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We have studied the low spin to high spin phase transition induced by nanosecond laser pulses
outside and within the thermal hysteresis loop of the [Fe(Htrz), trz](BF;),-H,O spin crossover
nanoparticles. We demonstrate that, whatever the temperature of the compound, the photo-switching
is achieved in less than 12.5ns. Outside the hysteresis loop, the photo-induced high spin state
remains up to 100 us and then relaxes. Within the thermal hysteresis loop, the photo-induced
high spin state remains as long as the temperature of the sample is kept within the thermal loop. A
Raman study indicates that the photo-switching can be completed using single laser pulse excitation.
© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4792527]

Optical switching of spin crossover (SCO) materials has
recently been attracting great interest because of the large
prospects in the development of future optical memories.'
The optical switching of these materials has been recorded at
both low and high temperatures.>™ It is often accompanied
by a phase transition. Since most of the physical properties
of the material are modified during a phase transition, this
indicates that they can be controlled and modulated by light.
However, whatever the physical process that drives the phase
transition, it evolves with a given speed v that links the size
of the system L to the switching-time #, (f; = L/v). t, is the
time required by the phase transition to take place over the
whole system. Therefore, to speed up the photo-switching, it
may be interesting to split the volume V ~ L3 of the material
that is dispersed in a host matrix, in N sub-volumes. The
characteristic size of these sub-volumes L.=L/N will,
therefore, divide the photo-switching time ¢, by N. In prac-
tice, the reduction of the size is limited by the capability to
synthesize submicrometric or even nanometric SCO par-
ticles. However, at the nanoscale, the macroscopic properties
of the system and, for instance, the phase diagram and phase
transition are often modified.® Here again, SCO compounds
are of particular interest since it has been shown that the
macroscopic properties of the system can be easily kept up
to a 10-30 nm-scale.”® Photo-switching of such SCO nano-
particles (NPs) is thus expected to occur on a very small
time scale. Along this line, it has recently been shown, using
femtosecond time resolved optical spectroscopy, that the first
step of photo-switching in a molecular nanocrystals occurs
in ~1ps.” While this study is very interesting, many ques-
tions have still to be addressed. At first, does this process
occur in other SCO nano-crystals which, for example, ex-
hibit a thermal hysteresis loop? Second, besides the switch-
ing of the optical properties, does the photo-switching
induces a phase transition? Indeed, it has already been shown
that in some SCO crystals the optical properties may be
switched without inducing a phase transition. Finally, what
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is the characteristic time scale during which the photo-
switching is maintained within the nano-crystal? Indeed, if
the nano-crystal recovers its initial state, it does not require
to be excited again during this time scale.

In this paper, we report on the low spin (LS) state — high
spin (HS) state photo-switching recorded in NP of
[Fe(Htrz),trz] (BF4),—H, compound with Htrz = 1,244 H-
triazole and trz=the deprotonated triazolato+(—) ligand.
These NPs exhibit a large hysteresis loop at room temperature.
Our time resolved reflection spectroscopy indicates that the
LS — HS photo-switching by a nanosecond pulse is com-
pleted within our experimental resolution (~12.5 ns). Outside
the thermal hysteresis loop, the particles recover their initial
state in about 10 ms, whereas within the hysteresis loop, the
photo-excited NP remains in the HS state. Raman spectros-
copy of the NP performed within the thermal hysteresis loop
before and after the photo-excitation indicates that all the
photo-excited NPs are brought in the HS state. This stresses
that within these NPs, the photo-induced phase transition is
completed in less than 12.5 ns.

The synthesis of [Fe(Htrz),trz](BF,),—H,O SCO com-
pound has been reported by Krober er al.'® More recently, it
has been shown that NPs of this compound can also be
obtained by different means.'"'> The synthesis of the NP
used hereafter will be published elsewhere and has already
been reported.'® Fig. 1 presents an image of the NPs recorded
using transmission electronic microscopy (TEM). The NPs
have a parallelepiped shape with a long and short axes. The
size dispersions along the 35nm and 115nm short and long
axes are about 5nm and 10 nm, respectively. Fig. 2(a) shows
thermal hysteresis we have recorded using a powder of these
NPs. This hysteresis extends over ~30K and it is centered
above room temperature. In the LS state, the powder of NPs
is pink, and becomes white in the HS state. Actually, this
powder is composed of aggregates, a few microns in diameter,
of packed NPs. The evolution of the optical spectrum reflected
by the powder of NPs is presented in Fig. 2(b). These spectra
are dependent on the used light source and the optical spec-
trometer. However, the difference between the spectra

© 2013 American Institute of Physics
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FIG. 1. (a) TEM image of the nanoparticles.
(b) Width distribution of the nanoparticles.
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recorded in the LS and the HS states reveals the presence of
two bands. The first one is centered at A ~ 550 nm, about the
d-d: 'A;—!T| transition of this iron(II) complex. The second
one, which is weaker and negative, is centered at 4 ~ 780 nm,
about the d-d: 3T,—°E transition.” It has previously been
shown that the evolution of the reflected spectrum versus the
temperature of the compound accurately matches the fraction
vus of NPs in the HS state.* Therefore, once a calibration
between reflected optical spectrum and 7y, has been per-
formed, we have a very simple mean to evaluate the magnetic
state of a studied SCO compound. Hereafter, the magnetic
state has been calibrated with respect to the reflectivity of the
sample recorded at A = 500nm. The reflectivity change is
AR = 0 (resp. AR = 1), if the sample is in the LS (resp. HS)
state.

