N

N

Femtosecond optical pump-probe reflectivity studies of
spin-state photo-switching in the spin-crossover
molecular crystals [Fe(PM-AzA)2(NCS)2]

Andrea Marino, Marina Servol, Roman Bertoni, Maciej Lorenc, Cindy

Mauriac, Jean-Frangois Letard, Eric Collet

» To cite this version:

Andrea Marino, Marina Servol, Roman Bertoni, Maciej Lorenc, Cindy Mauriac, et al.. Femtosecond
optical pump-probe reflectivity studies of spin-state photo-switching in the spin-crossover molecular
crystals [Fe(PM-AzA)2(NCS)2]. Polyhedron, 2013, 66, pp.123-128. 10.1016/j.poly.2013.03.009 . hal-
00904690

HAL Id: hal-00904690
https://univ-rennes.hal.science/hal-00904690
Submitted on 15 Nov 2013

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://univ-rennes.hal.science/hal-00904690
https://hal.archives-ouvertes.fr

Femtosecond optical pump-probereflectivity studies of spin-state
photo-switching in the spin-crossover molecular crystals [Fe(PM -
AZA)(NCS);]

Andrea. Marind Marina Servd] Roman Bertorij Maciej Loreng Cindy Mauria, JeanFrancois Létafti
Eric Collef”

% Ingtitut de Physique de Rennes, UMR 6251 University Rennes 1-CNRS, Rennes, France
P|CMCB, CNRS-University Bordeaux, 87 Av. du Doc. A. Schweitzer, Pessac, France

* e-mail: eric.collet@univ-rennesl.fr

abstract:

We report here on the ultrafast photo-switching dynamics of a Fe(Il)molecular material [Fe(PM-
AzA)(NCS),]. It undergoes a thermal spin-crossover which can be detected by magnetic
measurements or by optical reflectivity. We use here femtosecond optical reflectivity to study the
ultrafast photo-switching dynamics. Our results indicate that the HS state is reached from the LS
state within less than 100 fs, through an intermediate MLCT state. This ultrafast relaxation from
the electronic excited state towards the structurally relaxed HS state is followed by a vibrational
cooling of the hot HS molecules within ~ 1 ps timescale.

1 Introduction

Photoinduced phase transitions [1] open fascinating perspectives for controlling with light the
physical properties of materials and especially molecule-based magnets. A well-known example
is the Light-Induced Excited Spin State Trapping (LIESST) phenomenon [2] undergone by
numerous spin-crossover (SC) compounds [3,4]. These prototype photo-active materials show
photomagnetic and photochromic properties. Weak continuous wayé&aséer irradiation at low
temperature is known am efficient way for controlling SC materials by light. By choosing the
appropriate excitation wavelength, one can selectively populate, the high spin (HS) state
(LIESST [2a]) or low spin (LS) state (reverse LIESST [2b]), which are long-lived at low
temperature. Usually, the photoinduced HS phase is similar to the HS phase observed at thermal
equilibrium with similar structural reorganization, especially at the intra-molecular level [5].
More recently, light-induced symmetry breaking in the photoinduced HS phpses [8ell as
transition from incommensurate HS/LS order to commensurate HS pHakavi|y been also
reported, illustrating that light allows access to new phases, which sometime cannot be reached at
thermal equilibrium. When LIESST effect is driven by weaklaser irradiation, the switching
dynamics at the macroscopic scale in crystals is limited by the photons flux: it typically occurs
within few hours or minutes at low temperature. Nanosecond laser irradiation has been used on
solids for driving photoinduced spin-crossover [8]. The observations of photo-switching inside
thermal hysteresis represent important progress toward molecular memory devices, especially
with bi-directional switching properties [3]. But despite these reports on relaxation mechanisms
after nanosecond laser excitation, little has been known about the molecular transformation
dynamics. Ultrafast studies of the photo-switching dynamics of single molecule in solution as
shown that LSe-HS photo-switching occurs on the sub-picosecond time scale [9]. We recently
performed several studies of the ultrafast spin-state photo-switching dynamics in the Fe(lll)
solids, by using femtosecond optical spectroscopy [10] and time-resolved x-ray diffraction [11]



