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Primary coordinate for ultrafast spin transition  



Beating the jitter
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Multistep dynamics



Size matters



Switching on	cooperativity



Monte Carlo simulation 

The rationale
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Mechano-elastic model

Bertoni et	al.,	Nature	Mat.	15 (2016)
Enachescu et	al.,	PRB	95,	224107	(2017)



present observation is directly related to the photogenera-
tion of HS state, previously evidenced in 1 by optical spec-
troscopy[12] In a first approximation, the time dependence of
the Fe!N bond length corresponds to the weighted contribu-
tion of the HS and LS states:[8c]

< Fe!N > ðdtÞ ¼ XHSðdtÞ% < Fe!N > HS

þð1!XHSðdtÞÞ% < Fe!N > LS

ð1Þ

Given the 0.173 ! elongation between the <Fe!N> LS

and <Fe!N>HS observed at thermal equilibrium,[16] the
0.005 ! elongation observed in Figure 2 corresponds to the
photoswitching of 3 % of the molecules from LS to HS
states. Attempts to increase this photoconverted rate by in-
creasing excitation density resulted in crystal damage. The
second increase observed in the ms regime can be imputed
to heating effect (thermal population of the HS state) as
demonstrated in other materials[15] as well as in the mono-
clinic polymorph of 1.[8a,13] The total elongation of 0.016 !
corresponds to a population of HS state of approximately
9 %.

The structural reorganization associated with the swelling
of molecules and lattice heating induces expansion of the
crystal volume, as shown in Figure 3. However, the first

stage of the transformation occurs at constant volume as it
takes time for cell deformation to propagate. Volume expan-
sion starts abruptly before 100 ns and smoothly continues up
to 100 ms. The associated structural reorganizations modify
the structure factor and therefore the intensity of some
Bragg reflections in the time domain (Figure 3). The most
important variations are of the order of 10 %. Just after
laser excitation, the changes correspond to the LS–HS
photo-switching occurring within the 300 fs,[12b] but the pres-
ent observation is limited by the 100 ps time resolution.

Rigorously speaking, there is a distribution of HS and LS
molecules (Figure 1),[8,13] and so the average X-ray structure
factor in the time domain hFhkli is the weighted contribution
of the structure factors of the two states Fhkl

HS and Fhkl
LS:

hFhkliðdtÞ ¼ XHSðdtÞ Fhkl
HSðdtÞþ½1!XHSðdtÞ( Fhkl

LSðdtÞ ð2Þ

As a matter of fact, the time evolution of hFhkli is gov-
erned not only by the evolution of XHS but also by that of
Fhkl

HS and Fhkl
LS. Indeed, the molecular reorganization (rota-

tion, torsion, displacement) in the unit cell depends on the
volume, more precisely on unit cell parameters. It is differ-
ent if the volume is constrained or not. Consequently both
Fhkl

HS and Fhkl
LS structure factors, which are directly related

to the relative atomic coordinates, change. This is illustrated
by the fact that the intensities do not evolve in a monotonic
way: some increase (resp decrease) at 100 ps and decrease
(resp increase) at 100 ns. Such an evolution cannot be ex-
plained by a simple evolution of the population of the HS
state in Equation (2), since a monotonic evolution of XHS

will result in a monotonic evolution of hFhkli. This is a direct
proof that Fhkl

HS and Fhkl
LS change between short times and

times following lattice expansion.
This description is consistent with the observations in

Figure 2 and Figure 3. The <Fe!N> bond length increases
as the HS state is populated. But the evolution of the angles
differs from that of <Fe!N> in the second step. In the
early stage, larger HS molecules have to rearrange in a con-
strained volume. This could explain the significant variation
of molecular angles (Figure 2).

Important information on the transformation at macro-
scopic scale is detected through the broadening of the Bragg
reflections, manifesting the evolution of the crystal homoge-
neity. Before laser excitation, sharp Bragg reflections are
observed with FWHM of about 2 pixels (Figure 3). The
Bragg peaks remain sharp until dt)100 ns. After that, a
broadening is observed, which is maximum around 3 ms
(FWHM)8 pixels). At 100 ms the Bragg peaks have narrow
back to the initial width. This behavior can be explained on
the basis of a finite laser penetration depth. Even if it is of
the order of the sample thickness a gradient of deposited
energy through the sample thickness still exist. The induced
gradient of strain when the volume has relaxed, and before
the temperature homogenization, results in a broadening of
the Bragg peaks. In relation with the increase of the number
of switched molecules (Figure 2) this broadening is more
and more clearly observed. After that, the temperature ho-

Figure 3. Top: time dependence after excitation of the unit cell volume.
Middle: Bragg peaks intensities. Bottom: width of the Bragg reflections
(bottom).
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initiated by a femtosecond laser flash. We report on transi-
ent structural states hidden in the time domain while differ-
ent processes unfold, all of which leaving different finger-
prints of reorganizations at molecular, unit cell, as well as
the macroscopic crystal scales.

