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ABSTRACT 

We have studied thin films of Fe(II) spin crossover complexes deposited on differently poled 

ferroelectric PMN-PT [Pb(Mg1/3Nb2/3)O3]1-x [PbTiO3]x, x = 0.32) substrates by X-ray absorption 

spectroscopy (XAS). The X-ray spectra reveal complete temperature driven conversion between 

high-spin and low-spin states without any observable effect of the ferroelectric polarization on 

the spin state of the molecules down to 100 K. In the soft X-ray induced excited spin-state 

trapping (SOXIESST) regime at 3 K large differences occur between the two ferroelectric 

polarizations. The efficiency of the X-rays in promoting the molecules to the high-spin state is 

more than an order of magnitude larger when the ferroelectric dipoles of the substrate are 

pointing towards the surface as compared to the opposite polarization. We explain our findings 

by a modulation of the polarization-dependent efficiency of the scattering of X-ray generated 

secondary electrons at the molecules. Our results provide deep insight into the SOXIESST 

mechanism and they suggest that such molecules could be used as detectors for electrons 

traveling in the substrate at energies lower than the substrate electron affinity. 

 

Introduction 

Transition metal complexes exhibiting thermal spin crossover (SCO) are interesting for 

fundamental investigations as well as for applications as molecular switches. Thin films of SCO 

complexes show potential for molecular electronics and spintronics applications, in particular if 

their crossover can be controlled by external stimuli such as irradiation by light, interaction with 

charge carriers or applied electric fields.1–3 In SCO complexes, the lowest two electronic states 

having different spin multiplicity are close in energy. In case of Fe(II) SCO complexes the 

transition occurs between the high-spin S = 2 5T2 state observed at elevated temperature and the 
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low-spin S = 0 1A1state (Oh notation) at low temperature. The transition temperature T1/2 is 

defined as the temperature at which the high-spin (HS) and low-spin (LS) states are equally 

populated.4 The fact that complexes in the LS state can be promoted to the HS state by 

irradiation with light (light-induced excited spin-state trapping, LIESST)5–8 allows for an 

additional degree of control. If the temperature T is low enough, the HS state becomes 

metastable. In consequence, below TLIESST the HS state can be observed on exceedingly long time 

scales. Apart from light, other types of excitation can also result in excited spin-state trapping 

(ESST). Indeed, ESST has been observed as a consequence of nuclear decay (nuclear decay-

induced ESST)4,9, by excitation with “hot” electrons (electron-induced ESST)10,11, and by 

irradiation with ionizing electromagnetic radiation such as soft X-rays (soft X-ray induced ESST, 

SOXIESST)12,13, hard X-rays (hard X-ray induced ESST)14 and vacuum-ultraviolet light 

(vacuum-ultraviolet-induced ESST).15 

Here, we employ X-ray absorption spectroscopy (XAS) at the Fe L2,3 edges, which is well 

suited to determine the electronic ground state of the Fe(II) ion,16 to study the thermal SCO and 

the SOXIESST in thin films of SCO molecules on differently polarized ferroelectric substrates. 

The SCO complex used in this study is [Fe(H2B(pz)2)2(bipy)] (bipy=2,2'-bipyridine, 

H2B(pz)2=dihydrobis(1-pyrazolyl)borate, cf. scheme in Figure 1a) which is well characterized in 

the bulk phase.17 Furthermore, this compound can be deposited intact by thermal 

evaporation.10,18 As substrate, the ferroelectric PMN-PT [Pb(Mg1/3Nb2/3)O3]1-x [PbTiO3]x, x = 

0.32) (011) surface is used.19,20 The ferroelectric can be poled by application of a strong electric 

field. In consequence it exhibits a net static electric dipole moment pointing toward the surface 

((+)-PMN-PT) or toward the back contact ((-)-PMN-PT). A number of studies report differences 

in molecular adsorption/desorption21–23 and selective suppression of thermal SCO depending on 
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the ferroelectric polarization.24 However, to the best of our knowledge no effect of the 

ferroelectric polarization onto SOXIESST has been reported. 

