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Out-of-equilibrium dynamics of photoexcited spin-
state concentration waves 

A. Marino,a M. Buron-Le Cointe,a,* M. Lorenc,a L. Toupet,a R. Henning,b   
A. D. DiChiara,c  K. Moffat,b N. Bréfuel,d and E. Collet,a,*  

The spin crossover compound [FeIIH2L2-Me][PF6]2 presents a two-step phase transition. In the 
intermediate phase, a spin state concentration wave (SSCW) appears resulting from a 
symmetry breaking (cell doubling) associated with a long-range order of alternating high 
and low spin molecular states. By combining time-resolved optical and X-ray diffraction 
measurements on a single crystal, we study how such a system responds to femtosecond 
laser excitation and we follow in real time the erasing and rewriting of the SSCW. 

 

Introduction 

FeII spin-crossover (SCO) complexes have been widely studied over 
the last decades, because of their ability to show reversible switching 
between low-spin (LS, S=0) and high-spin (HS, S=2) states, 
controlled by a change in temperature or pressure and more 
interestingly under light irradiation. SCO are now considered as 
prototype photo-switchable molecular materials.[1,2] One of the 
important successes of ligand field theory was to establish the origin 
of SCO in the coupling between electronic and structural degrees of 
freedom. As the electronic configuration changes from t2g

6eg
0 in the 

LS state to the less bonding t2g
4eg

2 in the HS state, an important 
structural reorganization occurs. It is  associated with an expansion 
of the average distance between the Fe and the 6 N atoms bonding it 
to the ligand.[1] Typical values are <Fe-N>LS≈2.0 Å and <Fe-
N>HS≈2.2 Å.[3,4,5,6,7,8,9,10,11] In the solid state, the coexistence 
of short- and long-range interactions between molecules yields 
cooperative effects leading to continuous conversions or first order 
phase transitions with hysteresis.[1,2,12] The SCO phenomenon can 
be followed through the evolution of the fraction of HS molecules: 

XHS=NHS/N 

where NHS is the number of molecules in the HS state among the N 
molecules of the crystal. This is a totally symmetric order parameter. 
In many systems, the LS state is the ground state. When temperature 
is increased, the HS state of higher entropy is favoured, and XHS 
increases from 0 to 1. It is convenient to monitor the evolution of 
XHS by using complementary probes sensitive to the electronic state, 
such as optical spectroscopy,[13] or structural changes  such as x-ray 
diffraction[6]. These probes can also be used in the time domain to 
follow the HS state conversion, when induced by light excitation. 
Femtosecond optical and x-ray spectroscopy studies of isolated 
molecules in solution evidenced that the molecular photo-switching 
occurs on the sub-picosecond timescale.[14-19] More recently we 
combined time-resolved x-ray diffraction and optical spectroscopy 
on weakly cooperative systems to investigate how SCO solids 
responds to femtosecond (fs) light excitation.[20-25] We have 
shown that the dynamics induces a multi-step response. First, the  

sub-picosecond non-thermal molecular photo-switching occurs, 
resulting from a local trapping similar to the one observed in 
solution studies. Then, the molecular swelling and lattice heating 
induced by light drive lattice expansion within tens of ns. Finally, a 
thermal switching occurs on the microsecond timescale as the HS 
state is favoured once the temperature of the macroscopic crystal is 
higher.  

Some SCO compounds, instead of showing a single step conversion,  
undergo two-step transitions. In addition to the HS and LS phases, 
an intermediate (INT) phase appears, for which XHS is close to 
1/2[9,25] 1/3[26] , 1/4[27] or is irrational [5]. For some compounds, 
the appearance of the INT phase results from symmetry breaking and 
a long-range ordering of molecules in HS and LS states. This is the 
case for the material investigated here: [FeIIH2L2-Me][PF6]2 (H2L2-Me 
denotes the organic ligand bis[((2-methylimidazol-4-
yl)methylidene)-3-aminopropyl] ethylenediamine). [4]  

Spin state concentration wave (SSCW) 

