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Far-infrared spectroscopy has been performed on �Fe�2-picolylamine�3�Cl2EtOH �Fe-pic� single crystals to
probe changes in the molecular vibrations upon the photoinduced and temperature-induced spin crossovers.
Synchrotron radiation has been used as the far-infrared source to overcome the strong absorption and the small
sizes of the samples. Absorption lines due to FeN6 cluster vibrations, observed below 400 cm−1, show strong
intensity variations upon the crossover due to the compression/expansion of FeN6 between high-spin and
low-spin states. However, they remain almost unchanged between the photo- and temperature-induced high-
spin states. This is in sharp contrast to the lines at 500–700 cm−1 due to intramolecular vibrations of the
picolylamine ligands, which show marked variations between the two high-spin states. It is concluded that the
most important microscopic difference between the two high-spin states arises from the ligands, which are
likely to reflect different states of intermolecular bonding.
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A photoinduced spin crossover observed in organometal-
lic compounds, in which the spin state of transition-metal
ions can be changed by a photoexcitation, has attracted
much interest recently.1 Fe�II�-based compound �Fe�2-
pic�3�Cl2EtOH �2-pic: 2-picolylamine or 2-aminomethyl py-
ridine, EtOH: ethanol�, referred to as the Fe-pic, has been
well known as a prototypical compound showing photoin-
duced as well as temperature-induced spin crossovers.1 As
sketched in Fig. 1�a�, an Fe2+ ion in Fe-pic is located in a
nearly octahedral crystal field created by the three 2-pic
ligands. Depending on the magnitude of the crystal-field
splitting, Fe2+ takes either total spin S=2 �high spin� or S
=0 �low spin�, as sketched in Fig. 1�b�. Well above T1/2
�118 K, Fe-pic is in the high-spin state �high-temperature
high-spin state �HTHS��. Upon cooling through T1/2, Fe-pic
undergoes a crossover to the low-spin state �low-temperature
low-spin state �LTLS��. The width of the crossover is about
20 K, as observed by the change in the high-spin fraction,
�HS�T�. The crossover is associated with an �8% change in
the average Fe-N distance, corresponding to the different
crystal-field splittings in LTLS and HTHS. A photoinduced
spin crossover from LTLS to a high-spin state can be caused
by visible or near-infrared light irradiation. Below 40 K, this
photoinduced high-spin state �PIHS� persists even after the
excitation is turned off. The half-life in�HS reaches 160 min
at 10 K.2 Recently, it has been discovered that the develop-
ment of PIHS in Fe-pic involves highly nonlinear responses
to the photoexcitation, such as an incubation time, a thresh-
old intensity, a steplike change in�HS with time, and a do-
main formation.3 These unique characteristics are not ex-

pected for a photoexcitation of isolated Fe2+ ions, and they
strongly imply a cooperative interaction among the Fe2+

ions. It has been further suggested that the development of
PIHS in Fe-pic should be a transition to a novel macroscopic
phase under photoexcitation, referred to as the “photoin-
duced phase transition.”3,4

To examine this suggestion, it is important to compare the
microscopic nature of PIHS with that of HTHS. It was
found6–8 that the Raman-infrared selection rules in Fe-pic
were modified between HTHS and PIHS, which suggested a
photoinduced symmetry lowering in PIHS. In contrast, de-
tailed x-ray-diffraction �XRD� studies of Fe-pic9 under pho-
toexcitation found no significant difference in the average
crystal structure between HTHS and PIHS. In addition,
x-ray-absorption fine structure �XAFS� of Fe-pic showed that
the local coordinations of the neighboring ions around Fe2+

were very similar between HTHS and PIHS.10 Recently, a
nuclear resonant inelastic scattering �NRIS� experiment was
reported on 57Fe-enriched Fe-pic.11 This technique selec-

FIG. 1. �a� The structure of �Fe�2-pic�3�2+. �b� Electron configu-
rations of Fe2+ in high-spin �S=2� and low-spin �S=0� states. The
average Fe-N bond length is larger in the S=2 state corresponding
to the smaller crystal-field splitting.
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tively probed the partial vibrational density of states for 57Fe,
which turned out to be very similar between LTLS and PIHS.
Detailed XRD experiments at temperatures near T1/2 �Ref.
12� and in the decay process after photoexcitation,13 and op-
tical absorption experiments under photoexcitation, were
also performed recently.14

In this work, we have measured the far-infrared �FIR�
absorption spectra of Fe-pic single crystals in the 80–
700 cm−1 range. Unlike the previous midinfrared work,8 this
range can cover the normal-mode vibrations of the FeN6
cluster. To analyze the observed data, the frequencies of mo-
lecular vibrations are also calculated for �Fe�2-pic�3�2+ using
the density-functional method. Many of the observed absorp-
tion lines below 400 cm−1 are attributed to the FeN6 cluster
vibrations, which exhibit characteristic intensity changes
upon the photo- and temperature-induced spin crossovers.
However, they are almost unchanged between HTHS and
PIHS. It is concluded that the microscopic vibrational states
of the FeN6 cluster are similar between PIHS and HTHS, and
that the deformation of 2-pic ligand should play an important
role in the development of PIHS.