Experimental Methods and Materials 

Synthesis: [Fe(H2B(pz)2)2(bipy)] has been prepared according to literature procedures.17  

Sample preparation: The (011) oriented PMN-PT [Pb(Mg1/3Nb2/3)O3]1-x [PbTiO3]x, x=0.32) 

substrates (0.5 mm thickness, Atom Optics Co., LTD., Shanghai, China) were cleaned in acetone 

and isopropanol. Prior to the deposition of the molecules, the substrates were poled in high 

vacuum by applying ±330 𝑉𝑉 between two copper electrodes in direct contact with the front and 

back surfaces of the chip. The I(V) was recorded, and the displacement current caused by the 

switching of the ferroelectric polarization was observed in order to ascertain that the poling 

process was successful. In case of a negative applied voltage at the back side of the sample, here 

referred to as “(-)-PMN-PT”, the electric dipole moment points towards the surface. For a 

positive applied voltage at the back side of the sample, referred to as “(+)-PMN-PT”, the electric 

dipole moment points towards the back contact.  

The two thin films of the SCO complex were grown by sublimation of the 

[Fe(H2B(pz)2)2(bipy)] complexes from a Knudsen cell onto the (+) and (-)-poled substrates 

concurrently in high vacuum while keeping the substrates at ~10 K in order to obtain a high 

sticking coefficient of the molecules. The thickness of the obtained films was determined by 

measuring the step height of an edge produced by masking one part of the sample. The average 

thicknesses of the molecular films were 75 ± 10 and 65 ± 10 nm on (+) and (-) polarized PMN-

PT, respectively. Between the poling process, the deposition of molecules and the XAS 

experiments, the samples were exposed to air. The powder sample was produced by pressing the 

polycrystalline powder of molecules on an indium foil. 
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X-ray absorption spectroscopy: The XAS experiments were performed at the X-Treme 

beamline25 (Swiss Light Source, Paul Scherrer Institut) in total electron yield (TEY) mode. The 

beam was defocused (0.3 x 1.2 mm2) and spectra were normalized to the TEY measured 

simultaneously on a gold mesh. The photon flux was measured at the same fixed energy on the 

gold mesh which was referenced to a calibrated photodiode after the last optical element of the 

beam line.25 A polynomial background was subtracted from all X-ray spectra shown in this work. 

 

Results and Discussion 

Soft X-ray induced excited spin-state trapping in powder samples 

First, we present the XAS measurements performed on the powder sample, which serves as a 

reference. Spectra recorded at 300 K and 100 K are shown in Figure 1b, above and below the 

SCO temperature T1/2 = 160 K.17 Consistent with the literature,16,26,13 at 300 K the XAS exhibits 

a broad multiplet at the Fe L3 edge with a peak at 708.2 eV characteristic of the HS state. At 100 

K the Fe L3 XAS is narrow with a peak at 709.5 eV evidencing the LS state.  

SOXIESST was studied at 3 K, well below TLIESST = 52 K.17 At 3 K the HSLS relaxation 

rate is negligible in the timescale of the experiments, since even at 10 K the HS state decays only 

by 4% in 12 h.27 The spectrum obtained at 3 K (Figure 1b) was recorded with a small X-ray flux 

of 𝜙𝜙 = 0.04 ph s−1 nm−2 without prior X-ray illumination at this spot. The recording time of 

120 s corresponds to a photon (ph) dose of 𝐷𝐷 = 4.8  ph nm−2. The HS fraction 𝜆𝜆 = 1 ± 3% is 

obtained from the intensity ratio of the HS and LS peaks at the Fe L3 edge. The 300 K and 100 K 

spectra were used as references, defining 𝜆𝜆 ≡ 1 and 𝜆𝜆 ≡ 0, respectively. This experiment shows 

that it is possible to study the virtually pristine LS state even in the SOXIESST regime provided 

that the X-ray flux is low enough. After irradiation with a significantly larger X-ray dose of 
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𝐷𝐷 = 144  ph nm−2, a high-spin fraction of 77 ± 3% (Figure 1b) is observed. The SOXIESST is 

fully reversible, as evidenced by the recovered LS state observed at 100 K after warming up to 

room temperature (Figure 1b). 

