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Few photo-active molecules undergo a complete transformation of physical 

properties (magnetism, optical absorption ...) when irradiated with light. Such 

phenomena can happen on the time scale of fundamental atomic motions leading 

to an entirely new state within less than one picosecond following light 

absorption. Spin crossover (SCO) molecules are prototype systems having the 

ability to switch between low spin (LS) and high spin (HS) molecular states both 

at thermal equilibrium or after light irradiation. In the case of a FeII  (3d6) 

complexes in nearly octahedral ligand field, the two possible electronic distributions among the 3d split orbitals are 

S = 0 for the LS diamagnetic state and S = 2 for the HS paramagnetic state.  In crystals, such photo-excited states 

can be long-lived at low temperature, as it is the case for the photoinduced HS state of the [Fe(phen)2(NCS)2] SCO 

compound investigated here. We first show how such bistability between the diamagnetic and paramagnetic states 

can be characterized at thermal equilibrium or after light irradiation at low temperature. Complementary techniques 

provide invaluable insights into relationship between changes of electronic states and structural reorganization. But 

the development of such light-active materials requires the understanding of the basic mechanism following light 

excitation of molecules, responsible for trapping them into new electronic and structural states. We therefore discuss 

how we can observe a photomagnetic molecule during switching and catch on the fly electronic and structural 

molecular changes with ultra-fast x-ray and optical absorption spectroscopies. In addition, there is a long debate 

regarding the mechanism behind the efficiency of such a light-induced process. Recent theoretical works suggest 

that such speed and efficiency are possible thanks to the instantaneous coupling with the phonons of the final state. 

We discuss here the first experimental proof of that statement as we observe the instantaneous activation of one key 

phonon mode precluding any recurrence towards the initial state. Our studies show that the structural molecular 

reorganization trapping the photoinduced electronic state occurs in two sequential steps: the molecule elongates first 

(within 170 femtosecond) and bends afterwards. This dynamics is caught via the coherent vibrational energy transfer 

of the two main structural modes. We discuss the transformation pathway connecting the initial photo-excited state 

to the final state, which involves several key reaction coordinates. These results shows the need for replacing the 

classical single coordinate picture employed so far by a more complex multi-dimensional energy surface. 
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I. Introduction 

 

The response of matter to light on ultrafast (i.e., picosecond and femtosecond) time scales 

represents a relatively new area in Materials Science. Electronic and/or structural changes are at 

the origin of light-activated functions in molecular [1], biophysical [2] or solid [3] materials. The 

past two decades saw remarkable technological advances in ultrafast laser systems and ultrafast 

science, making it possible to watch the dynamics and to understand the mechanisms of light-

induced transformations. 

Spin CrossOver (SCO) molecules [4] are of particular interest because of their ability to switch 

between low spin (LS) and high spin (HS) molecular states not only under light excitation, but 

also at thermal equilibrium. In the case of a Fe
II
  (3d

6
) complexes, such as [Fe(phen)2(NCS)2] 

investigated here, two possible electronic distributions among the 3d split orbitals in a nearly 

octahedral ligand field correspond to the LS (S=0) or HS (S=2) states (Fig. 1). The switching 

from LS to HS after light irradiation is referred to as the Light Induced Excited-Spin State 

Trapping phenomenon (LIESST). It was thoroughly  investigated in crystals; under continuous 

light irradiation at low temperature where a complete photo-conversion can be easily reached 

[5,6,7,8], or after pulsed irradiation at high temperature [9,10,11]. Light-induced SCO dynamics 

was also studied for molecules in solution, by the groups of McCusker, McGarvey, Hendrickson, 

Chergui, Mathies, Schoenlein. The use of ultrafast optical, X-ray or Raman spectroscopies gave a 

comprehensive dynamical description of the changes of electronic states and the structural 

reorganization [12-25]. Our studies of LIESST in Fe
III

 and Fe
II
 SCO crystals [26-31], as well as 

reverse-LIESST [32], indicated a photoswitching dynamics at the molecular level in nano- or 

micro-crystals [11] similar to solution. After introducing how to investigate LIESST effect, we 
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discuss its dynamics, including the coherent structural response recently revealed in 

[Fe(phen)2(NCS)2] [33].  