These studies have shown that the macroscopic transformation of the material driven by an
intense laser pulse involves several processes driving HS conversion. In addition to the ultrafast
photo-switching at the molecular scale cascading shock-wave and heating effects take place.
However, the very first process involved in the photo-switching dynamics is the local trapping of
the electronic excited state at the molecular lelteis now quite well established that the
femtosecond pump pulse promotes instantaneously d electrons of the metal ion in the LS state to
a Franck-Condon state (charge-transfer state). Transient optical absorption studies performed on
molecules in solution, in solids and in nano-crystals [9,10] have concluded that this electronic
excited state relaxes through the intersystem crossing via different intermediate states (INT) to a
state with higher parity (HS). But in the solid state, the large optical density of some SC materials
does not allow using transient absorption spectroscopy for studying the photo-switcisirige

case for the dark single crystals studied here of the SC Fe(ll) molecular material
[Fe(PM-AzA)L(NCS)] (i.e. cis-bis(thiocyanato)-bis([®:-pyridyl methylene)-4-(phenylazo)

aniline iron(ll) [12]). We propose therefore to use femtoseagmital reflectivity to study this
photo-switching dynamics. In the first part of this paper, we demonstrate the correlation between

optical reflectivity and spin-crossover observed at thermal equilibrium and in the second part we

use time-resolved optical reflectivity to study the ultrafast dynamics.

2 Thermal crossover of [Fe(PM-AzA),(NCS),] studied by polarized optical reflectivity

The [Fe(PM-AzA)(NCS),] single crystals have been characterized by magnetic measurements
(Fig. 1) through the evolution of thg,T product g being the magnetic susceptibility and T the
temperature). The compound undergoes a thermal spin crossover cent@igd=atl89 K
between a LS (S=0) diamagnetic state and a HS (S=2) paramagnetic state whelatitiee
population of HS and LS states gradually changes with temperature from a mainly HS phase
above 270 K to a mainly LS phase below 130 K [12]. As usual for SC compounds a structural
reorganization is coupled to the spin conversion, characterized at the molecular level by changes
of bond lengths and angles. Guionneaal have shown that the most important changes involve
the activeFe'Ng core with a contraction of 10 % of the average <Fe-N> bond length during the
HS-to-LS switching [12b].

We used optical reflectivity to figure out the fingerprints of the spin-state change at thermal
equilibrium. The experiments were performed on typically 4xfd® [Fe(PM-AzA),(NCS)s]

single crystals. These ones have a typical parallelepiped shape represented in Fig. 2 with two
different crystallographic faces ([110] and [1-10]) almost perpendicular to each other as the
system is monoclinic. The long crystal axis, which is the edge common to both faces,
correspondgo the crystallographic axig. Reflectivity spectra were accumulated in [4360]

nm range at different temperatures by using a white-light spectrometerratndgen gas flow
cryostat. The thermal conversion was characterized on both crystal faces under linearly polarized
light illumination. Parallel and perpendicular light polarization axes were defined with respect to
the long crystal axig (scheme in Fig 2). Reflectivity spectra of the LS and HS state, taken under
perpendicular polarization, are reported in Fig. 3a. An important change of optical reflectivity
spectra is observed between 130 K (LS state) and 270 K (HS state), with a well marked isosbestic
point around 685 nm. We plot in Fig 3b the ratio of the reflected spectra between HS and LS
states. It clearly underlines that for both faces, the reflectivity of the HS state with tesihatt

of LS state is higher in the visible (VIS) region and lower in the near-infrared (NIR) region, with

a large difference around 660 nm. The temperature dependedB&R0at 660 nm is plotted in



Fig 3c. It corresponds to the relative difference betwB€R), the reflectivity at a given
temperature, anB(LS) the reflectivity in the LS state:

AR R(T) — R(LS)

R R(LS)
There is a good correlation betwedR/R and the change gfyT product, making reflectivity
change a good optical marker of the spin-state. The quality of the optical reflectithty lafge
faces of the single crystals is maintained under cycling between LS and HS states. The
reflectivity change are very similar for both faces and hereafter we will refer only amahesis
of the [110] face under perpendicular light irradiation for a detailed discussion. Because the
crystal is monoclinic, reflectivity of light parallel or perpendiculaftaxis are not equivalent by
symmetry and therefore the polarization most sensitive to the change of spin state has to be
identified. We found that the relative change of the reflectivity spectra measured with parallel
light polarization (not shown here) shows less marked changes during the crossover. Therefore,
in the following we exploit these spectroscopic fingerprints measured with perpendicular
polarization, to study in real time the ultrafast photoinduced spin state switching dynamics by
using femtosecond optical reflectivity.

3 Femtosecond optical reflectivity study of the photo-switching dynamics

3.1 Experimental set-up

Optical pump-probe studies are appropriate techniques to follow ultrafast dynamical process in
real time. Its key point is to control the time deldtypetween a pump pulse, which triggers the
transformation, and a probe pulse, which images the photo-induced changes at difféfant

4). In such a way, snapshot by snapshot, a “movie” of the system evolution is obtained by
monitoring the change of probe signal.