After these quasi-static investigations, we now follow the SOXIESST with a time resolution of 

20 s by measuring the XAS intensity at distinct energies only. The high-spin fraction is 

calculated from the HS (EHS = 708.2 eV) and LS (ELS = 709.5 eV) signals normalized to the pre-

edge signal. The obtained high-spin fraction 𝜆𝜆(𝑡𝑡) as a function of time, recorded at 3 K using a 

photon flux of 𝜙𝜙0 = 0.14 ph s−1 nm−2, is displayed in Figure 1c. The high-spin fraction 𝜆𝜆(𝑡𝑡) 

was fitted with the exponential function 𝜆𝜆(𝑡𝑡) = 𝜆𝜆∞ − (𝜆𝜆∞ − 𝜆𝜆0) 𝑒𝑒−𝑡𝑡/𝜏𝜏, where  𝜏𝜏 = 360 ± 15 s is 

the time constant, 𝜆𝜆∞ = 73 ± 7% is the HS fraction in saturation and 𝜆𝜆0 = 0% is the initial HS 

fraction at t = 0. Knowing the photon flux, the time constant can be converted into a cross section 

𝜎𝜎pow = 𝜏𝜏−1 𝜙𝜙−1 = (1.96 ± 0.08) × 10−2 nm2 = 196 ± 8 Mbarn, with 1 barn = 10-10 nm2. We 

emphasize here that to the best of our knowledge this is the first quantitative report of a 

SOXIESST photon cross section. Interestingly, its value is ~30 times larger than the cross 

section of the Fe L3 absorption edge (𝜎𝜎XAS ~7 Mbarn).28 This demonstrates that SOXIESST, like 

hard X-ray induced ESST14 and vacuum-ultraviolet light induced ESST,15 is not directly caused 

by the X-ray absorption process. SOXIESST is likely due to scattering29–31 of the large number 

of secondary electrons produced after the absorption of a single X-ray photon.  

Interestingly, the value of the saturation HS fraction 𝜆𝜆∞ = 73 ± 7 % is comparable with the 

branching ratio at the 3T1 triplet state during the initial fast relaxation after excitation into the HS 

or LS state, i.e. ~ 4 ∶ 1 in favour of the HS state.32 𝜆𝜆∞ also agrees well with the HS fraction of 

𝜆𝜆 = 77% (Figure 1b) found after irradiation with an X-ray dose of 𝐷𝐷 = 144  ph nm−2.  
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Figure 1 (a) Scheme of the SCO complex [Fe(H2B(pz)2)2(bipy)]. Color code: orange, Fe; gray, C; blue, N; green, B. 

Hydrogen atoms have been omitted for clarity. (b) Sequence of X-ray spectra recorded on a powder sample of 

[Fe(H2B(pz)2)2(bipy)]. The fully reversible high-spin (HS) to low-spin (LS) conversion (300 K to 100 K) and soft X-

ray induced excited spin-state trapping (SOXIESST) at 3 K are visible. Spectra are offset for clarity. (c) Time-

dependent HS fraction measured on the powder sample revealing the LS  HS conversion due to SOXIESST at 3 

K. 