 

Figure 1. a) Thermal evolution of the mT product of  [Fe(phen)2(NCS)2] showing a change of 

spin state around 180 K. The value above 180 K (mT 3.3 cm
3
.K.mol

-1
) is typical of 

paramagnetic Fe
II
 HS state, whereas the very small value below 180 K is typical of LS 

diamagnetic state.  Below 60 K, the HS state is reached by cw light excitation of the LS state at 

650 nm. b) Evolution of the diffuse reflectivity signal recorded at 650 nm and generating 

LIESST below 60 K. 

 

II Thermal and photoinduced spin-state conversion in Fe(phen)2(NCS)2 

[Fe(phen)2(NCS)2] (phen=1,10-phenanthroline) is an archetypal bistable Fe
II

 SCO crystal [6,33-

37]. The diamagnetic LS state of electronic structure t2g
6
eg

0
L

0
 (where L

 
corresponds to the 

LUMO of the ligand) is the ground state. It is of lower entropy than the paramagnetic HS 

(t2g
4
eg

2
L

0
) state observed at high temperature. This change of magnetic state is well characterized 

by SQUID experiments (Fig 1a). The value of the MT product (M being the molar magnetic 

susceptibility and T the temperature) approaching 3.3 cm
3
.K.mol

-1
 is characteristic of the 
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paramagnetic HS (S=2) state above 180 K, while below this temperature it corresponds to the 

diamagnetic LS (S=0) state. Below 60 K, cw light-excitation at 650 nm completely transforms 

the system to the HS state [38]. The change of electronic state also modifies optical properties 

(Fig 1b). At 650 nm, the higher absorption (lower reflectivity) in the LS state is due to the Metal 

to Ligand Charge Transfer (MLCT) band of the LS state. The electronic redistribution between 

the LS and HS states is accompanied by an increase of absorption below 620 nm and above 720 

nm [33]. 

 Density Functional Theory [39,40] calculations (Fig. 2) performed with Gaussian 09 

package [41] show that in the LS state the highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbitals (LUMO) on both sides of the energy gap are respectively 

of t2g- and eg-like character. The t2g-eg energy gap is around 1.8 eV in LS state and 1.6 eV (775 

nm) in the HS state. The LUMO lying  1.9 eV above the t2g-like LS HOMO has electron 

density on the ligand phenanthroline groups only. The LS excitation at 650 nm corresponds then 

to a MLCT (green arrow in Fig. 2).  
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Figure 2. Schematic energy diagram and molecular orbitals obtained from DFT calculations. The 

MLCT process in the LS state with the pump at 650 nm promotes electrons from t2g-like to 

ligand orbitals (L), whereas the probe at 760 nm corresponds to HS t2g-like to eg-like d-d 

transition. The Fe atom is in the center, N atoms are blue, C atoms are grey, S atoms are yellow, 

H atoms are white. 

    

X-ray diffraction reveal important changes of the molecular structure between LS and HS 

states. The molecule and the Fe atom are located on a 2-fold symmetry axis (Fig 3) of the Pbcn 

(orthorhombic) space group [6,33]. The Fe atom is bonded to N atoms of the two NCS groups 

and four N atoms of the two phenanthroline groups. The main structural deformations shown in 

Fig. 3 around the FeN6 octahedron are:  
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- the average Fe-N distance: 



6

16

1

i

iNFeNFe   changes from <Fe-N>LS  1.97 Å to <Fe-

N>HS  2.16 Å. 

- the distortion Σ of the FeN6 octahedron, determined by the sum of the deviation from 90° of the 

12 N-Fe-N cis angles in the coordination sphere:   


12

1

90
i

i  changes from LS  35° to 

HS  65°.  