Magnetic susceptibility measurements on [FeIIH2L2-Me][PF6]2   [4], 
give the temperature evolution of the HS fraction XHS, indicating a 
two-step SCO conversion (Figure 1). Above 250 K, all molecules are 
in the HS state, and the two  molecules of the unit-cell are 
symmetrically equivalent (one independent crystallographic site). 
Below 250 K, XHS continuously decreases to reach a pseudo-plateau 
in the [97 K-142 K] domain. In this INT phase, approximately 50% 
of the molecules are in LS and HS states. X-ray diffraction data 
revealed the occurrence of symmetry breaking in this INT phase. It 
corresponds to a doubling of the crystalline c axis, characterized by 
the appearance of additional Bragg reflections. In the doubled cell, 
there are now two crystallographically independent molecular sites  
(Figure 1 & 2). X-ray diffraction data at 130K [4] show that site 1 is 
mainly HS, as characterized by <Fe1-N>=2.145(5) Å, and site 2 is 
mainly LS with <Fe2-N>= 2.055(5) Å. The fact that the sites are not 
completely HS or LS, i.e. <Fe1-N> is different from  
<Fe-N>HS=2.190 Å and <Fe2-N> is different from <Fe-N>LS=2.012 
Å, results from the partial spin-state ordering.[4,5,9]  



  

 

 
Figure 1. (top) Structure of the INT phase at 110 K made of two 
independent sites around Fe1 and Fe2. Only the two symmetry 
independent sites are shown for clarity. Above 142 K Fe1 and Fe2 are 
equivalent by translation c, but not in the INT phase because of the cell 
doubling with c'=2c. (bottom) Evolution of the HS fraction (right axis) 
deduced from magnetic measurements (solid line) and x-ray diffraction 
(blue circles) through the <Fe-N> bond length (left axis) on site Fe1 
(red triangle) and Fe2 (blue triangle) given in ref [4].  

The x-ray diffraction data and this partial order can be well 
described in the framework of the Landau theory of phase transitions 
[28]. This theory postulates that any density ρ in the low symmetry 
phase can be described as made of two components ρ0  and δρ. In 
the HS phase, any density ρ0 belongs to the totally symmetric 
transformations of the high symmetry crystal. In particular, the spin 
state concentration (or density) XHS(r) is the same for every 
molecular sites in position r, which are all equivalent by applying 
the symmetry operators of the HS space group and especially the 
translation symmetry c: 

XHS(r)= XHS(r+nc)=XHS, n  ∈  |N 

In the high-temperature/high-symmetry phase the different 
molecular sites along r//c have the same probability to be in the HS 
state. The scheme in figure 2c shows that XHS(r) ≈0.5 at 142 K, 
whereas XHS(r) ≈ 1 above 250 K. In the INT phase of lower 
symmetry, the density starts to change and becomes 
ρ = ρ0 + ηδρ. δρ has the symmetry of the INT phase, which is lower 
than that of ρ0 because of the cell doubling along c. Therefore  
ρ = ρ0 + ηδρ describes any density with the symmetry of the INT 
phase (and the new periodicity c'=2c), and so does XHS(r) in the INT 
phase. η is the symmetry breaking order parameter measuring the 
deviation of the INT phase from the high symmetry phase. In  the 
doubled cell, there are two symmetry-independent molecular sites 
alternating along c' and now  

XHS(r)= XHS(r+c') = XHS(r+2nc) ≠ XHS(r+(2n+1)c) 

The INT phase can then be simply described as a spatial modulation 
of the probability for a site in position r to be in the HS state: 

XHS(r)=XHS+η×cos(q.r), 

where XHS is the average HS fraction in the crystal (XHS≈0.5 on the 
plateau, Figure 1), q is the wave vector corresponding to a cell 
doubling along the c axis (q=c*/2=c'*) and the order parameter η 
measures the amplitude of the wave. As schematically represented in 
Figure 2a, the spin-state ordering corresponds to a spin-state 
concentration wave (SSCW), which forms on the plateau around an 
average value. Figure 2a depicts XHS(r) on the lattice sites, with a 
colour code indicating that sites are mainly HS (red) when XHS(r) is 
above 0.5, or mainly LS (blue) below. There are 4 molecules per unit 
cell in the INT phase but only 2 symmetry independent sites (two 
sites 1 and two sites 2). These are equivalent in the high symmetry 
phase by the translation c. That is the reason why the sequence of 
sites 1122 along c corresponds to HS-HS-LS-LS order (Fig. 2a).  

