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a b s t r a c t

The thermal and the light-induced spin transition in [Fe(bbtr)3](ClO4)2 (bbtr = 1,4-di(1,2,3-triazol-1-yl))
as well as the high-spin ? low-spin relaxation following the light-induced population of the high-spin
state below the thermal transition temperature are discussed in relation to the accompanying crystallo-
graphic phase transition. The experimental data have exclusively been obtained using optical single crys-
tal absorption spectroscopy.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

Spin-crossover compounds [1] are compounds of octahedral
complexes of transition metal ions having d4 to d7 electron config-
urations. They are among the few systems showing bistability at a
molecular scale with switchable properties induced by variations
of temperature [2,3], pressure [4,5] or by light-irradiation [6]. This
makes them interesting for potential application such as high-den-
sity information storage systems [7] and displays [8]. By far the
largest number of known spin-crossover systems have d6 iron(II)
as central ion, for which the transition occurs between the low-
spin (LS) 1A1ðt6

2gÞ state and the high-spin (HS) 5T2ðt4
2ge2

gÞ state.
The thermal transition is entropy driven by both the electronic
degeneracy of the HS state as well as the vibrational contribution,
and it always occurs from the diamagnetic LS state populated at
low temperatures to the paramagnetic HS state populated at ele-
vated temperatures. Due to elastic interactions between the spin-
crossover units resulting from the large difference in metal–ligand
lengths between the two spin states, the thermal spin transition is

very often much more abrupt than predicted by a simple Boltz-
mann distribution between the two vibronic manifolds. If the elas-
tic interactions between the spin-crossover units are large enough,
it may even occur as a first order transition and show a thermal
hysteresis [2,3]. Such cooperative effects have been and continue
to be of interest, as they constitute an essential ingredient for the
macroscopic bistability and memory effects needed for the
above-mentioned potential applications. Of particular interest, in
the context of the work presented in this paper, are systems in
which the spin transition triggers a crystallographic phase transi-
tions as for instance in the model compound [Fe(ptz)6](BF4)2

(ptz = 1-propyltetrazole) [9–12], or induces a super-structure such
as in [Fe(pic)3]Cl2 � EtOH [13,14], and may even lead to a self-grind-
ing effect reducing the crystallite size to a comparatively homoge-
neous distribution of the order of micrometres [15].

At low temperatures iron(II) spin-crossover systems can be
switched from the ground LS state to the long lifetime metastable
HS state by using light of appropriate wavelengths, a phenomenon
known as Light-Induced Excited Spin State Trapping (LIESST)
[2,16]. The at low temperatures metastable HS state relaxes towards
the ground state by a non-adiabatic, non-radiative process [17], that
is by a slow tunnelling process below�50 K and thermal activation
above that temperature. Cooperative effects also influence the kinet-
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ics of the relaxation process, resulting in highly non-exponential
relaxation curves [18]. In some compounds, a reverse photophysical
process with irradiation at 830 nm known as reverse-LIESST can also
reconvert the light-induced HS state back to the ground state [6].

The most simple model treats the cooperative effects in a mean-
field approach [19,20]. This model was successfully applied to a
number of systems with moderate interaction parameters
[18,21,22], but its performance was less satisfactory for strongly
cooperative systems showing hysteresis behaviour. Some 18 years
ago, Sorai et al. [23] suggested that in such systems the spin tran-
sition occurs through domains of like spins, that is, through the for-
mation of domains consisting of molecules of the same spin state.
Over the past few years, the existence of such like spin domains
was inferred from experimental data, namely the observation of
minor hysteresis loops for thermal and light-induced thermal tran-
sitions [24,25], X-ray diffraction data [26], Raman scattering during
the thermal transition [27], and neutron Laue scattering on single
crystals [28]. Several models derived mainly from the analysis of
domains in magnetic systems such as Preisach type models [24]
or the First Order Reversal Curves (FORC) method [29–31] revealed
that in the case of powder samples the domains may be regarded
as independent.

In the present paper we discuss the formation and existence of
like spin domains in single crystals of [Fe(bbtr)3](ClO4)2

(bbtr = 1,4-di(1,2,3-triazol-1-yl)) during the thermal spin transition
as well as during relaxation following irradiation. This compound
presents a 2D polymeric type structure with every Fe2+ centre sur-
rounded by six ligands and every ligand acting as bridging ligand be-
tween two Fe2+ centres. This results in a high degree of cooperativity,
which manifests itself in a thermal spin transition with a 15 K wide
hysteresis centred around 105 K. The system presents two crystallo-
graphic phases: an ordered phase at above the spin transition tem-
perature having space group P�3, and a disordered phase below the
spin transition temperature for which to date it has not been possible
to determine the crystal structure [32]. The crystallographic phase
transition from ordered to disordered phase has been associated
with a nucleation and growth process and domain formation in a
previous communication [33]. In order to clarify the complex behav-
iour of this system, we provide in this paper a full analysis of its ther-
mal spin transition, low temperature photoexcitation and finally of
the relaxation curves inside the thermal hysteresis.