These structural parameters (Fig 3b) are related to the spin state, and the photoinduced state 

generated at low temperature is very similar to the HS one [4,13,15,20,21,22,24]. The <Fe-N> 

elongation in the HS state is associated with the electronic population of less bonding eg orbitals. 

The increase of  due to N-Fe-N bending, was underlined as essential for stabilizing the 

photoinduced HS state at higher T(LIESST) [6]. Consequently, the equilibrium position in the 

HS potential is moved away from that of LS [8]. This electronic conversion accompanied by 

deformations of the Fe-N6 octahedron, result in important changes of the XANES (x-ray 

absorption near edge structure) spectrum around the Fe K-edge (Fig. 3c). 
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Figure 3. (a) LS (140 K, blue) and HS (200 K, red) structures of [Fe(phen)2(NCS)2]. (b) 

Temperature dependence of Fe-N bonds and  parameter, showing the first-order phase 

transition around 180 K between LS and HS states. Tthe parameters obtained after cw irradiation 

at 650 nm are identical to those of the HS state at high temperature. (c) XANES spectra and 

variation XANES measured between the HS (200K) and LS (140K) states. Adapted with 

permission from ref. 33. Copyright (2014) American Physical Society. 

 

Magnetic susceptibility directly probes the HS fraction of the crystal. Unfortunately this 

technique is too slow for investigating the photo-switching dynamics on the timescale of 

elementary electronic, atomic or molecular motions, typically falling in the sub-picosecond 

range. This limitation is overcome by ultrafast optical and X-ray spectroscopies that can now 
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routinely achieve 100 fs time resolution. Here we take advantage of the optical and x-ray 

fingerprints of electronic and structural changes to investigate the photo-switching dynamics 

from LS to HS states. 

 

III Ultrafast photophysics in Fe(phen)2(NCS)2 crystals 

III.1 Femtosecond optical and x-ray absorption spectroscopy studies 

We recently reported on the ultrafast spin state photoswitching dynamics studies in 

[Fe(phen)2(NCS)2] performed with two complementary pump-probe techniques: XANES, and 

optical spectroscopy. A 50 fs pump laser pulse (650 nm) switches LS state to HS via a metal-to-

ligand charge-transfer process (MLCT). The changes in XANES are recorded with 30 fs x-ray 

pulses at the XPP station of the LCLS X-FEL, while changes in optical reflectivity (OR) and 

transmission (OT) in visible-infrared range are recorded with 50 fs pulse. For both experiments 

the time resolution was 110 fs and more details can be found in ref 33. The measurements 

presented hereafter were performed at 140K in the pure LS state. For optical measurements we 

used single crystals of losange shape (Fig. 4) with a and b crystalline axis as respectively 

smallest and longest diagonals. The 2-fold symmetry axis of the molecule is oriented  along the b 

axis. The c axis corresponds to the crystal thickness. The pump pulse was polarized along the b 

axis, whereas both polarizations were used for the probe to measure reflectivity. XANES 

measurements were done on powder films for maximizing x-ray penetration.  
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Figure 4. Schematic representation of the single crystals of [Fe(phen)2(NCS)2] with the 

orientation of the crystal axes. The two-fold molecular axis is along the b axis. 

The change of molecular structure is monitored by femtosecond XANES around the K edge of 

iron, which is very sensitive to the change of Fe-N bond length (Fig. 3c). Fig 5 shows the time 

evolution of x-ray absorption at 7125 eV (increase) and 7148 eV (decrease) after excitation, 

which are the clear fingerprints of the formation of the HS molecular structure. The resulting 

dynamics can be fit by an exponential rise convoluted with a Gaussian Instrument Response 

Function [33]. The extracted time constant of  <Fe-N>=170(20)fs for the <Fe-N > elongation is 

similar to the timescales reported for other SCO molecules in solution [20,22].  

 

Figure 5. Time resolved change of X-ray absorption at 7125eV and 7148eV. Red lines are fit to 

single exponential rise with time constant  <Fe-N>=170(20)fs. Adapted with permission from ref. 