Results and Discussion

X-ray measurements were performed on the orthorhombic
polymorph[16] of the catecholato-FeIII spin-crossover solid (1)
[(TPA)Fe ACHTUNGTRENNUNG(TCC)]PF6, where TPA= tris(2-pyridylmethyl)-ACHTUNGTRENNUNGamine; TCC2!= 3,4,5,6-Cl4-Catechol2!. 1 undergoes a ther-
mal LS$HS crossover centered at T1/2 = 203 K (Figure 1)
from a low temperature LS (S= 1/2) state to a high tempera-
ture HS (S=5/2) state. This magnetic change is due to the
thermal population of HS molecular fraction XHS. Signifi-
cant intramolecular deformation (Figure 1) is known to play
a key role in the stabilization of the HS state, mainly around
the central Fe ion.[10] The electronic population of antibond-
ing orbitals is accompanied by the increase of the 4 Fe!N
bond length: the average <Fe!N> changes from 1.962(1) !
in the LS phase (18 K) to 2.135(1) ! in the HS phase
(400 K). It was demonstrated by time-resolved optical spec-
troscopy that in this material a femtosecond laser flash
drives intra-molecular switching between LS and HS states
within 300 fs.[12b]

For tracking the structural features of photoinduced tran-
sient states, we performed measurements using the laser
pump/X-ray probe method[3,13] at the ID09B beamline of the
ESRF (scheme 1) The experiment consists in exciting a
single crystal with a 100 fs laser (l= 800 nm) and probing it
with 100 ps X-ray pulses at different delays between the
pump and the probe. The experiment was performed at
160 K where the majority of molecules are in LS state
(Figure 1) and the crystal recovers equilibrium in the ms
range.[12] We used single crystals forming flat plates, of

150 mm length and 5 mm thickness, thus matching the pene-
tration depth of the laser and allowing in-depth excitation of
the sample. As the penetration depth of the laser strongly
depends on the orientation of the crystal axis[16] relative to
the light polarization, the laser light was circular polarized
and propagated parallel to the sample rotation axis, thereby
keeping constant the excited fraction of the molecules
during the measurements (Scheme 1).

The time-dependent structural analysis revealed different
features, and in particular the molecular reorganization ob-
served after laser excitation (a video showing the evolution
of the structure is available in the Supporting Information).
The most important transient structural changes observed in
the time domain are presented in Figure 2 and correspond
to the <Fe!N> elongation, as well as distortion of a1 and
a2 molecular angles. At dt= 500 ps <Fe!N> parameter in-
creases of approximately 0.005 !, and a1 and a2 angles
change of 2–38. The <Fe!N> increases again around dt
"100 ns, thus reaching a total elongation of about 0.016 !
observed at dt= 1ms. This elongation is a well-known finger-
print of molecular change from LS to HS state.[10,16] The

Figure 1. Structure of 1 in the HS and LS states and the temperature de-
pendence of the magnetic susceptibility associated with its spin crossover.

Scheme 1. Experimental setup: the single crystal is excited with a laser
flash of circular polarization, with incidence perpendicular to the crystal
plate along the f rotation axis. Diffraction patterns are obtained with the
100 ps X-ray pulses, which probe the crystal at a given delay dt after laser
excitation.

Figure 2. Changes in the time domain of the molecular structure: evolu-
tion of the <Fe!N> bond length and selected bond angles (see Figure 1;
a video is available in the Supporting Information).
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present observation is directly related to the photogenera-
tion of HS state, previously evidenced in 1 by optical spec-
troscopy[12] In a first approximation, the time dependence of
the Fe!N bond length corresponds to the weighted contribu-
tion of the HS and LS states:[8c]

< Fe!N > ðdtÞ ¼ XHSðdtÞ% < Fe!N > HS

þð1!XHSðdtÞÞ% < Fe!N > LS

ð1Þ

Given the 0.173 ! elongation between the <Fe!N> LS

and <Fe!N>HS observed at thermal equilibrium,[16] the
0.005 ! elongation observed in Figure 2 corresponds to the
photoswitching of 3 % of the molecules from LS to HS
states. Attempts to increase this photoconverted rate by in-
creasing excitation density resulted in crystal damage. The
second increase observed in the ms regime can be imputed
to heating effect (thermal population of the HS state) as
demonstrated in other materials[15] as well as in the mono-
clinic polymorph of 1.[8a,13] The total elongation of 0.016 !
corresponds to a population of HS state of approximately
9 %.