2. Experimental

See the paper by Bronisz [32] for a detailed account of the syn-
thesis, crystal growth and high-temperature crystal structure
determination of the title compound. The high-quality [Fe(bbtr)3]
(ClO4)2 crystals of �0.4 � 0.4 � 0.2 mm3 used in the present study
were likewise grown by Bronisz. They are hexagonal with well-
developed faces, transparent at room temperature and red at cryo-
genic temperatures. They cleave easily perpendicular to the c-axis.
The experimental data presented in this paper were exclusively ob-
tained from optical absorption measurements on single crystals.
For these measurements, crystals cleaved to approximately 60 lm
thickness were mounted on a small aperture in a copper sample
holder using silver contact glue. For temperature dependant mea-
surements between cryogenic and room temperature, the sample
holder was inserted into a closed cycle cryostat capable of achieving
temperatures down to 4 K (Janis Research) and equipped with a
programmable temperature controller allowing variable tempera-
ture scans. For irradiation experiments involving LIESST and
reverse-LIESST at temperatures below 20 K, the light of a continu-
ous Ar/Kr mixed gas laser at 488 nm (Spectra Physics 2018) or of
a Xe-arc lamp and a laser diode at 830 nm (ILEE Model Z40KV1)
were used, respectively. With laser powers of �6 mW/mm2 a

quantitative population of the HS state was achieved in <30 s.
High-quality absorption spectra between 9000 and 28000 cm�1

(400–900 nm) were recorded on a Fourier transform spectrometer
(Bruker IFS66) equipped with the respective beam splitters and
detectors. Kinetic experiments at fixed temperatures and tempera-
ture scan experiments were performed on a home-built system
consisting of a 0.28 m monochomator (Spex 280M, holographic
grating with 150 grooves/mm) equipped with a CCD camera (Jo-
bin-Yvon Spex CCD 3500) and polychromatic light from a 50 W
tungsten halogen lamp as probe beam. This set-up allowed record-
ing a full spectrum between 10000 and 25000 cm�1 at given time
intervals, the minimum time interval between two spectra being
3 s. In order to minimize the amount of light from the 50 W tung-
sten halogen lamp falling on the sample, neutral density filters were
used to attenuate the light to <2% of its full intensity and the probe
beam was gated with a shutter in parallel to the shutter of the CCD
camera. Thus the effects of the probe beam are negligible with re-
gard to the light-induced spin transition. For the HS ? LS relaxation
experiments at a fixed temperature, the initial population of the HS
was achieved below 20 K using comparatively high laser powers of
20 mW/mm2, then the temperature was raised to the target tem-
perature within <2 min. The laser was kept on the sample until this
temperature was reached, and switched off as the relaxation exper-
iment was started. This procedure ensured that even for relaxation
curves at comparatively high-temperatures, that is, approaching
the thermal transition temperature, the initial HS population was
close to 100%. For additional irradiation experiments inside the
thermal hysteresis, a frequency doubled pulsed Nd:YAG laser
(Quantel Brilliant B) was used.

For both the temperature dependent absorption spectra as well
as the time dependent spectra, the fraction of complexes in the HS
state can be extracted from the relative intensities of the typical
absorption bands of the HS and the LS species [34]. By recording
full spectra, artefacts due to baseline shifts from variations in dif-
fuse scattering can be eliminated. For the analysis of the tempera-
ture dependent spectra, the small temperature dependence of the
oscillator strength of the respective transition was neglected.

3. Results and discussion

3.1. Absorption spectra during the thermal spin transition

Fig. 1 shows the high-quality single crystal absorption spectra
of [Fe(bbtr)3](ClO4)2 with the light propagating along the c-axis
(a spectrum) at 295 K and at 10 K on slow cooling. At room tem-
perature, when all complexes are in the HS state, the spectrum
shows the typical near infrared band of the HS species centred at
12000 cm�1 (833 nm) corresponding to the 5T2 ?

5E ligand-field
transition. The 10 K spectrum is characteristic for the LS species
with the more intense absorption band in the visible centred at
18000 cm�1 (590 nm) and corresponding to the 1A1 ? 1T1 ligand-
field transition. In accordance with magnetic susceptibility
measurements on a polycrystalline sample [32] the thermal spin
transition is complete with neither a residual HS fraction at low
temperature nor a residual LS fraction at high-temperature.

