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We have studied relaxation dynamics of the thermally and photoinduced metastable states in
�Fe�ptz�6��BF4�2 near the spin transition temperature using magnetic-susceptibility measurements and optical-
absorption spectroscopy as function of the time. We observed two-step relaxations from the photoinduced
high-spin to the ground low-spin state. The time-resolved measurements of the spin-relaxation processes allow
us to decouple the spin transition and the crystallographic phase transition and evaluate their intrinsic transition
temperatures as 122 and 132 K, respectively.
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The photoinduced phase-transition �PIPT� phenomenon
has been extensively studied in a variety of systems because
of its fundamental importance in physics and its potential
applications in optical data storage and processing
devices.1–3 The cooperative interaction plays an important
role in PIPT and induces nonlinear phenomena, such as the
existence of a threshold light intensity and an incubation
period.3–5 This is particularly true for iron�II� spin-crossover
coordination complexes, where the photoirradiation causes a
spin transition between the 5T2 high-spin �HS� state and the
1A1 low-spin �LS� state.

The thermal spin transition strongly coupled with the
crystallographic phase transition is among the most intrigu-
ing phenomena in spin-crossover complexes.6–9 A delicate
balance between two order parameters of spin and structure
gives us possibilities to drive the materials into various meta-
stable states by external stimuli. Even in other types of
phase-transition phenomena in solids, e.g., the multiferroic
systems,10 perovskite manganite,11 prussian blue analogs,12

and charge-transfer molecular crystals,13,14 the coupling and
decoupling of charge, spin and lattice degrees of freedom are
key matters for understanding and controlling of material
phases. However, the strong coupling between different or-
der parameters renders the respective phase-transition phe-
nomena difficult to study, and direct selective observation of
strongly coupled phase transitions is desirable. In systems
which are described by several order parameters, time-
resolved measurements may allow us to observe respective
phase transitions from photoinduced metastable states to elu-
cidate the underlying functional response.

In this Rapid Communication, we report the relaxation
dynamics in the thermal-quenched and photoinduced HS
�PIHS� states in the spin-crossover complex �Fe�ptz�6��BF4�2
near the thermal phase-transition temperature using time-
resolved magnetic-susceptibility and optical-absorption spec-
troscopy measurements. �Fe�ptz�6��BF4�2 is well-established
model system for studying the phase-transition phenomena
with competing order parameters.7,8,15–22 We observed two-
step relaxations in the PIHS state from the HS to LS state
through an intermediate state. Using infrared �IR� spectros-
copy we show that the intermediate state has the same spin
and crystallographic structure as the quenched state. The
temperature dependence of the HS fraction and the IR-

absorption spectra show that a spin transition without a crys-
tallographic phase transition in the intermediate state should
occur at 122 K. Furthermore, the critical slowing down phe-
nomena indicates that the crystallographic phase transition
with the spin transition occurs at 132 K.

Single crystals of �Fe�ptz�6��BF4�2 were prepared as de-
scribed previously,23 with a typical crystal size of
2�2�0.1 mm. First, we made the magnetic-susceptibility
� measurement using a superconducting quantum interfer-
ence device �SQUID� magnetometer �MPMS-5S Quantum
Design�, which has a 20 s time resolution. We estimated the
HS fraction of the samples from the product of the magnetic
susceptibility and temperature ��T�.

Figure 1�a� shows the temperature dependence of the HS
fraction on slow temperature change �1 K/min� and exhibits
an abrupt thermal spin transition accompanied by a
hysteresis loop. The spin transition temperatures �where the
HS and LS fractions are equal to 0.5� upon heating
T1/2↑�LS→HS� and cooling T1/2↓�HS→LS� are obtained as
137 and 125 K, respectively. The measured transition tem-
peratures depend on the heating and cooling rate. It is known
that this spin transition competes with a crystallographic
phase transition.8 This compound exhibits two different crys-
tallographic phases:16 rhombohedral at high temperature
�HT� or a disordered phase at low temperature �LT�. When
the sample is cooled slowly ��1 K /min�, the HS→LS spin
transition is accompanied by a crystallographic phase transi-
tion from the HT to LT structure phase. On the contrary,
quenching
��10 K /min� to 80 K brings about the LS state without the
crystallographic phase transition.