For this project, we employed two different transient absorption experiments: one kinetically
resolved and the other spectrally resolved. The pump wavelength chosen here (850 nm), was
shown to efficiently photoswitcfrom LS to HS states the [Fe(PM-AzA),(NCS),] compound, as

well as different [Fe(PM:)»(NCS),] derivatives, where L refers to different ligands [5]. This
excitation corresponds to the metadigand charge transfer (MLCT). Since the coupled
molecular reorganization involves molecular and atomic motion like Fe-N stretching, with typical
time scale ok 130 fs, femtosecond time resolution is required to study these dynamics. In our
experimental set up, the delay between the pump and probe pulses is controlled by a delay line
changing the optical path length of the pump with regard to the one of the probe, with a fine time-
step of 10 fs. The time resolution is then mainly limited by the laser pulse duration, and more
preciselyby the cross-correlation between pump and probe temporal width. The time resolution
P(t) of our experiment is the convolution between the Gaussian temporal dispersion of the pump
(opunp) @and probe gyrone) laser pulses and corresponds to :

P(t) = \/Ugump + O-grobe

By using a regenerative amplifier with90 fs Gaussian pulse duration, we are able to reach a
temporal resolution with an overall instantaneous response function of 140 fs. Because we are
using a stroboscopic technique with 1 kHz repetition rate, the relaxation time of the photoinduced
HS state towards the LS state should be shorter than 1 ms to avoid accumulating effects. This
condition is fulfiled above 110 K, where the relaxation is faster and for this reason the



experiment was performed at 130 K, where the crystal the mainly LS state (the HS fraction

is around 2 %). The reflectivity change around the isosbestic point was measured by white-light
spectroscopy at a time delay 10 ps after laser excitation (Fig. 5). We used then single-tWaveleng
probe to measure the time course of the photoinducetb-HS transformation, through the
relative reflectivity change4R/R) in identified spectral zones (Fig. 6) around the isobestic point,
where reflectivity is expected to increase below 685 nm and decrease above as HS state is formed

(Fig. 3).

3.2 Results

The reflectivity change spectra of the photoinduced state measured 10 ps after laser excitation are
shown for both faces in Fig. 5. In each of them it is observed that reflectivity increagks in

part and a decreases in the NIR parts, with an isosbestic point found around 685 nm. This is a
direct signature of the photoinduced HS state as the changes observed obey the spectral behavior
resulting fromLS-to-HS switching observed at thermal equilibrium (BlgWe now discuss how

the clear optical fingerprint of the photoswitching frat8 to HS states evolves in the time
domain and on which time scale the HS state is formed.

For studying tis photo-switching dynamics, additional measurements were performec in th
time domain by using different monochromatic probes. Selected time traces are plotted in Fig. 6,
indicating two main steps:

- avery short transient pegk 100 fs, observed at 695 nm) and associated with fast changes of
reflectivity immediately after laser excitation;

- a slower £ 1 ps) relaxation towards a plateau (observed at 635 and 660 nm

This two-step photo-switching process is very similar to the studies reported by transient
absorption spectroscopy for SC molecules in solution or in nano-crystals [9, 10a].

We can use here the same simple model to take into account the two different dynamics. The
increase of reflectivity at 695 nm, just after laser excitation, is not an optical fingerpttvat I

state as this wavelength corresponds to the isosbestic point of LS and HS species. This peak
characterizes therefore the intermediate (INT) electronic excited state (including MLCT and other
possible intermediates).

The population of the MLCT state is too fast to be observed here and therefore the first dynamics
we observe is the population of HS state by depopulatiotheofNT electronic states. This
process is associated with a time consta(ivhich is less than 100 fs), as schematically shown

in Fig 7. The second process involved is the vibrational cooling of the HS state, associated with a
longer time constant, (of the order of 1 ps). Indeed, a huge excess of energy is deposited on the
molecule by the absorbed photon (1.46 eV), since the energy difference between the LS and HS
states is of the order of the thermal energy (20 meV). After 100s fs, most of the absorbed energy
is still localized at the molecular level.

For obtaining accurate time constantss bf the time traces were performed with the bi-
exponential model (solid lines in Fig. 6), by taking into account the 140 fs instantaneous response
function of our experimental set-up. As a result, it is possible to deconvoluate these time traces
and obtain the time dependence of the photoinduced INT (green line) and HS species (red line) as
shown in Fig. 7. The different fits gave< 100fs, in agreement with earlier reports on SC metal
complex in solution [9] or in crystals [LOk was underlined that the relaxation from the INT
states towards the HS stasethe bottleneck for the relaxation process and thabes not vary

with the probe wavelength. This is not the caserfgrwhich is observed here to be in the [500



2000 fs] range for the different probe wavelengths used. Vibrational cooling correspdhd

slower increase of reflectivity at 660 nm and decrease at 635 nm after the stepped-like change
following the photo-excitation. This slower change of optical properties results from optical band
narrowing [10a and references therein], a well-known marker of vibrational cooling. The probe
wavelength dependence of the time-scale of this second process is therefore only apparent.