With temperature quenching, that is, very fast cooling at >60 K/
min starting from room temperature down to <60 K, the complexes
can be trapped almost quantitatively in the HS state. Fig. 1 includes
the absorption spectrum of the title compound at 10 K in this
trapped HS state, with a LS fraction of only �10%. At 10 K the tem-
perature quenched HS state has a very long lifetime. This is dis-
cussed in more detail in Section 3.4.

Fig. 2 shows the absorption spectrum of the title compound as a
function of decreasing temperature between 110 and 90 K at a
cooling rate of 0.03 K/min on starting from room temperature.
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While decreasing the temperature, the HS band in the near infrared
disappears abruptly at around 100 K and is replaced by the more
intense LS band in the visible, indicating that the thermal HS ? LS
transition occurs at T#c � 100 K. Concomitantly with the spin tran-
sition a marked baseline shift in the optical spectrum is observed.
This is due to an increase in wavelength independent diffuse scat-
tering, and indicates that at the spin transition temperature do-
mains with a domain size of the order of the wavelength of light
develop. This effect occurs right at the beginning of the transition
when the LS fraction is still low, indicative of a nucleation and
growth process. On heating the crystal to 120 K, that is, above
the thermal LS ? HS transition at T"c � 113 K [32], and subsequent
cooling down at the same rate, the thermal HS ? LS transition

occurs at distinctly higher temperature than on the first cooling
down. This is to be discussed in some detail in Section 3.3. The
point to note here is that the accompanying baseline shift is much
smaller than on the first cooling cycle. Thus even though at 120 K a
HS fraction of 1 is restored, the system keeps a memory of the do-
main structure resulting form the first cooling cycle. This domain
structure is only annealed upon heating the sample to above 200 K.

3.2. LIESST, reverse-LIESST and the HS ? LS relaxation at low
temperature

As mentioned in the introduction, many spin-crossover sys-
tems, especially those with triazole and tetrazole ligands exhibit
the phenomenon of LIESST. Fig. 3 shows the absorption spectrum
of the title compound at 10 K before and after irradiation with a
broad band Xenon arc lamp. Irradiation completely bleaches the
characteristic LS absorption bands indicating a quantitative
LS ? HS transformation. At 10 K the system remains trapped in
this metastable HS state for a very long time because of the large
energy barrier between the two states resulting from the large
bond length difference and at the same time small energy differ-
ence. At temperatures >50 K, relaxation back to the LS ground state
sets in (see below). The system can also be reconverted to the LS
state at 10 K by irradiating at 830 nm, that is, into the near-infrared
band of the HS species. Fig. 3 includes the corresponding absorp-
tion spectrum after prolonged irradiation at 830 nm (2 mW/
mm2) showing that in reverse-LIESST a saturation value of the LS
fraction of 85% is obtained [6].

Quantitative photoexcitation experiments were performed at
10 K using the 488 nm line of an Ar–Kr cw laser. Fig. 4 shows pho-
toexcitation curves obtained from recording full absorption spectra
at given time intervals for three different light intensities. The time
necessary to populate the HS state quantitatively is 30 s for a laser
power of �6 mW/mm2 at the sample. With a laser power of
0.02 mW/mm2 a quantitative population of the HS state can still
be achieved, but it takes more than 1 h to do so. As described
above, the contribution to the photoexcitation from the W-halogen

Fig. 1. Single crystal absorption spectrum of [Fe(bbtr)3](ClO4)2 at 295 K (—) and at
10 K on slow cooling (. . .) and after temperature quenching (---).

Fig. 2. Single crystal absorption spectrum of [Fe(bbtr)3](ClO4)2 (d = 60 lm) during
the thermal transition on cooling with a rate of 0.03 K/min from room temperature
(top sheet) and from 120 K on the second cycle (bottom sheet).

Fig. 3. Single crystal absorption spectra of [Fe(bbtr)3](ClO4)2 at 10 K before (. . .) and
after (---) broad band irradiation using a Xenon arc lamp, followed by irradiation at
830 nm using a red laser diode (—).
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lamp is negligible. At 488 nm the optical density of the thin crystal
used was <0.2 mm, thus no significant concentration gradients
were introduced by the irradiation. No significant incubation time
was observed, indeed, the photoexcitation curves are close to sin-
gle exponential and indicate a quantum efficiency of close to unity,
in line with previously reported values [6,35].