In order to elucidate the mechanism underlying the phase
transitions with competing order parameters, we observed
the relaxation dynamics of the HS fraction at various tem-
peratures, as indicated by the lower arrows in Fig. 1�a�. Fig-
ure 1�b� shows the relaxation curves of the HS fraction, �HS,
from the upper branch of the hysteresis loop to the LS state,
exhibiting a sigmoidal behavior. As shown in Fig. 1�b�, the
HS state relaxes to the LS state below 131 K and the relax-
ation time increases with increasing temperature. At 132 K,
the initial HS fraction ��HS=0.85� is persistent over 20 h.

As shown in Fig. 1�b�, the relaxation curves of the HS
fraction can be observed well above 127 K. However, we
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cannot observe relaxation curves exactly below 127 K, be-
cause the relaxation time is less than a few minutes and the
relaxation occurs before the temperature is stabilized. More-
over, the 20 s time resolution is insufficient to observe the
relaxation process. To overcome this difficulty, we created
the metastable HS states by laser irradiation and observed
their relaxation dynamics by time-resolved optical-
absorption spectroscopy.

The samples were excited using a frequency-doubled
Nd3+:YAG laser �continuous wave, 2.33 eV, 3 W cm−2�.
For measuring absorption spectra we used a halogen lamp as
the probe light source and a Princeton Instruments spectrom-
eter and charge coupled device �CCD� camera system
�InSight100A�, which has a 1 ms time resolution. The ab-
sorption spectra in the visible region for �Fe�ptz�6��BF4�2
have been assigned in Ref. 24. In the LS state, a broad ab-
sorption band is observed around 550 nm, corresponding to
the d-d transition from the 1A1 to 1T1 state. We estimated the
HS fraction from the integrated area of optical densities from
500 to 650 nm.24

We plot the temperature dependence of the HS fraction in
the PIHS state with the open square symbols in Fig. 1�a�.
The PIHS state with a HS fraction of approximately 0.9 was
created by 10 s laser irradiation. We confirmed that the HS
state was not created by the laser heating effect but generated
through photoexcitation by FTIR spectroscopy.25 Figure 1�c�
shows the relaxation dynamics of the PIHS state at various
temperatures indicated by the upper arrows in Fig. 1�a�. One
can see two-step relaxation processes from the PIHS to
ground LS state via an intermediate state. At 128 K, the spin
state first relaxes to the intermediate state within a few sec-
onds where it is stable for about 300 s before relaxing to the
LS state with a sigmoidal behavior. Above 122 K, both the
HS fraction in the intermediate state and its relaxation time
decrease as the temperature decreases. At 122 K, the inter-
mediate state almost disappears. Meanwhile, as the tempera-
ture decreases below 122 K, the intermediate state reappears
and the relaxation time increases.

It is well known that the trapped HS state can be created
in several iron�II� spin-crossover complexes by irradiating
the 1A1g→ 1T1g d-d absorption band well below the thermal
spin transition temperature. In many cases the relaxation dy-
namics of the PIHS state show sigmoidal curves.8,15 This
nonexponential relaxation process is explained as the effect
of cooperative interactions between the molecules. Hauser8,15

introduced an empirical model for the sigmoidal relaxation
dynamics taking into account the self-acceleration process as
follows:

d�HS

dt
= − k��HS��HS, �1�

k��HS� = k0 exp���1 − �HS�� =
1

�
exp���0.5 − �HS�� , �2�

where k��HS� is the relaxation rate, �HS is the HS fraction,
and � is the acceleration factor. In conventional relaxation
processes ��=0�, k��HS� is independent of �HS, and the re-
laxation time is defined as the inverse of k��HS�. On the
contrary, for relaxation processes showing a sigmoidal curve,
the relaxation rate k��HS� depends on the HS fraction, as
described by Eq. �2�. Hence, we define the relaxation time �
as an inverse of k��HS� at �HS=0.5, i.e., �=k0