To study the kinetics of the photoswitching on the nano-
second to millisecond time scale, we used a time resolved
reflection set-up. This set-up has been described elsewhere.'*
In short, the sample is excited by a Nd:YAG laser that yields
6 ns pulses centered at 4 = 355 nm. The excitation pulses are
slightly focussed on the sample. To record the evolution of
the sample reflectivity, we used a femtosecond laser oscilla-
tor that delivers, at 80 MHz repetition rate, 200 fs pulses cen-
tered at 2 =500nm. These femtosecond pulses are reflected
by the sample and then are focused on a fast photo-diode
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FIG. 2. (a) Thermal hysteresis loop recorded using the nanoparticles.
(b) Reflectivity spectra of the nanoparticles in the HS and LS states. Solid
line in black, the spectrum obtained by subtracting the LS spectrum from the
HS spectrum.

(c) Length distribution of the nanoparticles.
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(~1 ns rise-time), which is connected to a 20 GHz sampling
oscilloscope. This sampling scope is triggered by the
Nd:YAG laser pulse. This set-up makes it possible to record
the evolution of the amplitude of the reflected femtosecond
pulse from the nanosecond up to the second time-scale. Its
temporal resolution is limited to ~12.5 ns owing to the pulse
repetition rate of our femtosecond laser oscillator.

The evolution of the reflectivity of the sample of NPs,
when its temperature is set at 7=338 K below the thermal
hysteresis loop, upon excitation by the a single Nd:YAG
pulse of 20mJcm™! is presented in Fig. 3(a). This figure
makes it possible to catch the evolution of the sample in the
10ns-20 ms time scale. One can notice that upon laser exci-
tation, the reflectivity of our sample rapidly changes within
the first 20ns and then remains almost unchanged up to
100 us. After 100 us, the reflectivity starts to decay exponen-
tially and the sample recovers its initial state after ~10 ms.
In Fig. 3(b), we have zoomed on the temporal evolution of
the sample during the first 200 ns upon the laser excitation.
Within our experimental uncertainties, we could well repro-
duce our experimental data considering the reflectivity of the
sample is described by an exponential growth law. The
associated constant time is found to be T ~ 12 = 5ns. This
time constant is very close to our experimental resolution

o Bk BbA Bl BAA B BMAA 0.5 T T T
0.4 (a){ (b)
% 1 044 .
® ®
0.3- % ° o
& 1 0.3
0. %
=4 {84 0.2
< .14 <
0.1
0.0- ]
1 0.0
0.1 - 1‘ o®
.y .y o} .y ™ ™ bl -0.1 T T T T
10"10°10°10710°10° 10" 10° 2200 -100 0 100 200
Delay (s) Delay(ns)

FIG. 3. (a) Evolution of the reflectivity of the sample at T=338 K in the LS
state after an excitation by a single laser pulse. The temperature of the sam-
ple is initially below the thermal hysteresis loop. (b) Zoom on the reflectivity
change on the nanosecond time scale (AR = 1, if the sample is brought in
the HS state). The filled circles represent the experimental data. The solid
line represents a fit considering an exponential growth law.
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indicating that the photo-switching of the sample is likely to
occur in less than 12.5 ns.