It is possible to describe the evolution of XHS and η from the x-ray 
diffraction data. The <Fe-N> bond is a well-known marker of the HS 
fraction [29] as XHS weights the contribution of HS and LS 
molecules in the observed value of <Fe-N>: 

<Fe-N>=XHS<Fe-N>HS + (1−XHS)<Fe-N>LS 

with <Fe-N>HS=2.190 Å and <Fe-N>LS=2.012 Å (Fig. 1). This is 
also true for the independent molecular sites 1 and 2 in the INT 
phase with local HS fractions XHS1 and XHS2:   

<Fe1-N>=XHS1<Fe-N>HS + (1−XHS1)<Fe-N>LS 

<Fe2-N>=XHS2<Fe-N>HS + (1−XHS2)<Fe-N>LS 

Since at 130 K <Fe1-N>=2.145(5) Å and <Fe2-N>= 2.055(5) Å, we 
can estimate XHS1(130K)=0.75 and XHS2(130K)=0.25 (Fig. 1). This 
gives the two order parameters describing the wave at 130 K: 

XHS=(XHS1+XHS2)/2=0.5  and  η= (XHS1− XHS2)/2=0.25 

The spin-state concentration wave at 130 K is therefore defined by: 

XHS(r)=0.5+0.25×cos(q.r).  

It is shown in Figure 1 that <Fe1-N> and <Fe2-N> evolve with 
temperature and become equal at 142 K, where the symmetry 
breaking disappears, i.e. where the two sites become symmetry 
equivalent. Above 142 K the symmetry imposes XHS1=XHS2. The 
structure of the unit in the INT phase (with a lattice parameter c'=2c) 
contains two independent molecular sites shifted by c=c'/2. The 
structure factor is then the sum of the contribution of each sites:  

F(hkl)=F1(hkl)+F2(hkl). 

For site 1, the molecule can be in the HS state, with a probability 
XHS1 and corresponding to a HS molecular structure factor FHS, or in 
the LS state with a probability (1−XHS1) and corresponding to a 
structure factor FLS. The structure factor on site 1 is then: 

F1(hkl)=  XHS1×FHS + (1− XHS1)×FLS. 



 

 

For site 2, the molecule can also be in the HS state with a probability 
XHS2 and corresponding to a structure factor FHS2 or to a molecule in 
the LS state with a probability (1−XHS2) and corresponding to a 
structure factor FLS2. But since the atoms in site 2 are shifted in space 
in the unit cell by c=c'/2 with respect to site 1, a phase term appears 
in FHS2 and FLS2 for all atoms, with respect to FHS and FLS on site 1  

FHS2 =FHSe−iπl and FLS2=FLSe−iπl 

For l=2p+1 (odd), e−iπl = −1, one obtains 

F2(hk 2p+1) = XHS2×FHS2+(1−XHS2)×FLS2 = −XHS2×FHS − 
(1−XHS2)×FLS 

and  

F(h k 2p+1)=F1(h k 2p+1)+F2(h k 2p+1) 

= XHS1×FHS + (1−XHS1)×FLS− XHS2×FHS − (1− XHS2)×FLS 

Since the concentration wave has an amplitude η around an average 
value XHS: 

XHS1=XHS+η, (1−XHS1)=1−XHS−η, XHS2=XHS−η, (1−XHS2)=1−XHS+η 

Then for Bragg peaks (h k l) with l odd: 

F(h k 2p+1) = (XHS+η)×FHS+(1−XHS−η)×FLS 

          − (XHS−η)×FHS− (1−XHS+η)×FLS  

F(h k 2p+1)=(2η)×FHS + (−2η)×FLS =(2η)×(FHS − FLS), and  

I(h k 2p+1)µη2×|FHS − FLS|2 
 
In other words, the intensity of the Bragg reflections indexed as 
(h k 2p+1) in the c'=2c cell, which characterize the spin-state 
ordering between molecular sites 1 and 2, is proportional to the 
square of the order parameter η measuring the amplitude of the 
wave. The intensity of these peaks I(h k 2p+1)=0 when η=0. 
Figure 2d, shows the evolution of the intensity of such Bragg 
peaks, which vanishes at 142 K and characterizes the 
temperature above which the spin-state concentration wave, 
SSCW, is erased and the high symmetry phase is reached. 
These data also show that the order rapidly saturates below 135 
K as I(h k 2p+1) remains constant. This is also in agreement 
with Figure 1, showing a ≈0.1Å difference between <Fe1-N> 
and <Fe2-N> below 135 K, whereas the difference also 
vanishes at 142 K. When temperature is decreased below 90 K, 
the compound completely switches to the LS state and the spin 
concentration wave disappears. Finally, the lattice parameters 
are also sensitive to the thermal spin conversion, especially the 
parameter a (Fig. 2e). The expansion arises from continuous 
conversion from INT to HS phases. In the 100-250 K range, the 
thermal expansion is nearly linear, with a slope of 0.0015 Å/K. 
 