−1 exp�−0.5��.
Equation �1� leads the HS fraction to zero at the equilibrium
state. However, the observed sigmoidal relaxation curves in
Figs. 1�b� and 1�c� show that the HS fraction � f� is not zero at
the final state and moreover the initial HS fraction �i� is not
unity.26 Therefore, we define the effective HS fraction as
�HS= ��HS� −� f�� / ��i�−� f��, where �HS� corresponds to the mea-
sured HS fraction. Then by substituting the effective HS
fraction into Eq. �1� we can derive Eq. �3� as follows:

d�HS�

dt
= −

1

��
exp���0.5 −

�HS�

�i� − � f�
����HS� − � f�� . �3�

where ��=� exp�−�� f� / ��i�−� f��� means an inverse of k��HS�
at �HS= ��i�−� f�� /2. Equation �3� is in a fairly good agree-
ment with the observed relaxation curves with �� and � as
free parameters, as shown in Figs. 1�b� and 1�c�, implying
that the cooperative interactions between the molecules play
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FIG. 1. �Color online� �a� Temperature dependence of the HS
fraction obtained upon slow temperature change �1 K/min� �open
circle� and the HS fraction in the PIHS state �open square� in
�Fe�ptz�6��BF4�2 compound. �b� The relaxation curves from the HS
state at the temperatures indicated by the lower arrows in Fig. 1�a�:
experimental results �open circle� and best-fit curves from Eq. �3�
�solid line�. �c� The relaxation curves from the PIHS state via the
intermediate state in the dark at the temperatures indicated by the
upper arrows in Fig. 1�a�: experimental results �open circle� and
best-fit curves from Eq. �3� �solid line�.
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an important role in �Fe�ptz�6��BF4�2. The acceleration fac-
tors � of relaxation curves �Figs. 1�b� and 1�c�� are deter-
mined to be 3.1	0.3 and 3.5	0.4, respectively, and this
values are bigger than the value of �	2 predicted by the
relaxation curves below 60 K.27 We think that this difference
is due to the experimental temperature because it is reported
that the acceleration factor in Fe�PM-BiA�2�NCS�2 complex
near the thermal transition temperature is different from that
below the light induced excited spin state trapping �LIESST�
temperature.28

In Fig. 2, we plot the relaxation times �� for the quenched
state and the intermediate state as a function of the reduced
temperature Tc−T. The relaxation time diverges at a certain
temperature, Tc above 122K. According to the theory of dy-
namical critical phenomena,29 the temperature dependence of
the relaxation time in the vicinity of the critical temperature
can be described as follows:

�� 

1

�Tc − T�� , �4�

where Tc is the critical temperature and � is the dynamical
critical exponent. We estimate Tc and � to be 132	0.2 K
and 2.0	0.5, respectively. The phase-transition phenomena
in spin-crossover complexes are theoretically discussed
within the framework of the Ising-type model.30 The ob-
tained value of the dynamical critical exponent �=2.0	0.5
is close to the calculated values 1.75 and 1.25 derived from
the two- and three-dimensional Ising model, respectively.31

In order to clarify the structure of the intermediate and
PIHS state, we measured the IR absorption spectra in the
different states using a Bruker optics Fourier transform infra-
red �FTIR� spectrometer �VERTEX 80v� and microscope
system �HYPERION�. As shown in Fig. 3, the IR spectra of
the PIHS state at 116 K and the intermediate state at 125K
have almost the same peaks at 1800 and 1825 cm−1 as that
of the thermal HS state with HT structure at 140 K. In the
slow-cooled LS state at 116 K, the two peaks disappear and
the specific peak emerges at 1780 cm−1. Thus, these three
peaks �1780, 1800, and 1825 cm−1� are makers of the differ-
ent states: LS, HS, and HT structure states, respectively.