We have performed the same experiment when the sam-
ple is in the LS state but within the thermal hysteresis loop.
Under such condition, the sample in the HS state should
remain in this state. The evolution of the sample reflectivity
when its temperature is set to 7= 365K after two successive
single-pulse excitations is shown in Figs. 4(a) and 4(b). On
Fig. 4(a), one can notice that the reflectivity of the sample
almost instantaneously increases upon laser excitation. The
transient reflectivity recorded during the first 100 ns upon the
laser excitation resembles to the one in Fig. 3(b). This indi-
cates that the photo-switching time of the sample is here again
below 12.5ns. On the longer time scale, Fig. 4(a) indicates a
very small but steady increase. Fig. 4(b) also shows that the
second excitation pulse induces a very weak change of the
sample reflectivity, which is AR = 0.5 £ 0.04 within our ex-
perimental uncertainties. It indicates that with the laser fluence
we used (~20mJcm™2), the second laser pulse does not
improve the LS — HS photo-switching. Additional experi-
ments not shown here indicate that when the temperature of
the sample was set at T=355K (resp. T =360 K), the ampli-
tude of the reflectivity change decreased to AR = 0.35 = 0.04
(resp. AR = 0.42 = 0.04). However, the recorded temporal
behavior is similar. We attribute the evolution of the reflectiv-
ity on the longer time scale to the aggregation of the NPs.
This phenomenon has been detailed elsewhere.'® In short, due
to the small penetration depth at the excitation wavelength
within the NPs aggregates, only the NPs at the surface of the
aggregates absorb a large amount of the laser beam energy.
Hence, upon the laser excitation, it is these NPs at the surface
of the aggregates that are first switched from the LS to the HS
state. This accounts for the change of the reflectivity we
recorded during the first 12.5 ns upon excitation. Later on, the
laser energy absorbed by NPs at the surface of the aggregate
is released into heat that diffuses within the aggregate. This
results in a temperature increase AT of the whole aggregate.
But AT decreases as the heat diffuses towards the center of
the aggregate.'”> When the temperature of the NPs within the
aggregate reaches the top of the ascending branch of the ther-
mal hysteresis loop, they are switched from the LS to the HS
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FIG. 4. (a) Evolution of the reflectivity of the sample at T=365K after an
excitation by a single pulse. The sample is set in the LS state within its ther-
mal hysteresis loop. (b) Evolution of the reflectivity of the sample when the
sample is excited by a second pulse.
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state. This accounts for the increase of the reflectivity of our
sample on the longer time scale. However, if the energy de-
posited by the laser beam at the surface of the aggregate is not
sufficient, the NPs close to the center of aggregate are not
switched. Hence, as shown in Fig. 4, AR is clamped to ~0.5.
It indicates that, indeed, only a part of the NPs within the
aggregates has been switched from the LS to the HS state.

To confirm the impact of the aggregation of NPs on the
photo-switching and to characterize in more detail the state
of the NPs prior and after excitation, we have also performed
a Raman study. The experimental set-up we used is
described elsewhere.'® The SCO NPs were highly dispersed
on a microscope fused silica cover plate. This sample was
inserted in a thermally regulated oven. To avoid the aggrega-
tion effect, we checked that within the continuous laser spot,
a few microns in diameter, used to perform the Raman spec-
troscopy, the NPs were highly dispersed (see Fig. 1). Then,
we measured the Raman spectrum of the NPs in the LS and
HS states. Fig. 5 indicates that in the 100cm~'-400cm™!
range, the LS and HS states can be distinguished by their
Raman spectra. Indeed, the two Raman bands centered at
220cm ' and 280cm ' disappear when the temperature of
the sample is set in the HS state. Then, we have excited our
sample using the Nd:YAG pulse centered at 1 = 355nm.
The laser fluence on the sample was ~10mJ cm 2. Prior to
laser excitation, the temperature of the sample was set at
340K, below the thermal hysteresis loop. Then, the tempera-
ture was slowly increased up to T=365K. The sample is,
therefore, set in the LS state, in the middle of the thermal
hysteresis loop. The Raman spectra of the sample before and
after its excitation by a single Nd:YAG laser pulse are shown
in Fig. 5. One can readily notice that the Raman spectrum of
the photo-excited sample is almost similar to the Raman
spectrum of the sample in the HS state. This experiment
also indicates that, for diluted NPs, we were able to achieve
a complete LS — HS state photo-switching with only
10mJ cm~2, whereas it was only partial using ~20 mJ cm~2
on the NPs aggregates. This stresses that, as we previously
mentioned, when the particles are packed or aggregated, the
properties of the sample are modified. Finally, to check the
robustness of our sample to optical photo-switching, we

—1S
40+ ——HS 1

o LS after excitation

Amplitude (a.u.)
8

100 ' 1%0 ' 2(I)0 ' 2%0 ' 3(I)0 ' 3%0 ' 400
Raman shift (cm'l)

FIG. 5. Raman spectra of the sample in the LS and HS states. The circles
present the Raman spectrum of the sample initially set within the LS state in
its thermal hysteresis loop, and then excited by a single laser pulse.
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repeated this experiment more than 100 times and did not
record any particular change. This result is of particular
interest for practical applications of these SCO NPs in
optically photo-switchable materials.

In conclusion, we have presented experimental results
demonstrating that the LS — HS state switching of NPs
induced by 6 ns laser pulses occurs in less than 12.5ns. We
have shown that, within the thermal hysteresis loop of these
SCO NPs, a single nanosecond laser pulse can complete the
LS — HS state photoswitching. These results indicate that
these SCO NPs are robust against photo-excitation and offer
many interesting prospects for optical data recording.

This work has been supported by the Conseil Région
Aquitaine (MatTS), the GIS-Advanced Materials in Aqui-
taine (AMA), the ANR Agency (Ultimate-09-BLAN-045198
and RMNP 019 01 “OptoMaTS”).
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