4 Conclusion

Light-control over molecular systems and especially molecular magnet is a key topiesext.

Up to now, studies have been mainly limited to slow kinetics, induced by wedaser
excitation. Ultrafast transient absorption spectroscopy was used to study molecules in solution or
(nano) crystals by transient absorption spectroscopy [9,10]. Here we demonstrate that transient
optical reflectivity can also be used on single crystals for revealing the ultra-fast phatoinduc
processes, as clear optical markers of the different spin states can be obtained.

Our conclusion on the L&-HS photoswitching dynamics is that it takes less than 100 fs for
populating the HS state. Indeed, for moving from the LS potential to the HS potential, Fe-N bond
lengths have to expand. This dynamics is limited by the intriimsie-scale of Fe-N expansion,
which occurs when d electrons are removed from gerbitals in the LS state. The time-scale

can be estimated from tf@N stretching mode in the HS state, which is observed at®B85n
[Fe(PM-AzA),(NCS),] [13] and corresponds to a period of 130 fs. This time-scale is of the same
order as what we found here and indicates that it is the structural molecular reorganization inside
the potential energy surface which limits the 084S transformation. The vibrational cooling

which we found here to occur withia 1 ps corresponds well to the process discussed in the
literature of SC systems, being molecules in crystals or in solution. The only difference is that
vibrational cooling is slower in solution. This is very likely due to the less efficient dissipation of
the excess energy to the environment: in solids lattice phonons allow an efficient coupling of the
locally excited molecules with the environment, whereas in solution molecule has to transfer the
excess energy to the solvent.

It should be underlined that in addition to Fe-based SC materials studied here, optical reflectivity
or absorption can be used to study the photo-switching process involved in other types of photo-
active molecule-based magnets. Of course, ultrafast spectroscopy can be applied to stedly LIES
effect in SC materials based on other metal ions, like Cu [14], Mn [15] or others. But ultrafast
studies are also of interest for other types of photomagnetic materials where electronic and
structural degrees of freedom are strongly coupled. Among them, we can mention charge-transfer
(CT) systems like Fe-Co molecular materials [16] or Prussian Blue analogues [17], whose photo-
switching process is associated with different types of dynamics. In addition to understanding the
photoswitching pathway were different types of electronic and structural degrees of freedom will
be involved, one of the fundamental points of interest is to know if (and how) the localized CT
process can drive switching of adjacent active sites. This is also an open question for bi-nuclear
or multi-nuclear SC systems.
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Fig. 1 The [Fe(PM-AzAYNCS)] compound and its thermal spin-crossover characterized by
magnetic susceptibility.
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Fig. 2 Photograph of the crystal (left) and schematic drawn of the two indexed faces and light
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Fig. 3 (a) Thermal variation of the optical reflectivity during the LS (130 K) to HS (270 K)
thermal conversion, measured with light polarization perpendicular to the long crystalfaxis

[1 1 0] (left) and [1 -1 O] (right) faces. (b) Ratio of the reflectivity spectra of HS and LS states. (c)
Temperature dependence of the relative reflectivity change with respect to the LS statK at 100
at 660 nm for both faces.
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Fig. 4 Schematic pump-probe set-up consisting in monitoring the change of refletfiwvityh a
probe pulse delayed kit from the pump pulse.
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Fig. 5 Relative change of reflectivity between the LS and photoinduced HS states measured 10 ps
after laser excitation by white-light spectroscopy for face [1 1 0] and [1 -1 O].
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Fig 6: Raw data (symbols) of the kinetic traces of relative reflectivity at 635, 660 and 695 nm
following fs laser excitation. Solid lines show the results of the fitting procedure taking into
account a time constantg for the relaxation of short-lived intermediate states (INT), arfor

the vibrational cooling of the photoinduced HS state.
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Fig 7: (left) Schematic photo-switching pathway (left) with time constarfitsr the relaxation of
short-lived intermediate states (INT), andfor the vibrational cooling of the photoinduced HS
state. (right) Kinetic relative population of the INT (green) and HS (red) states (solid line) of
photo-excited molecules deconvoluted from experimental data in Fig. 6.
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Synopsis: Femtosecond optical reflectivity is used to study ultrafast photo-switching dynamics in a spin-
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