we suggest that, for 571 on a gold substrate, 

the effect of the molecule-surface interaction propagates from few 

layers up to 50-100 nm of sublimated molecules, as evidenced by the 

changes of the parameters obtained by the analysis of the 

Mossbauer data (∆, Fe-N distance distribution, 𝜹 vs 𝐥𝐧(𝒕𝒂), the more 

gradual SCO conversion, to recall few of them). Our interpretation, 

which surely will need to be further supported by other experimental 

evidences, is surprising on this class of SCO complexes, since previous 

experiments tended to indicate that effects of the surface would 

vanish over a few layers.24,26,40,59,60,65–68 Moreover, thanks to the high 

resolution and sensitivity of SMS spectroscopy, we can correlate 

the decreased spin conversion with the observed fine structural 

differences between the sublimated samples and the bulk phase. 

However, although parameters extracted from the analysis, such as 

the decrease of ∆ and the change in slope of 𝜹 vs 𝐥𝐧(𝒕𝒂), appear to 

be relevant, the variations observed need an accurate interpretation 

that is not the focus of the present work. 

LIESST effect. As a final point of our discussion, the photoactivity of 

the 571 thin films is addressed. A rather good agreement between 

measured and calculated spectra is achieved for both sublimated 

samples (see Fig. 3). Interestingly, the broadening of the distribution 

of the isomer shift values of the HS state (see Fig. S22) decreases with 

the irradiation time, indicating that irradiation is more selective in 

populating excited spin states with respect to the thermal excitation. 

Moreover, the mean values of the hyperfine parameters after 2.5 

hours of irradiation show slight changes with respect to the initial 

ones. These variations may be linked to an observation previously 

reported in literature28 for ultrathin films of 1 on graphite, as 

analysed by X-ray absorption spectroscopy (XAS): the Fe L2,3 XAS 

spectra recorded at room temperature and after LIESST at 6 K differ 

slightly in the low-energy region of both edges, and a possible 

Figure 7 HS fraction evolution with temperature and light irradiation. a) %HS vs temperature for the 50 nm thick film (red dots), the 5 nm thick film (blue triangles), the drop-cast 

sample (black squares) and the microcrystalline sample (magenta diamonds). b) %HS evolution with time for the 50 nm thick film under light irradiation at 6.0 K. c) %HS evolution 

with time for the 5 nm thick film under light irradiation at 3.0 K. 
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explanation for those differences was reported to be related to the 

different thermal population of HS states closely spaced in energy 

and are reproduced by the calculations.28 A simpler and likelier 

explanation is related to what is known for [Fe(H2B(pz)2)2phen]: 

irradiation with 633 nm light at 30 K produces a HS state with the 

triclinic symmetry of the starting LS state, a different molecular 

structure and crystal packing thus than for the monoclinic high 

temperature HS state.55 
The calculated %HS are reported in Fig. 7 for both 

sublimated samples. The increase of the HS component is quick 

in the first hour of irradiation (see Fig. S23), but appears to 

saturate for longer irradiation times. After 2.5 hours of 

irradiation, the SCO efficiency induced by the LIESST effect in 

the 50 nm thick sample is about 30 %, comparable with the 

value due to the thermal excitation. The same consideration 

holds for the 5 nm thick sample: after 3.0 hours of irradiation, it 

amounts to about 25 %, within the error of that thermally 

induced. 

Conclusions 

The SCO efficiency of 571 deposited as thin films on gold 

substrates was investigated by means of SMS spectroscopy in 

the energy-domain. This is in our knowledge the first study 

reported in literature exploiting this technique for the 

characterization of nanostructured SCO systems, 

demonstrating thus its feasibility. The selected SCO was studied 

both by varying the temperature and by light irradiation of the 

samples. Both experiments show that, once deposited on a gold 

substrate, the efficiency of the SCO mechanism is modified. The 

SCO conversion between 278 K and 3.0 K for the drop-cast 

sample and the 50 nm sublimated one, amounts to about 30 %. 

Due to low S/N ratios, Mössbauer data for the 5 nm thick 

sample are limited to the 177-3.0 K range, in which a 20 % spin 

conversion is achieved. Moreover, conversion efficiencies 

comparable to the those thermally induced were obtained by 

LIESST effect. 

Overall only a partial spin conversion is detected by SMS 

spectroscopy for the three thin samples we investigated. 