These results differ from those obtained on the  derivative 
compound with a SbF6 counter anion, for which a SSCW forms 

with a periodicity incommensurate with the one of the lattice. 
[5] It remains at low temperature and can be erased by light 
below 40 K, as the photoinduced HS state is stable. The erasing 
of the SSCW was due to the complete conversion to the HS 
state, indicated by the disappearance of characteristic satellites 
reflections and the change of <Fe-N>.  
 
The spin-state concentration wave being so characterized, we 
now discuss how it responds in the time domain to femtosecond 
light excitation.  
 

Figure 2. a) Spin-state concentration wave among molecular sites 1 and 
2 schematically represented by XHS(r)=XHS+η×cos(q.r) on the plateau 
where XHS≈0.5. The periodicity of the modulation is 2c, where c is the 
distance between sites 1 and 2 which are symmetry equivalent at high 
temperature in the high symmetry phase. The spin-state concentration 
wave gives rise to diffracted intensity in the Bragg peaks indexed (h k 
2p+1) in the doubled cell (right). Below 135 K, the order is maximum 
with a strong diffracted intensity I(h k 2p+1) on superstructure peaks. b) 
At 140 K the diffracted intensity I(h k 2p+1)µ η2 is ≈25% of the 
saturated value, where η=0.25, indicating η≈0.125 at  140 K. Above 
142K I(h k 2p+1)=0 indicating η=0. d) temperature dependence of the 
Bragg peaks characterizing the spin-state concentration wave. e) 
Thermal expansion of the lattice parameter a.  



  

 

Figure 3. Temperature dependence of optical density measured on a single 
crystal, revealing the MLCT band of the LS state around 500 nm. For time-
resolved studies, the pump was set to 530 nm and the probe to 610 nm. 
 
Results  

Optical pump-probe studies 

First, we performed ultrafast optical pump-probe measurements 
to study the photo-switching dynamics of [FeIIH2L2-Me][PF6]2  
in the INT phase where the SSCW forms. We used the 
femtosecond pump-probe set-up at IPR in Rennes. The effects 
of temperature and excitation density on the time course of XHS 
were investigated. Details are given in the experimental section.  

Figure 3 shows how optical density (OD), measured on a single 
crystal, changes in the visible range as the SCO occurs from 
INT to HS phases. The characteristic Metal-to-Ligand Charge-
Transfer (MLCT) band of the LS state appears around 500 nm 
in the INT phase. We photoexcited the system in the tail of this 
band at 530 nm to ensure a larger penetration depth and an 
efficient photo-switching from LS to HS states as observed 
under continuous light irradiation at 10 K [4,5]. A global 
decrease of OD in the visible range is observed when 
temperature increases and LS to HS conversion occurs. We 
used OD change (probe at 610 nm) to monitor the evolution of 
XHS after fs laser excitation, as successfully performed in other 
SCO solids [20-24]. Typical results are presented in Figures 4a 
and 4b. Experiments were performed at different excitation 
energies at 135 K, where the SSCW is ordered, and 142 K, 
where it disappears. 

We observe a 3-step process, similar to the one reported for the 
out-of-equilibrium spin-state switching induced by fs laser 
excitation in other single-step spin-crossover crystals [20-24]. 
First, the absorption of light at the molecular level locally 
photo-switches a small fraction ∆XHS

hν of molecules from LS to 
HS state. The inset of Fig. 4b shows the evolution of optical 
density, ∆OD, following fs laser excitation. The transient peak, 
which appears immediately after excitation is associated with 
the MLCT state, whereas the decrease of OD onto a plateau 

within hundreds of fs is the optical fingerprint of the formation 
of HS state. This step is referred to as the photo-switching step. 
Since a low excitation density was used, a small fraction of LS 
molecules was photo-switched to the HS state. From the OD 
change shown in the inset, it is estimated that 0.2% of the  
 

 
 
Figure 4. Time evolution of the photo-excited fraction of HS molecules at 
142 K (a) and 135 K (b) for different pump energy, revealing the 3 steps of 
photoinduced (∆XHS

hν), elastic (∆XHS
El) and thermal (∆XHS

Th) nature. The 
inset in (b) shows the OD change during the photo-switching: the transient 
peak is due to MLCT state and the decrease to HS state. (c) shows the 
evolution of the photoinduced and thermal steps with the pump energy. 