It is important to distinguish the reversible SOXIESST effect from the irreversible soft X-ray 

photochemistry (SOXPC).12 In order to determine the SOXPC rate, we have performed a 

separate experiment at 100 K where SOXIESST is not observed. The SCO powder has been 

irradiated with a very high photon dose 𝐷𝐷 = 550 ph nm−2 (Figure 2). The spectra evidence a 

shoulder at lower energy corresponding to 𝜆𝜆 = 0.10. We estimate the photon cross section of 

SOXPC 𝜎𝜎SOXPC ~ 2 Mbarn, a value which is ~100 times smaller than the cross section for the 

reversible SOXIESST process but nevertheless comparable to the absorption cross section of the 

Fe L3 edge. The appearance of the HS signature at this temperature indicates that the molecules 

are irreversibly modified after the absorption of a few X-ray photons. 
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Figure 2 XAS at the Fe L2,3 edges recorded on the powder sample after irradiation with different photon doses at 

100 K. Irradiation with a very high X-ray dose results in the appearance of a shoulder at low photon energy. 

Assuming that only the molecules which contribute to the shoulder are irreversibly modified, we estimate the photon 

cross section of SOXPC σSOXPC  ~ 2 Mbarn. Inset: HS fraction extracted from the XAS in the main panel as a 

function of the photon dose.  

Soft X-ray induced spin state trapping of molecular thin films on ferroelectric substrates 

The molecular thin films of ~70 nm thickness were grown on the (+) and (-) poled ferroelectric 

PMN-PT substrates as described in the experimental Section. Figure 3 shows the XAS of the thin 

films on both substrates at 300 K and 100 K, respectively. At 300 K, 94% and 93% of the 

molecules are found in the HS state on (-) and (+) - PMN-PT, respectively. At 100 K, the HS 

fraction is reduced to 33% and 24% on (-) and (+) - PMN-PT, respectively. This indicates that 

the thermal SCO in both thin film samples is less efficient than in the powder. The incomplete 

HS – LS conversion may be rationalized by a modified crystal packing, and a similar effect has 

been observed in other SCO thin films18,33 as well as in SCO monolayers on graphite.26 The 

origin of the slightly different HS fractions on (+) and (-) polarized PMN-PT at 100 K may be 

due to the adsorption of different small amounts of contaminants (e.g. water) on the differently 

polarized substrates on these ex-situ samples.21,34 The difference may also be related to the 
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observations reported in ref. 24 where a complete suppression of the thermal (HS  LS) SCO 

down to 100 K was reported for one of the two polarizations of an organic ferroelectric thin film. 

However, we note that the total magnetic moment reported in ref. 24 appears too large compared 

to the reported film thickness.  

 
Figure 3 Temperature dependent XAS recorded on ~70 nm thick molecular films on (+) and (-) polarized 

ferroelectric PMN-PT substrates. The molecules are predominantly in the HS state at 300 K and in the LS state at 

100 K. The spectra have been offset for clarity. 

Next we discuss SOXIESST in the thin film samples at 3 K, i.e. below TLIESST where also 

SOXIESST can occur. Figure 4a and 4b display two sequences of six XAS spectra each on (-) 

and (+)-PMN-PT, respectively. At the used photon flux 𝜙𝜙0 = 0.14 ph s−1 nm−2, each spectrum 

has an acquisition time 𝑡𝑡 = 144 s resulting in a dose of 20 ph nm−2. Remarkably, we observe 

virtually no SOXIESST on the (-) poled substrate, while on the (+) poled sample a significant HS 

fraction appears within minutes of irradiation. This is also seen in the extracted HS fractions 

(Figure 4c).  
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Figure 4 XAS of the thin films at 3 K on (+) and (-) polarized ferroelectric PMN-PT. (a,b) Sequence of 6 spectra on 

both substrates showing the Fe L3 edge, respectively. 𝜙𝜙0 = 0.14 ph s−1 nm−2, each spectrum corresponds to a X-

ray dose of 𝐷𝐷 = 20 ph nm−2. Spin-state trapping is observed on (+)-PMN-PT but not on (-)-PMN-PT. The spectra 

have been normalized to the same Fe L3 peak area for visibility. (c) Time dependent HS fractions extracted from the 

spectra shown in (a,b).  

 

Figure 5 Comparison of flux dependent ESST rates 𝜏𝜏−1(𝜙𝜙). Dashed lines denote linear fits 𝜎𝜎 = 𝜏𝜏−1 𝜙𝜙−1 to the data. 