Below 50 K the relaxation of the light-induced HS state is too
slow to be measured; only above this temperature can it be fol-
lowed within a reasonable time. Fig. 5 shows absorption spectra
during the HS ? LS relaxation recorded at 52 K following the quan-
titative light-induced population of the HS state. In comparison to
the thermal spin transition, the baseline shift accompanying the

relaxation after photoexcitation is much smaller, indicating that
during the relaxation no additional crystal defects are created.

Fig. 6 shows HS ? LS relaxation curves plotted as the HS frac-
tion, cHS, versus time at different temperatures following the quan-
titative population of the HS state at 10 K and quickly warming to
the target temperature. As observed for a number of related com-
pounds, the relaxation curves are sigmoidal, confirming the coop-
erative character of the spin transition in the compound under
investigation. The total relaxation time is more then 7 h at 50 K,
it decreases with increasing temperature to 4 h at 55 K and to
about 5 min at 65 K. The relaxation curves are reasonably well de-
scribed by the mean-field equation for cooperative effects, which
relates the relaxation rate constant, kHL, to the LS fraction in an
auto-accelerating fashion [6]

kHLðT; cLSÞ ¼ ðT; cLS ¼ 0Þ � eaðTÞcLS ð1Þ

Fig. 4. Photoexcitation curves for the LS ? HS transformation of [Fe(bbtr)3](ClO4)2

at 10 K during irradiation with different intensities of the 488 nm line of an Ar–Kr
cw laser.

Fig. 5. Single crystal absorption spectra during HS ? LS relaxation of [Fe(bbtr)3]
(ClO4)2 following LIESST at 52 K.

Fig. 6. HS ? LS relaxation curves of [Fe(bbtr)3](ClO4)2 following LIESST at various
temperatures, derived from optical spectra as shown in Fig. 5 for T = 52 K.
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with a the acceleration factor. Based on the mean-field model kHL

(T, cLS = 0) should follow an Arrhenius like behaviour above 50 K
and a should decrease as 1/T. However, best fits using Eq. (1) do
show systematic deviations from the experimental curves, the
acceleration factor a � 6.5 is almost temperature independent over
the whole temperature range, and at temperatures above 70 K the
relaxation even though initially still becoming faster with increas-
ing temperature is slower than expected. Finally the HS ? LS relax-
ation even slows down as the thermal transition temperature of
100 K is approached. This can only be explained by quite large
short-range interactions leading to fluctuations and the formation
of clusters or domains of equal spins [33,36,37].

3.3. The thermal hysteresis

Fig. 7a shows a series of thermal hysteresis loops measured fol-
lowing different protocols. Basically they all are in agreement with

the published curve as determined from magnetic susceptibility
measurements on a polycrystalline powder [32] showing a hyster-
esis of approximately 15 K. However, for the single crystals they
are much steeper, as previously observed for other spin transition
compounds [38]. More importantly, the hysteresis width depends
(i) on the temperature sweep rate, indicating that the kinetics of
the associated phase transition are very slow indeed, and (ii) on
the history of the crystal: when starting from room temperature
the apparent transition temperature for the HS ? LS transition is
lower than when coming from below the thermal transition, heat-
ing up to 120 K and then decreasing the temperature again. Thus,
at a sweep rate of 0.1 K/min, T#c � 97 K when coming from room
temperature and 102 K when coming from 120 K following the
first cycle.

Fig. 7b shows the hysteresis loops for two different crystals.
Whereas T#c differs by 6 K when cooling down from the high-tem-
perature phase, it takes on the same value of 102 K for both crys-
tals for the second cycle starting from 120 K. Irrespective of the
history of the crystals the LS ? HS transition temperature on heat-
ing, T"c, remains the same at 113 K.

In line with this observation goes the fact that the crystallo-
graphic structure could be obtained for the HS state at 135 K, but
for the LS state at 80 K it failed [32]. All this leads to the conclusion
that the thermal spin transition triggers a crystallographic phase
transition and that below T#c the low-temperature phase has a high
degree of disorder. On the first cooling cycle this crystallographic
phase transition occurs as a nucleation and growth process and re-
sults in the formation of a domain structure [33] depending upon
the individual crystal. Upon heating to 120 K, the system returns
to the HS state, but retains some memory of this domain structure.