 

 

 
 
Figure 5. (a) Time evolution of the photo-excited fraction of HS molecules 
for 0.7 µJ pump energy for different temperature. (b) Evolution of the 
thermal step with temperature and model used for describing the thermal 
response (solid line). 

 
molecules switch from LS to HS state at the ps timescale. 
Higher excitation density resulted in sample damage.  
 
The responses at 135 and 142 K show similar features and in 
particular, a linear dependence of the fraction of photo-
switched molecules ∆XHS

hν with the excitation energy per 
pump pulse (Fig. 4c). This linear response to excitation density 
was already reported for cooperative FeIII SCO material [14], 
and underlined the local nature of this step. The fraction of HS 
molecules increases anew after tens of ns as lattice expansion 
occurs (discussed below under time-resolved diffraction) and 
reaches ∆XHS

El. Previous studies indicated that an internal 
pressure drives lattice expansion [20-24]. Finally, the thermal 
step occurs resulting from macroscopic crystal heating by the 
laser flash, which gives rise to a thermal population of the HS 
state ∆XHS

Th on the µs timescale. We observe in Fig. 4c at 135 
K, where the SSCW forms, a change of thermal regime: below 
0.8µJ the thermal population ∆XHS

Th is moderate, whereas it 
increases above that energy. At 142 K the change of regime 
occurs around 0.4µJ. In order to clarify the origin of this effect, 
we studied the response to fs laser excitation at different 
temperatures with a fixed pump energy of 0.7 µJ/pulse. The 

data shown in Fig. 5 clearly indicate that the thermal population 
is maximal around 150 K and moderate around 135 K. 
 
As explained in detail in [21], this thermal population can be 
described as resulting from a temperature jump ∆T of the 
crystal due to laser excitation. It depends on the absorbed 
optical energy and therefore of XLS the initial fraction of 
molecules in the LS state at a given temperature T, which is the 
absorbing species. The optical energy absorbed by the crystal is 
redistributed over phonons and the corresponding heat causes a 
temperature increase ∆T over the macroscopic length scale of 
the crystal. This occurs on the µs time scale and is limited by 
heat diffusivity. After this global heating, the HS fraction 
reaches a transient equilibrium value XHS(T+∆T). Then when 
the temperature jump is small, ∆XHS

Th=∆T×dXHS(T)/dT. Since 
the optical density at 530 nm, describing optical absorption, is 
around 4 times higher for the LS species (fraction 1−XHS(T)) 
than for the HS  (fraction XHS(T)) species, the absorbed optical 
energy is: 

Ea(T) µ  ∆T(T) µ  XLS + 1/4XHS = 1−0.75XHS(T) 

Then we can calculate how the thermal population of the HS 
state ∆XHS

Th changes with temperature from the temperature 
dependence of XHS provided in Fig. 1: 

∆XHS
Th = [1−0.75XHS(T)]×dXHS(T)/dT 

This curve shown in Fig. 5 reproduces well the maximum of 
thermal population around 150 K, where the slope of the 
thermal evolution of XHS(T) is maximum (Fig. 1). It also 
indicates that the thermal effect is minimum around 135 K for 
an excitation pump energy of 0.7µJ, where the thermal 
population is negligible and smaller than 1%. Both the data at 
135 K for different pump energies and the data at 0.7 µJ for 
different temperatures indicate that thermal effects are small for 
a pump energy of 0.7µJ at 135 K, where the SSCW is formed. 
We use these experimental conditions to study the response of 
the SSCW to fs laser excitation by using time-resolved x-ray 
diffraction. 