The structural reorganization associated with the swelling
of molecules and lattice heating induces expansion of the
crystal volume, as shown in Figure 3. However, the first

stage of the transformation occurs at constant volume as it
takes time for cell deformation to propagate. Volume expan-
sion starts abruptly before 100 ns and smoothly continues up
to 100 ms. The associated structural reorganizations modify
the structure factor and therefore the intensity of some
Bragg reflections in the time domain (Figure 3). The most
important variations are of the order of 10 %. Just after
laser excitation, the changes correspond to the LS–HS
photo-switching occurring within the 300 fs,[12b] but the pres-
ent observation is limited by the 100 ps time resolution.

Rigorously speaking, there is a distribution of HS and LS
molecules (Figure 1),[8,13] and so the average X-ray structure
factor in the time domain hFhkli is the weighted contribution
of the structure factors of the two states Fhkl

HS and Fhkl
LS:

hFhkliðdtÞ ¼ XHSðdtÞ Fhkl
HSðdtÞþ½1!XHSðdtÞ( Fhkl

LSðdtÞ ð2Þ

As a matter of fact, the time evolution of hFhkli is gov-
erned not only by the evolution of XHS but also by that of
Fhkl

HS and Fhkl
LS. Indeed, the molecular reorganization (rota-

tion, torsion, displacement) in the unit cell depends on the
volume, more precisely on unit cell parameters. It is differ-
ent if the volume is constrained or not. Consequently both
Fhkl

HS and Fhkl
LS structure factors, which are directly related

to the relative atomic coordinates, change. This is illustrated
by the fact that the intensities do not evolve in a monotonic
way: some increase (resp decrease) at 100 ps and decrease
(resp increase) at 100 ns. Such an evolution cannot be ex-
plained by a simple evolution of the population of the HS
state in Equation (2), since a monotonic evolution of XHS

will result in a monotonic evolution of hFhkli. This is a direct
proof that Fhkl

HS and Fhkl
LS change between short times and

times following lattice expansion.
This description is consistent with the observations in

Figure 2 and Figure 3. The <Fe!N> bond length increases
as the HS state is populated. But the evolution of the angles
differs from that of <Fe!N> in the second step. In the
early stage, larger HS molecules have to rearrange in a con-
strained volume. This could explain the significant variation
of molecular angles (Figure 2).

Important information on the transformation at macro-
scopic scale is detected through the broadening of the Bragg
reflections, manifesting the evolution of the crystal homoge-
neity. Before laser excitation, sharp Bragg reflections are
observed with FWHM of about 2 pixels (Figure 3). The
Bragg peaks remain sharp until dt)100 ns. After that, a
broadening is observed, which is maximum around 3 ms
(FWHM)8 pixels). At 100 ms the Bragg peaks have narrow
back to the initial width. This behavior can be explained on
the basis of a finite laser penetration depth. Even if it is of
the order of the sample thickness a gradient of deposited
energy through the sample thickness still exist. The induced
gradient of strain when the volume has relaxed, and before
the temperature homogenization, results in a broadening of
the Bragg peaks. In relation with the increase of the number
of switched molecules (Figure 2) this broadening is more
and more clearly observed. After that, the temperature ho-

Figure 3. Top: time dependence after excitation of the unit cell volume.
Middle: Bragg peaks intensities. Bottom: width of the Bragg reflections
(bottom).
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o Excitation	with gradient,	case	of	single-crystal
o Stressed molecules unstable between LS/HS,	

must	be of	interest

Following stressed spin-states 
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r<1	slow	lattice,	fast molecular switch

r>1	lattice and	molecules equilibrated
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Feedback Loop in Spin Transitions

Laser
Pulse
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State

Lattice 
Volume

Summary
o Triggering feedback mechanism between volume-

molecular bond (spin state)
o Isostructural transition with laser fluence threshold
o Prolongation of induced state 
o Cooperative effect leading to higher yield 

o Latency time for coupling volume and spin state 
o From ball-spring to phenomenological model
o Trying other class of volume changing materials

Outlook
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