33. Copyright (2014) American Physical Society. 
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Fig. 6 shows optical changes observed on single-crystals, when the probe polarization is parallel 

to the b axis. At the energy of 1.6 eV (760nm) both transmission and reflectivity show a 

decreasing signal related to the absorption of the HS state, which corresponds to d-d transitions 

(see part III.2). The LS state is optically silent at 760nm since the lowest t2g-like HOMO and eg-

like LUMO is at higher energy (Fig. 2). The absorption of the HS state at 1.6 eV results therefore 

from the d-d gap narrowing [33]. Data at 760 nm show that this change occurs within gap = 140 

(20) fs. Since this ligand field weakening is related to the elongation of the <Fe-N> bond length, 

gap correlates well with  <Fe-N>=170 (20) fs measured by XANES. Our results demonstrate that 

by probing a transition sensitive to the ligand field, by means of optical spectroscopy, it is 

possible to gain some insight into structural dynamics of the Fe-N6 octahedron. The electronic 

peak observed at 850 and 900nm, corresponds to the photoexcited singlet 
1
MLCT state 

(t2g
5
eg

0
L

1
). It decays within less than 50 fs and cannot be well resolved with 100 fs time 

resolution [33]. Other intermediate (INT) states can be involved in the inter-system crossing 

(ISC) and the 
1,3
MLCT→

3
T→HS

 
sequence dominates [42]. 

 

The optical kinetic traces shown in Fig. 6 also exhibit oscillating components both in reflectivity 

and transmission geometries. They are the signatures of molecular vibrations accompanying the 

LIESST and similar oscillations were observed first in Fe(bpy)3 by Chergui et al [19].  The 

oscillating components shown in Fig. 7 were extracted from the fit of the data shown in Fig. 6 

[33]. The time-dependent fast Fourier transform trace at 760 nm reveals a main mode at around 

113cm
-1

, which is only observed during the first picosecond. Other reflectivity traces reveal 

another oscillation around 85cm
-1

, in-phase for all the probing wavelengths and observed both in 

transmission and reflectivity. 

Different wavelengths are sensitive to different degrees of freedom. The response at 760 nm is – 

as discussed above – mostly sensitive to the Fe-N core expansion, while the signal at 900 nm is 

mostly sensitive to the bending of the molecules (This remarkable difference is rationalized by 

using time dependent DFT calculations as discussed below). The exponential fits of optical 

reflectivity at these wavelengths show significantly different time scales thus suggesting a non-

simultaneous expansion and distortion of the molecule as depicted in Figure 7h where the two 

exponential time constants (from OR 760 nm and OR 900 nm) are used to reconstruct the 
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average evolution of the two structural parameters. To test this hypothesis even further we have 

modeled a simple coupled-oscillator whereby the initial elongation of the Fe-N core induces the 

octahedral distortion. This model discussed in detail in reference 33 can reproduce fairly well the 

oscillating part of the experimental data as shown in Fig. 7, panels b and c. 

To further this investigation, we present in Fig. 8  new measurements at 760 nm with probe light 

polarized parallel or perpendicular to the crystal axis b, while keeping all other experimental 

parameters identical. The data for the parallel configuration reproduces well the ones already 

published in ref 33 (Fig. 7), indicating the activation and damping of a mode around 113 cm
-1

 

during the first ps. However, the data for the polarization perpendicular to b, show a different 

behavior as the frequency of the observed mode is 85 cm
-1

.  
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Figure 6. a) Time resolved traces of optical transmission (OT) and reflectivity (OR) at 760nm, b) 

900 nm and 550 nm, c) and 850nm with probe polarization parallel to b axis. All traces were 

fitted (red lines) with a single exponential function accounting for the fast dynamic and a fifth 

order polynomial to take into account for slower processes such as vibrational cooling. Adapted 

with permission from ref. 33. Copyright (2014) American Physical Society.  
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Figure7. (a-c), oscillating component of OR at 760 nm, OR at 900 nm and OT at 850 nm. (d-f), 

time dependent FFT of the experimental data, showing the activation of the breathing mode and 

the delayed activation of the bending mode. Combined fits of OR at 900 nm and OT at 850 nm 