 

Time-resolved diffraction studies 

Time-resolved diffraction studies were performed at the 
BioCARS beamline at the Advanced Photon Source, Argonne 
National Laboratory. The optical pump laser beam was similar 
to the one used for optical measurements in terms of pump 
wavelength (530 nm), laser spot size (300 µm) and pump 
energy (0.7 µJ). Figure 6a shows how XHS obtained by optical 
spectroscopy changes in time, with a negligible thermal 
population of HS state (<1%). X-ray diffraction experiments 
reveal a multi-step expansion of the lattice parameter a (quite 
sensitive to the spin-state conversion). Just after laser 
excitation, there is no change of the lattice parameter (Fig. 6b) 
and a first expansion is only observed after few ns, 
corresponding to the so-called elastic step [21-24]. It results 
from an  



  

 

 
Figure 6. Time dependence of XHS obtained by optical studies (a), of 
the lattice parameters a (b), and of the intensity of Bragg peaks 
characterizing the presence of the SSCW (c and d). Data are shown on a 
log scale for positive time delays.  
 
internal pressure induced by the larger volume of the 
photoswitched molecules and by the lattice heating. A second 
and larger expansion is observed with a maximum 200 µs after 
laser excitation, when other molecules thermally populate the 
HS state. 
 
These data correlate quite well with the optical data presented 
in Fig. 4 and with previous reports on other single-step spin-
crossover materials [20-24]. What is new in the present 
compound is the symmetry breaking aspect associated with the 
formation of the SSCW, which can be probed by following the 
time course of the characteristic Bragg reflections indexed  
(h k 2p+1) in the doubled cell. Fig 6c shows the typical 
response of such Bragg peaks. Just after laser excitation, the 
intensity of some peaks decreases e.g. for the (2 5 5) peak or 
increases e.g. for the (1 4 7) peak. 
On longer timescales, the intensity of all the Bragg peaks 
indexed as (h k 2p+1) monotonically decreases and approaches 
0 within 1.5 ms. Fig. 7 show the evolution of the diffracted 
intensity in the (3 k l) reciprocal plane 6 ns before and 1.5 ms 
after laser excitation. The decrease of intensity of the Bragg 
reflections down to ≈20 % is similar for all the Bragg peaks 
indexed (h k 2p+1), as observed in Fig. 7 for the (3 k 3) Bragg 
peaks. The intensity then recovers its initial value within 15 ms 
as shown in Fig. 8 on a linear timescale; so does the lattice 
parameter a.  
From the crystal structures obtained by time-resolved x-ray 
diffraction, we could also extract the evolution of the order 
parameters XHS from the time evolution of the <Fe1-N> and 

Figure 7. (top) Diffracted intensity in the reciprocal (3 k l) plane 
indexed in the doubled cell, showing the decrease of (3 k 2p+1) Bragg 
peaks before (−6 ns) and 1.5 ms after laser excitation. (bottom) Slice of 
the diffracted intensity along (3 k 3). 
 
<Fe2-N> bond lengths and η from their difference, in a similar 
way to that explained above for characterizing the SSCW at 
thermal equilibrium. Data shown in Fig. 9 indicate that XHS 
does not change significantly during the out-of-equilibrium 
dynamics (in agreement with optical data), whereas η decreases 
by a factor ≈2 around 1 ms in agreement with the decrease 
down to ≈20% of I(h k 2p+1) Bragg peaks. 
 
Discussion 

Combined time-resolved optical spectroscopy and x-ray 
diffraction studies provide an overview of the out-of-
equilibrium dynamics of SSCW. During the three steps 
associated with the out-of-equilibrium dynamics in the solid 
state, there are a few differences compared to the response of 
single-step materials.  
 
On the photoswitching step, we could only photoswitch a small 
fraction ∆XHS

hν≈0.2% of the molecules. This is too small to 
erase the wave: as the initial fraction of HS molecules on site 2  



 

 

Figure 8. Recovery of the lattice parameters a, and of the intensity of 
the (2 5 5) Bragg peaks characterizing the presence of the SSCW.  
 
 
is 25%, light cannot bring this value up-to 0.75 to make it equal 
to the fraction on site 1, which would erase the wave. The 
number of photons required in a fs pulse would simply destroy 
the sample. This is however possible in some materials [5] with 
cw light at low temperature, since the photoinduced HS state is 
long-lived. 
 