Powders of Fe-pic were synthesized from 2-pic, FeCl2,
and ethanol, and then single crystals were obtained by re-
crystallization from their ethanol solution. Plate-shaped
samples of approximately 0.7�0.7�0.1 mm3 were obtained
by cleaving the crystals, and mounted on a continuous-flow
liquid He cryostat. The FIR absorption experiment was done
using a synchrotron radiation �SR� source and a custom-
made microscope at the beam line BL43IR, SPring-8.15 The
SR source can deliver much higher photon flux density to the
sample than the usual FIR sources. Since the Fe-pic single
crystals had small sizes and strong FIR absorption, the use of
SR was crucial to successfully perform this experiment. A
black polyethylene filter was used to cut the visible compo-
nent of the SR. Photoexcitation of the sample was made
using white light from a tungsten lamp. A Si bolometer was
used as a detector, and a Fourier-transform interferometer
was used to record the spectra. The spectral resolution was
set to 4 cm−1.

Figure 2�a� shows the FIR absorption spectra of Fe-pic
without photoexcitation at several temperatures across T1/2.
Here, the absorption is expressed as the optical density �OD�,
−log�I��� / I0����, where I��� and I0��� are the transmission
spectra with and without the sample, respectively. The detec-
tion limit for the weak transmission was an OD of about 2.8
with an accumulation time of 2 min, and Fig. 2 shows the
spectra below an OD of 2.8 only. The positions of the lines
above 450 cm−1 agree well with those previously observed,
which result from the intramolecular vibrations of the 2-pic
ligand and ethanol.8 In contrast, many of the lines below
450 cm−1 are attributed to vibration modes of the FeN6 clus-
ter, as discussed later. The absorption lines show quite strong
intensity variations through T1/2. The detailed temperature
dependence of several bands and lines, indicated by the la-
bels in Fig. 2, is displayed in Fig. 3. It is seen that the
variation of the absorption strength occurs over a tempera-
ture interval of about 20 K,16 which agrees well with that of
�HS.8 Namely, the absorption strength closely reflects the
evolution of the electronic configuration at Fe2+ and the as-
sociated deformation in the Fe-pic molecule upon the cross-
over.

Figures 4�a�–4�c� present the absorption spectra of Fe-pic
in LTLS at 9 K, in PIHS at 9 K, and in HTHS at 140 K,
respectively.17 Here, spectrum �a� was first recorded, then the
sample was photoexcited with a 2 mW/mm2 power density
of white light for 5 min. After turning off the excitation,
spectrum �b� was measured, then the sample was warmed up,
and spectrum �c� was recorded. Upon the initial photoexci-
tation, the Fe2+ ions undergo d-d transitions to higher-lying
states, then rapidly relax to the metastable PIHS.1 The spec-
tra above 450 cm−1 agree well with those reported
previously:8 The double lines at 530–570 cm−1, marked by
the label �, are observed in PIHS, but not in LTLS and
HTHS.6,8 In addition, the lines in the 570–700 cm−1 range
show marked differences between PIHS and HTHS, except
for the line p4, which is due to C-H deformation mode of the
2-pic ligand.8 These lines have been attributed to skeletal
vibrations of the aminomethyl group �-NH-CH2-� in the
2-pic ligand.8 Hence the variations of these lines were re-

FIG. 2. Optical density of Fe-pic at several temperatures without
photoexcitation. The labels a–g indicate the absorption bands and
lines analyzed in Fig. 3.

FIG. 3. Optical density �OD� of selected absorption lines and
bands for Fe-pic, which are indicated in Fig. 2 by the labels a–f, as
a function of temperature. The OD has been integrated over wave-
number regions of �a� 187–224 cm−1, �b� 224-241 cm−1, �c� 322-
340 cm−1, �d� 365–392 cm−1, �e� 462–471 cm−1, �f� 473–488 cm−1,
and �g� 650–680 cm−1, then normalized by the difference of OD
between 70 and 140 K.
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garded as evidence for microscopic deformations in the 2-pic
ligand between HTHS and PIHS.