(red line) by the coupled oscillator model, which show the contribution of the bending () mode 

(b) and the superposition of bending () and breathing (D) modes (c). The time course of the 

oscillating component Dosc (300 fs) and osc (390 fs) obtained by the fit in (b) and (c) are 

displayed in (g) and the average evolutions of Dmean  and mean obtained by the fit in Fig. 3 are 

displayed in (h). Adapted with permission from ref. 33. Copyright (2014) American Physical 

Society. 



15  

 

Figure 8. Time resolved change of reflectivity at 760nm (1.6eV) for probe polarization parallel 

(a) or perpendicular (b) to the molecular 2 fold symmetry axis. Red lines are fits obtain with 

single exponential rise plus a fifth order polynomial. c) & d) associated TD-FFT showing both 

breathing and bending depending on the polarization. 

 

III.2 Discussion 

Recent theoretical studies by van Veenendaal discuss the mechanism behind the extremely fast 

and efficient ISC during LIESST in terms of dephasing of the photoexcited state into the HS 

phonon states [43,44]. The change from LS to HS states, which strongly differ in both electronic 

configuration and molecular structure (metal-ligand distance), is mediated by the spin-orbit 

coupling. The ultrafast ISC is displacive as the <Fe-N> bond elongation drives the system into 

the HS potential. Its strong damping is associated with the efficient self-trapping of the photo-

induced HS state, as schematically shown in figure 9a. Our results shown in Fig. 6 and 7 strongly 

support this mechanism. The 113 cm
-1

 mode is activated just after light excitation, as Fe-N 

elongates, and corresponds to the molecular breathing mode: a totally symmetric Fe-N stretching 

with respect to the 2-fold molecular axis [33,45,46]. This eigenvector of symmetry A in the C2 

point group of the complex is hereafter referred to as the breathing coordinate D. Fig. 6b and 6c 
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also revealed the activation of a second mode at 85 cm
-1

, corresponding to the butterfly mode 

[33,45,46], which bends the ligand and the N-Fe-N angles without significantly changing Fe-N 

distances. We will refer to this mode as a bending coordinate . Unlike the breathing mode, 

activated instantaneously, the bending mode with 390 fs period appears only after 500fs and has 

a maximal amplitude around 1200fs (Figures 7-8). Such delayed activation of other modes 

results from the fact that the HS potential is reached with excess energy. Then the non-

equilibrium vibrational energy relaxation in the product HS state activates other modes. Fig. 7 & 

8 show a spectral weight transfer from breathing to bending. The structural stabilization occurs 

over two steps with a sequential activation of breathing then bending via coherent energy 

transfer.  

 

Figure 9. (a) Schematic representation of the elongation and damping of the breathing mode 

along the D coordinate . (b) Classical trajectory in the (D,) space. Molecules in the LS (blue) 

potential reach 
1
MLCT state by light excitation. Fast ISC, through possible INT states, drives D 

elongation during step 1 with the generation and damping of breathing phonon, followed by 

activation of additional bending phonons such as distortion , during step 2. The sequence is 

sketched at the bottom. Adapted with permission from ref. 33. Copyright (2014) American 

Physical Society. 



17  

 For understanding why the observation of specific vibrational modes depends on the 

probe energy and/or polarization, an accurate description of excited states is needed. The time 

dependent DFT (TD-DFT) approach has proved an excellent tool used in quantum chemistry 

[47]. The results obtained within TD-DFT lead to the so-called ‘natural transition orbitals’ NTO 

through an account for hole–particle pairs which are then used to interpret the excited states 

corresponding to the absorption of the probe light. TD-DFT as implemented in the Gaussian 09 

package [41]  was applied for obtaining the NTO of HS [Fe(phen)2(NCS)2] starting from 

geometry optimized molecule with UB3LYP/6-31g(d,p) functional-basis set. Fig. 10a shows the 