Then, the IR spectrum of the intermediate state at 116 K has
the same peaks at 1780 �LS� and 1825 cm−1 �HT� as that of
the quenched state at 116 K. Therefore, the structure of the
intermediate and quenched state is confirmed as the HT
structure even in the LS state by the FTIR spectra.

Figure 4�a� shows the temperature dependence of the HS
fraction in the quenched state and the intermediate state. The
quenched state was created by rapidly cooling the sample
��50 K /min�, and under this cooling condition the spin
transition from the HS to LS state occurs without the crys-
tallographic phase transition.16 We measured the temperature
dependence of the HS fraction in the quenched state by in-
creasing the temperature at the rate of 10 K/min, as shown in
Fig. 4�a�. The spin transition is observed at 122 K, and the
LS to HS transition temperature is different from that ob-
served �137 K� when the LS state was obtained by slowly
cooled �1 K/min�. Also, comparing the temperature depen-
dences between the intermediate and quenched states in Fig.
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FIG. 2. �Color online� Temperature dependence of the relaxation
time in the quenched state �closed square� and the intermediate state
�open circle� on a logarithmic scale. The solid line is the best-fit
curve according to Eq. �4� with Tc=132	0.2 K and �=2.0	0.5.
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4�a�, their behaviors are quite similar and their spin transition
temperatures �122 K� are nearly the same. Hence, the IR
spectra in Fig. 3 and the temperature dependence of HS frac-
tion in Fig. 4�a� confirm that the intermediate state is the
same as the quenched state.

In order to realize the relation between the phase transi-
tions with competing order parameters and their relaxations,
we propose a qualitative picture of the potential energy de-
pending on temperature. Figures 4�b�–4�d� show the sche-
matic figure of category plot of the potential energy. The
horizontal and longitudinal axes show the spin and structural
orders, respectively. There are four local minimum points A,
B, C, and D. Above 132 K the true ground state is A �HS-
HT�, as shown in Fig. 4�d�. At 132 K the true ground state is
changed from A to C �LS-LT� and the crystallographic phase
transition accompanied by the spin transition occurs as
shown Figs. 4�c� and 4�d�. The photoexcitation induces the
transition from C to the PIHS state P �HS-HT�. Between 122
and 132 K, P first relaxes to the intermediate state A and then
relaxes to the true ground state C as shown in Fig. 4�c�. As a
result, in this temperature region the spin and structural tran-
sitions are coupled. Below 122 K, B �LS-HT� becomes more
stable than A, and the spin transition with the HT structure
�A→B� may be activated. As shown in Fig. 4�b�, P first
relaxes to the intermediate state B and then relaxes to the
true ground state C. Therefore, in this temperature region the
spin and structural transitions are decoupled. At 122 K the
lifetime of the intermediate state becomes minimum as
shown in Fig. 2, implying that both A and B are unstable.

Therefore the plateau region of intermediate state indicated
by the arrows in Fig. 1�c� seems to be vanished.

In conclusion, we have studied the relaxation dynamics in
�Fe�ptz�6��BF4�2 using time-resolved magnetic-susceptibility
and optical-absorption measurements. We observed two-step
relaxations of the PIHS state from the HS to LS state
through an intermediate state. The temperature dependence
of the HS fraction and the IR-absorption spectra show that
the intermediate state is the same as the quenched state
and that a spin transition in the intermediate state occurs at
122 K without a crystallographic phase transition
�HS-HT↔LS-HT�. Furthermore, the critical slowing down
phenomena clearly indicates that the crystallographic phase
transition with the spin transition occurs at 132 K
�HS-HT↔LS-LT�.
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