Despite the small temperature sweep rates of the experiment,
the apparent transition temperature on cooling depends upon
the sweep rate. This indicates that the relaxation is very slow
and is governed by the macroscopic nuclear rearrangements of
the crystallographic phase transition rather by the intersystem
crossing process of the HS ? LS relaxation. As shown in Fig. 8,
the two different cooling protocols result in very different relaxa-
tion curves, measured at constant temperatures just below the
respective transition temperatures. As expected for a nucleation
and growth process, on cooling from room temperature, the relax-
ation curves show an initial very slow decrease in the HS fraction
for the nucleation process, followed by the typical acceleration of
a growth process. For the second cycle, the relaxation curves are al-
most single exponential. Thus on the second cooling cycle, the pre-
formed domains relax to the LS state in a stochastic process.

Interestingly, the HS ? LS relaxation curves also depend upon
crystal quality and size. The curves in Fig. 8a were recorded on a
comparatively large crystal (diameter �0.5 mm) with a non-negli-
gible number of easily discernible defects under a microscope.
Fig. 8b shows relaxation curves on cooling from 120 K to the target
temperature for a small high-quality crystal (diameter �0.3 mm).
The relaxation curves are clearly different from the ones in
Fig. 8a. The curves at 101 K are quite similar, the relaxation being
complete after �250 s. At somewhat higher temperature, the
relaxation curves for the high-quality crystal instead of being com-
paratively smooth, show distinct steps. This indicates that in the
high-quality crystal the number of domains formed during the
relaxation process is smaller. The fact that the steps for the curves
recorded at different temperatures have roughly the same height is
in line with the above mentioned memory effect.

3.4. The temperature quenched state

A key question regards the nature of the temperature quenched
HS state: is it similar to the light-induced HS state or are there sig-
nificant differences. As mentioned above, it has so far not been pos-

Fig. 7. (a) The thermal spin transition of a single crystal of [Fe(bbtr)3](ClO4)2 for
different temperature sweep rates and thermal histories of the crystal. (b) The
thermal hysteresis of different single crystals of [Fe(bbtr)3](ClO4)2 for a temperature
sweep rate of 0.1 K/min and different thermal histories, as well as after irradiation.
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sible to determine crystal structures below 110 K. A tentative an-
swer can be obtained from the comparison of HS ? LS relaxation

curves obtained after thermal quenching on the one hand and after
irradiation on the other hand. Fig. 8c shows corresponding relaxa-
tion curves at 60 and 65 K. The experimental curves at the two
temperatures obtained by the two different procedures are identi-
cal within experimental error. This indicates that the two metasta-
ble HS states are structurally very similar. Provided that the
temperature-quenched structure is not too different from the room
temperature structure this, in turn, means that the low-tempera-
ture irradiation reinstalls some order into the system. This can be
correlated to the observation reported in reference [33], that the
relaxation curves obtained after irradiation in the neighbourhood
of the thermal hysteresis are more in line with the curves of the
sample cooled directly from the fully ordered room temperature
phase rather than the ones obtained after a thermal hysteresis
cycle. This is further supported by the following experiment: a
crystal is first quenched from room temperature to 20 K, thus
freezing in a HS fraction of 90%. The 10% LS fraction is converted
to HS by irradiation and the crystal is warmed to 120 K under con-
stant irradiation such that at all times it is in the HS state. As
shown in Fig. 7b, on subsequent slow cooling, the thermal transi-
tion curve is identical to the one observed for the cooling cycle
starting from room temperature.

4. Conclusions

The two-dimensional polymeric spin-crossover compound
[Fe(bbtr)3](ClO4)2 shows some remarkable features in its thermal
behaviour. The direct bridging of the iron(II) centres in a triangular
arrangement results in comparatively strong elastic interactions
and hysteresis behaviour. At room temperature, that is, in the HS
state, the crystal shows an ordered structure. The spin transition it-
self triggers a crystallographic phase transition such that at low
temperatures, that is, in the LS state, the structure shows a strong
degree of disorder. On the first cooling cycle the crystallographic
phase transition occurs as a nucleation and growth process and
results in the formation of a domain structure with a domain size
of the order of the wavelength of light. On subsequent heating to
just above T"c and renewed cooling the shows a memory effect of
the domain structure. The HS ? LS relaxation curves following
the light-induced population of the HS state at low temperatures
show the sigmoidal shape typical for spin-crossover systems with
strong cooperative effects. The thermal transition temperature
being comparatively low, it is possible to maintain the system in
the light-induced HS state all the way up to the transition temper-
ature. Near the transition temperature, the HS ? LS relaxation
slows down. This is contrary to mean-field theory of cooperative
effects and can only be explained by considering strong nearest
neighbour interactions leading to fluctuations, and nucleation
and growth phenomena. It should be possible to follow the domain
formation by temperature dependant optical microscopy. Likewise,
pulsed irradiation inside the thermal hysteresis as first demon-
strated by Freysz et al. [39], could give further insight.
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