The resulting ESST cross sections 𝜎𝜎 are reported in Table 1. The orange and light blue data points correspond to the 

rate constants obtained from sequences of spectra (Figure 4). The red and blue data points have been obtained by 

measuring XAS at discrete energies.  
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The SOXIESST rates 𝜏𝜏−1(𝜙𝜙) recorded as a function of the X-ray flux 𝜙𝜙 are shown in Figure 5. 

The figure combines the rates obtained from the spectra with measurements at discrete energies. 

Both methods yield consistent values within the error. The data confirm that the rates for 

SOXIESST on the differently polarized substrates are both proportional to the X-ray flux. The 

corresponding values for the ESST cross sections 𝜎𝜎 = 𝜏𝜏−1 𝜙𝜙−1 on the different samples are 

listed in Table 1. We emphasize that the cross section 𝜎𝜎(+) is similar to the one in the powder, 

while the cross section 𝜎𝜎(−) is more than one order of magnitude lower. This is in accordance 

with the different time evolution of the XAS shown in Figure 4. The striking difference between 

the SOXIESST cross sections is another strong evidence that the SOXIESST mechanism is more 

complicated than simply the absorption of a X-ray photon and subsequent de-excitation of the 

Fe(II) ion.  

 

Table 1 Excited spin-state trapping cross sections σ at 3 K for [Fe(H2B(pz)2)2(bipy)] SCO 

complexes in powder form as well as for thin films on the ferroelectric substrates.  

Sample σ (Mbarn) 

SCO powder 196 ± 8 

SCO on (+)-PMN-PT 174 ± 22 

SCO on (-)-PMN-PT 12 ± 2 

 

In order to shed light on the surprising difference in the ESST cross sections of the SCO thin 

films on the  (+) and (-) polarized PMN-PT, we have analyzed the sequences of X-ray spectra 

obtained at 300 K and 3 K (Figures 4a,b) each of which have been taken on fresh spots on the 

surface. X-ray illumination commenced at t = 0. Figure 6a displays the time dependent intensity 
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of the pre-edge TEY signals obtained at a photon energy of 704 eV from the X-ray spectra. A 

signal of 1 arb. u. in Figure 6a on the ordinate corresponds to ~0.4 nA of TEY current from the 

sample. Compared to 300 K, the TEY is significantly reduced at 3 K on both samples and a 

strong decay in time is observed. Remarkably, at low temperature there is a sizeable difference 

between the signals from the (+) and (-)-poled substrates which will be discussed further below. 

The integral of the Fe L2;3 peaks divided by the pre-edge signal is shown in Figure 6b. An 

increase over time is observed at low temperature, which is more pronounced for the (+)-poled 

substrate.  
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Figure 6 Data extracted from sequences of X-ray spectra of the SCO thin films on (+) and (-)-PMN-PT at 300 K 

and 3 K. (a) Time dependent pre-edge TEY obtained at a photon energy of 704 eV. (b) Time dependent integrated 

area of the Fe L2;3 peaks normalized by the pre-edge TEY shown in panel (a). (c,d) Sketches of the lower conduction 

band edge of the (+) and (-) polarized PMN-PT substrates at low temperature, neglecting interface dipole effects. 

Green (blue) arrows denote X-ray excited substrate electrons with sufficient (insufficient) kinetic energy to leave the 

sample. A larger rate of electrons remaining in the sample results in a higher SOXIESST rate.  

The data shown in Figures 6a,b reveal a different behavior of the Fe XAS and the one of the pre-

edge. While the Fe signal originates from the molecules, the pre-edge signal has contributions 

from the molecular ligand as well as from the substrate. The contribution of the latter depends on 

the exact sample morphology since the XAS probing depth is given by the electron escape depth 

of a few nm. Since the molecular ligand is unlikely to show charging different from the Fe(II) 

center ion we deduce that the pre-edge TEY contains a significant amount of substrate electrons 

which can be easily understood by the presence of empty surface areas related to the frequently 

observed inhomogeneous molecular island (Volmer-Weber) growth. 