Consequently, we suggest that, for 571 on a gold substrate the 

effect of the molecule-surface interaction propagates from few 

layers up to 50-100 nm of sublimated molecules, as evidenced 

by the changes of the parameters obtained by the analysis of 

the Mössbauer data (∆, Fe-N distance distribution, 𝜹 𝑣𝑠 𝐥𝐧(𝒕𝒂), 

the more gradual SCO conversion). In conclusion, the high 

resolution and sensitivity of this technique reveals relevant and 

fine changes in the Fe-based SCO electronic structure once 

deposited on surface. Our interpretation, which surely will need 

to be confirmed in the future by other experimental and 

theoretical investigations, is surprising for this class of SCO 

complexes, since previous experiments tended to indicate that 

effects of the surface would vanish over a few layers 
24,26,40,59,60,65–68 while the evidences we provide here suggest a 

more detrimental and long range effect due to the substrate. 
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Experimental 

Synthesis. A 57Fe strip (99 % isotopically enriched, 21.85 mg, 0.384 

mmol) was reacted in a Schlenck tube under argon with an ethanolic 

solution of HCl (Sigma-Aldrich, 1.25M, 5 mL). After 4 days, further HCl 

was added (3 mL) and the solution sonicated. Complete dissolution 

was obtained after 11 days. The resulting pale-green solution was 

dried under vacuum to remove the excess hydrogen chloride. Upon 

dissolution in freshly distillated dry deoxygenated methanol (3 mL), 

addition of a MeOH solution (3 mL) of KH2Bpz2 (TCI, 143 mg, 0.769 

mmol) yielded a colorless solution of [Fe(H2Bpz2)2]. After filtration 

under argon to remove the KCl by-product, this solution was layered 

over a dichloromethane solution (1 mL) of 9,10-phenantroline 

(Acros, 69 mg, 383 mmol) with an intermediate buffer of 

dichloromethane/methanol (1:1, 2 mL). The Schlenck tube was 

covered with aluminum paper to avoid direct light, which was seen 

to cause gas evolution. Violet well-shaped mm-sized prismatic 

crystals of 571 were obtained after 6 days (60 mg, 34 % yield) and 

washed with ice-cold methanol and diethylether. X-ray diffraction of 

one crystal confirmed the identity of crystal cell with the one 

reported in the literature. The whole procedure was rehearsed 

multiple times starting from non-enriched Fe powder to ascertain 

the correct product could be obtained reliably. 

 

Magnetometry and Raman spectroscopy. Magnetic measurements 

were performed on a Quantum Design MPMS-5Xl SQUID 

magnetometer. Samples were weighed on a Mettler-Toledo MX5 

microbalance, then sealed in small bags made of 30 mm-thick 

polyethylene. Measurements were performed under 2T magnetic 

field. 

 Raman spectrum measurements were performed with a Jobin-

Yvon LabRAM HR800 high spectral resolution spectrometer between 

0 and 2000 cm−1. A 1200 grooves.cm−1 grating was used for the 

Raman spectral dispersion after excitation with a green Coherent 
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Sapphire 532-50 SF CW solid state laser source (up to 50 mW, λ = 

531.97 nm, TEM 00, single mode). A 100× NA 0.9 Olympus objective 

was used for laser excitation and visible light epi-collection. Laser 

power was adjusted to avoid damaging the molecular material: laser 

power was limited to 10 mW, further attenuated by a 50 % filter. The 

power measured out of the objective was in these conditions about 

100 μW. 

 

Sample deposition. The evaporations were performed in a Plassys 

thermal evaporator connected to a glove box system. An alumina 

crucible was filled with the powder of 571 and once the pressure 

reached the 10-7 mbar range, the temperature was gently raised up 

to the evaporation temperature. The evaporation rate was followed 

by a quartz microbalance, and was stabilized in the 0.05 nm/s range 

at a temperature of 380-385 K. The tooling factor was determined by 

our previous evaporation of a thick film of 1 on an ultra-flat silicon 

wafer through a soft porous PDMS membrane, and by checking the 

thickness of that film ex situ by AFM.69 The substrate used was a thick 

polycrystalline gold film evaporated on silicon with a 5 nm Ti 

decoupling layer (SSENS, Enschede, NL). 

 

Mössbauer experiments. Freshly synthesized 571 was encapsulated 

in Mylar and 57Fe transmission Mössbauer spectra were recorded in 

transmission geometry using a constant acceleration Halder-type 

spectrometer with a room temperature 57Co source (embedded in 

Rh matrix). The velocity scale was calibrated according to the 57Fe 

Mössbauer spectrum of a pure α-Fe0 foil recorded at room 

temperature. A helium bath cryostat suitable for Mössbauer 

experiments was used in order to record spectra from room 

temperature down to 4.2 K.  