However, some molecules absorb optical energy and switch 
from LS to HS states and this is enough to drive lattice 
expansion as an internal pressure appears after photo-excitation. 
As molecules have to rearrange in this step, the structure factor 
is slightly modified: the intensity of some (h k 2p+1) peaks 
increases, whereas for others it decreases (Fig. 5). 
Then, as the lattice warms up, the temperature increases and the 
HS/LS equilibrium is shifted and an additional fraction of 
molecules reach the HS state. But again, this fraction of 
thermally populated HS state is small with ∆XHS

Th < 0.005. It is 
possible to estimate the temperature jump of the crystal by 
comparing the 0.01 Å expansion of the lattice parameter a (Fig. 
5b) to the thermal expansion coefficient of 0.0015 Å/K 
observed in Fig. 2e. We estimate then the temperature jump ∆T 
to be in the 5-7 K range, which should bring the crystal from 
the initial 135 K to a transient temperature close to 142 K 
within hundreds of µs. Indeed, in this temperature interval the 
average HS fraction XHS remains almost constant at thermal 
equilibrium. But at 142 K, the SSCW is erased. We indeed 
observe in Figs. 6 and 7 through the vanishing of the 
I(h k 2p+1) peak intensities that the SSCW almost disappears 
within 1.5 ms. The intensity decreases down to 15% of the 
initial value corresponds to a decrease of η by a factor larger 
than 2. This is in agreement with the value estimated from the 
bond length difference between sites 1 and 2 shown in Fig. 9.  
 
From these experimental results, we can conclude that it takes 
time to destroy the long-range order of the SSCW. Erasing the 
SSCW means that each molecular site needs to reach the same 
new equilibrium value of XHS. Therefore we can conclude that 
the typical timescale for the system to explore different HS/LS 
configurations and to reach thermal equilibrium is in the 100µs-
1ms range. Finally, as the crystal cools down by heat exchange  

Figure 9. Evolution of the order parameters XHS and η obtained by 
time-resolved x-ray diffraction  
 
with the cryostat, the initial 135 K temperature is regained. The 
lattice parameter relaxes to its initial value as observed on 
single step SCO compounds [24], and the SSCW reappears on 
the 15 ms timescale. 
 
Conclusion 
 
In addition to providing molecular movies, time-resolved 
diffraction is a powerful tool for investigating symmetry 
breaking aspects of photoinduced phase transitions and out-of-
equilibrium thermodynamics.    
 
Our study reveals that the photo-switching step alone cannot 
erase the SSCW by promoting 50% of the molecules from LS 
to HS: this requires an excitation density well above the sample 
damage. It is only in the transient thermal equilibrium, reached 
with a moderate temperature jump only slightly increasing the 
average HS fraction, that the spin state concentration wave can 
be erased. It requires the system to explore different HS/LS 
configurations, so that XHS reaches the same value on the 
different crystalline sites.  
 
Experimental 
Experiments were performed on single crystals with typical dimensions 
of (250 ± 50) × (200 ± 50) × (30 ± 5) µm3. Crystals were cooled with a 
liquid nitrogen cryostream. The optical pump-probe experiments were 
configured in transmission geometry with quasi-collinear configuration. 
We used the set-up described in [21], combining a mechanical translation 
stage to adjust the optical path difference for sub-ns measurements and 
the synchronization of two femtosecond amplifiers for 10 ns to ms delays. 
The pump wavelength was set to 532 nm on the MLCT band where it 
efficiently induces LS-to-HS conversion of the [FeIIH2L2-Me] cation 
[4,5]. To excite the crystal, we used energies per pump pulse in the 0.1-
1.4 µJ range focussed in a 300 µm spot, which corresponds to excitation 



  

 

fluences in the 1-16 µJ/mm2 range. The probe was set 610 nm to monitor 
the LS-to-HS photoswitching dynamics through the variation of OD, and 
from which XHS was extracted (see also refs. [14,21]). Time-resolved X-
ray diffraction experiments were performed at the BioCARS beamline at 
the APS synchrotron [30], where individual X-ray pulses were selected 
by a fast chopper. X-ray diffraction data were collected at 15 keV with a 
MAR-CCD detector and varying delays dt between the laser pump and 
the X-ray probe. For measuring the time dependence of the lattice 
parameters and diffracted intensity, we performed partial data collection. 
At each time delay, we collected 60 frames each with a 10 s exposure, at 
1° steps of the diffractometer ϕ axis. We used a typical pump excitation 
density of 10 µJ/mm2. The unit cell parameters and data reduction were 
obtained with CrysAlis software [31]. 
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