We attribute the time dependent decrease of the pre-edge signal (Figure 6a) to charge depletion 

which is commonly observed on insulating substrates under X-ray irradiation35 because of the 

removal of electrons from the surface. The charging leads to an increase of the electron affinity 

and thus reduces the efficiency of extracting electrons from the substrate surface. The strength of 

the charging is given by the different, typically low, conductivities across the molecular deposit 

as well as through the substrate which depend on temperature and the ferroelectric polarization.36 

Note that during the X-ray measurements the TEY current density is extremely low (~100 pA 

mm-2). The small current only allows building up small electric fields across the substrate far 

from the ferroelectric poling threshold. 
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The energy band scheme of the two samples for the low temperature case is shown in Figures 

6c,d. The two different ferroelectric polarizations result in electric fields of opposite signs across 

the substrate, leading to different electron affinities at the surface.34,37,38 Secondary electrons 

which are generated in the substrate near the surface are subjected to a larger electron affinity in 

the case of (+)-PMN-PT as compared to (-)-PMN-PT which results in the lower pre-edge signal 

observed in Figure 6a. This already happens at t = 0 when charging effects are not yet effective.  

 

In the TEY mode used in this study, the signal corresponds directly to the total number of photo-, 

secondary- and Auger-electrons.39,40 Only electrons with kinetic energy large enough to 

overcome the electron affinity leave the sample and contribute to the signal. In the case of large 

electron affinity there are less electrons which have sufficient energy to leave the sample, 

resulting in a lower TEY.40 Therefore a larger number excited electrons remain in the sample and 

scatter with the molecules resulting in a faster ESST on (+)-PMN-PT. Note that in this 

discussion interface dipole effects have been neglected, which may lead to deviations of the band 

structures from the ones shown in Figures 6c,d. However, because of the low electrical 

conductivities of the molecules and the PMN-PT this will mainly affect the Cu/PMN-PT 

interface at the back, which is irrelevant for the present results and their interpretation.  

The X-ray induced depletion of surface electrons discussed before leads to an increase of the 

electron affinity of the substrate disregarding its ferroelectric polarization. Hence it enhances the 

contribution of ESST-active electrons. However, we emphasize that the dependence on the 

ferroelectric polarization is already visible at t = 0 before the charging effects set in. 

The cross sections for the SOXIESST effect found in our study show that the spin multiplicity (S 

= 0 vs S = 2) of the SCO complex [Fe(H2B(pz)2)2(bipy)] is very sensitive to X-ray radiation. The 
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effect works through scattering of excited electrons, as evident from the fact that its cross section 

is much higher than the Fe L3 X-ray absorption cross section. In this regard, SOXIESST bears 

some analogy with X-ray induced demagnetization,29–31 which affects the magnetic moments of 

single-molecule magnets.  

 

Conclusions 

We have performed a XAS study of SCO thin films deposited on ferroelectric PMN-PT. In the 

SOXIESST regime the ferroelectric polarization has a strong influence on the X-ray induced LS-

to-HS conversion rate, hence the cross section for SOXIESST can be tuned by more than one 

order of magnitude by switching the ferroelectric polarization. The reason behind this large 

difference is given by the different electron affinities of the two differently poled substrates. 

Furthermore, we have characterized the cross sections of the SOXIESST effect as well as the one 

for X-ray photochemistry. The large SOXIESST cross sections indicate that one X-ray photon 

results in the promotion of many SCO molecules to the HS state, suggesting that the mechanism 

proceeds through scattering of excited secondary electrons. We anticipate that the efficiency of 

spin-state trapping via scattering with electrons can be tuned by gating the electric field. SCO 

complexes may also be useful as sensors for ionizing radiation and for the detection of excited 

electrons with energies lower than the electron affinity travelling within materials. 
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