NTO corresponding to the hole–particle transition state around 760 nm for polarization parallel 

to the b axis. The strong weight of the particle orbital on the Fe-N bonds explains its sensitivity 

to the breathing mode, for which the Fe-N elongation is the main characteristic. Fig. 10b shows 

the transition state around 760 nm for polarization perpendicular to the b axis, Fig. 10c and 10d 

shows the transition state around 550 and 900 nm respectively for polarization parallel to the b 

axis. For these last three cases, the sensitivity to the bending mode observed in Fig. 6b is 

explained by the weight of the particle orbital mainly located on the ligand (not on the Fe-N 

bonds). This selectivity in terms of light polarization, which can be used in the solid state, opens 

interesting opportunities for disentangling complex transformation dynamics where different 

degrees of freedom are involved.  

III.3 Curved trajectory on the potential energy surface 

We can now summarize all these results in a global picture for describing the photophysics of 

LIESST. An ultrafast ISC from the MLCT state (50fs) occurs and the less bonding HS 

potential is rapidly reached, defining a new equilibrium Fe-N bond length. Intermediate states 

serving as mediators appear in the process but are difficult to identify here.  
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Figure 10. NTO of hole and particle for different light polarization indicated in figure, with 

respect to the 2-fold molecular symmetry axis, around 760 nm calculated at 1.668 eV (a), around 

760 nm and calculated at 1.667 eV (b), around 550 nm and calculated at 2.2 eV (c) and around 

900 nm and calculated at 1.32 eV (d). 

 

For reaching the minimum of the HS potential this bond elongation, corresponding to the 

reaction coordinate D, occurs within   170 (20) fs. But as the HS potential is reached with 

excess kinetic (vibrational) energy, the molecule oscillates along the D coordinate as 

schematically represented in Fig. 9a. The single Fe-N elongation is not enough for stabilizing the 

HS state, because the minimum of the HS potential corresponds to a distorted structure with 

different value of . The delayed activation of the bending mode indicates a two-step process 
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where the coherent dynamics along  occurs well after the initial elongation of D. The 

transformation from the initially excited LS state to the trapped HS state can be described on a 

potential energy surface (PES) where D and  are the two main reaction coordinates. Fig. 9b is a 

cartoon of such a PES of [Fe(phen)2(NCS)2], where the LS potential has minimum at (DLS=1.97 

Å, LS=35°) and the one of the HS state at (DHS2.16 Å, HS=65°) (Figure 3b). The analysis of 

XANES, OT and OR data [33] gave an average elongation Dmean(t) with a 170 fs time constant, 

whereas the average torsion mean (t) occurs with a 250 fs time constant (Fig. 7h). The system 

therefore follows a curved trajectory in the (D,) coordinate space of the PES, with a sequential 

activation of the key modes. This process involves a very fast energy transfer: the breathing 

mode is damped on a timescale of 160 fs (Fig. 7g). This strong damping hinders recurrence to the 

initial state and explains why the structural trapping is so efficient. 

  

IV Conclusion 

This comprehensive study allows drawing an elaborate scenario explaining the speed and 

efficiency of LIESST, underlying the importance of structural dynamics and energy dissipations. 

The curved trajectory on PES, involving coherent structural dynamics, reveals the basic 

dynamical transformation mechanism associated with a deterministic process. 

In order to understand the physical processes allowing functionalization with light, probes 

sensitive to specific degrees of freedom are mandatory. Ultrafast techniques allow now to follow 

and disentangle the dynamical changes of electronic and structural degrees of freedom. Such 

multi-probe ultrafast studies will become routine in the field of light-functionalized materials and 
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the present results pave the way for investigating more complex phenomenon. As it is now 

possible to reach a time resolution better than elementary molecular motions, processes driven by 

coherent structural dynamics can be deeply investigated. It will represent an important topic in 

light-activated functions, as this mechanism allows to reach the shortest time-scale for the 

structural trapping, corresponding to the elementary molecular deformations. 
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