Mössbauer spectra on the thin films were measured at ID18, the 

Nuclear Resonance Beamline31 of the European Synchrotron 

Radiation Facility (ESRF), taking advantage of the Synchrotron 

Mössbauer Source (SMS).61,62 As an acceptable compromise between 

linewidth and acquisition time, for the present measurements the 

full width at half maximum (FWHM) of the 57Fe-resonant line was set 

at a value approximately three times larger than for a radioactive 

source (FWHM mean value ~ 0.34 mm/s), obtaining an intensity of 

about 1.5×104 photons per second. Before and after each Mössbauer 

measurement of the samples, transmission spectra of a single-line 

absorber (K2Mg57Fe(CN)6) of known thickness were taken in order to 

evaluate and check the current FWHM value. From these single-line 

spectra the isomer shift of the SMS line was evaluated to be 0.709 

mm/s with respect to conventional α-Fe. The samples Mössbauer 

spectra were recorded by collecting the radiation reflected by the 

surface in a grazing incidence geometry. For each sample the 

incidence angle θ was chosen after measuring the reflectivity of the 

sample as a function of the angle: θ~ 0.1° for the drop-cast sample 

and between 0.1° and 0.2° for the sublimated samples. The spot size 

was ca. 18 μm in both dimensions. Spectra were measured at 

different temperatures in the range 3.0 K - 278 K using the 

superconducting He-exchange gas cryo-magnetic system. For the 

LIESST measurements the sample holder was modified in order to 

accommodate a couple of InGaAsP LEDs (Roithner LaserTechnik 

GmbH, nominal optical power = 2 mW, see Fig. S24) with 1050 nm 

nominal wavelength, decreasing to 986 nm at 10 K. The contribution 

of Fe impurities in the beryllium collimating lenses of the beamline, 

as detected in an “empty-can” Mössbauer spectrum (see Fig. S25), 

i.e. with no mounted sample, was subtracted from the experimental 

spectra. 

Fitting method. The Mössbauer spectra realized with the SMS were 

interpreted by means of a fitting procedure based on the evaluation 

of the transmission integral function, that takes into account the 

dependence of the Mössbauer spectra on the sample effective 

thickness. The complete expression used to fit the spectra was 

𝒀(𝒗) = 𝑵𝒃(𝒗) {𝟏 − ∫ 𝑳𝟐
𝑺(𝝎 − 𝒗, 𝚪𝑺) [𝟏 −

∞

−∞

𝐞𝐱𝐩 (−𝒕𝒂
𝑺𝑴𝑺𝝈(𝝎))] 𝒅𝝎}                                                              (Eq. 3) 

where 𝒀(𝒗) and 𝑵𝒃(𝒗) are the detected counts and the spectrum 

baseline, respectively, as a function of the transducer velocity 𝒗.63 

Moreover, 𝑳𝟐
𝑺(𝝎 − 𝒗, 𝚪𝑺) is the squared Lorentzian distribution 

(having 𝒗 and 𝚪𝑺 as center and FWHM, respectively)62 used to 

describe the source line shape. Finally, 𝝈(𝝎) is the absorption cross-

section of the sample as a function of the energy expressed in mm/s 

𝝎 and 𝒕𝒂
𝑺𝑴𝑺 is the effective thickness of the sample in the grazing 

incidence geometry. 

The absorption cross-section of the samples was considered as 

the superposition of two contributions associated with an HS and an 

LS state and characterized by different distributions of hyperfine 

parameters (isomer shift 𝜹 and quadrupole splitting ∆𝑬𝑸). For the 

sake of simplicity symmetric distributions of the LS and HS 

quadrupole splitting, described by Gaussian functions centred on 

∆𝑬𝑸,𝟎 of suitable standard deviations 𝝈, were supposed. However, 

to interpret the asymmetry of the spectra, analogous Gaussian 

distributions of isomer shift values correlated to the previous ones 

by a correlation coefficient 𝜶 were introduced. Correspondingly, two 

different distributions were associated with the hyperfine 

parameters 𝜹 and ∆𝑬𝑸 with the corresponding standard deviations 

calculated as |𝜶𝝈| and 𝟐𝝈, respectively. The result of this procedure 

is that the lines of each spin doublet are differently broadened, 

according to Gaussian functions characterized by standard 

deviations defined as |𝜶 ± 𝟏|𝝈. 

The effective thickness of the sample in the SMS setup is related 

to the sample effective thickness in a conventional Mössbauer setup 

by the factor 2/sinθ (where θ is the grazing angle between the 

surface of the sample and the direction of the incoming radiation). 

The correctness of the fitting procedure was checked by finding a 

scaling factor of ten between the values of the thicknesses of the two 

sublimated samples. 

A rather good agreement between experimental and best fit data 

was found in the whole temperature range for all samples. For the 

drop-cast sample the χ2 values are 351 and 1022 for the 512 points, 

while for the 50 nm thick sublimated sample the χ2 values are 

comprised between 325 and 1272; despite the low S/N ratio, 

especially at high temperatures, similar values are found for the 5 nm 

thick sublimated sample too (χ2 values are comprised between 292 

and 396 for the 512 points). A comparable agreement between 

experimental and best fit data was found also for the spectra 

collected for different irradiation times (χ2 values for the 50 nm and 

5 nm thick samples are comprised between 499 and 1947 and 252 

and 396, respectively, for the 512 points). 

The Mössbauer spectra measured on the microcrystalline 

sample with a standard setup were fitted by evaluating the 
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transmission integral function, having the same shape of Eq. 3, 

except for the substitution of 𝐿2
𝑆  with the Lorentzian line shape 

of the radioactive source and 𝑡𝑎
𝑆𝑀𝑆  with the sample effective 

thickness in a conventional Mössbauer setup. A rather good 

agreement between experimental and best fit data was found 

both at 293 K and 4.2 K, with χ2 values of 1844 and 725 for the 

256 points, respectively. 
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