To analyze the data below 450 cm−1, we have calculated
the frequencies of infrared-active molecular vibrations for an
isolated �Fe�2-pic�3�2+ using the density-functional method.
The calculation was made using the GAUSSIAN ’03 program,18

the details of which were similar to those previously
reported.11 The parameters involved in the calculation were
first optimized so as to reproduce the reported molecular
structure of �Fe�2-pic�3�2+, then they were used to calculate
the infrared frequencies. The calculated vibration frequencies
are displayed by the vertical bars in Figs. 4�a� and 4�b�. It is
seen that most of the observed lines have their frequencies
close to the calculated ones. �Note that line e should be due
to ethanol or other modes related with intermolecular bond-
ing, since it is hardly affected by the crossover.� The lines
marked by the asterisks are located far apart from the calcu-
lated frequencies. This deviation should be related to the
strong hydrogen bonding between the amine group �-NH-� of
2-pic and Cl−,5 which was neglected in the calculation. The
calculated lines below 300 cm−1 in the high-spin states and
those below 400 cm−1 in LTLS are mainly derived from the
FeN6 vibration modes. Hence the observed lines in these
frequency ranges are also attributed to FeN6-based vibrations
�except for line e�. The lines p1–p3 are attributed to intramo-
lecular vibrations of 2-pic ligand �p1 due to out-of-plane
bending of the pyridine ring, p2 and p3 due to C-H defor-
mation of the C-C portion�.8,19

In Fig. 4, the spectra below 300 cm−1 in PIHS and HTHS
��b� and �c�� are very similar to each other. They mainly
consist of the three strong bands labeled as c1–c3 in Fig.
4�c�, which are due to stretching and deformation modes of
the FeN6 cluster. The spectral similarity demonstrates that
the microscopic vibrational states of the FeN6 cluster are also
similar between PIHS and HTHS. In contrast, the spectrum
in LTLS, Fig. 4�a�, appears quite different from those of the
high-spin states. The bands c1–c3 are no longer observed in
LTLS. Instead, a larger number of narrower lines are ob-

served, which may imply a symmetry lowering of FeN6 in
LTLS. However, the geometrical symmetry of the FeN6 in
the average crystal structure is nearly the same between the
high- and low-spin states,5,9 hence the above spectral differ-
ences are more likely to result from changes in the force
constants of Fe-N bonds. The occupation of t2g orbitals by
six electrons in LTLS, as sketched in Fig. 1�b�, results in not
only the shorter Fe-N distances, but also stronger Fe-N
bonds.1

The present data have demonstrated that the microscopic
vibrational states of FeN6 are very similar between PIHS and
HTHS. This is consistent with the previous results of XRD,9

XAFS,10 and NRIS,11 all of which gave very similar data
between PIHS and HTHS. Compared with the previous
works, however, it is very important that the present work
has explicitly and directly shown the microscopic similarity
with a high spectral resolution. In contrast, as already men-
tioned, the absorption spectrum at the 530–700 cm−1 range
has shown clear differences between PIHS and HTHS, due to
skeletal deformation of the 2-pic ligand.7,8 Considering these
results, therefore, the most important microscopic difference
between the PIHS and HTHS of Fe-pic should be the defor-
mation of 2-pic ligands. Note that this deformation does not
have a long-range order, since the XRD data9 show no ap-
preciable deformation of 2-pic in the average crystal struc-
ture.

The unusual properties of PIHS, mentioned earlier, appar-
ently result from a cooperative interaction �cooperativity�
among Fe2+ ions. However, a cooperativity is very important
also in the thermal spin crossover between HTHS and
LTLS.1 This was experimentally demonstrated on the diluted
system �Fe, Zn�-pic, where the spin crossover became much
broader at low Fe fractions, approaching that given by the
Boltzmann distribution over isolated molecules.20 An impor-
tant source of cooperativity is the long-range elastic interac-
tion, caused by the compression/expansion of FeN6 upon the
crossover.1,20,21 In this mechanism, an increase in the density
of high-spin Fe2+ effectively increases the interaction �or
equivalently lowers the energy difference between low- and
high-spin states22�, accelerating the crossover compared with
the isolated case.20,22 A theory based on the elastic interac-
tion has also successfully reproduced two key properties of
PIHS under photoexcitation,22 i.e., the presence of an incu-
bation period and the threshold excitation intensity.3

In the above models, however, the microscopic properties
involved in the interaction are not taken into account. In
addition, short-range interaction among Fe2+ ions is ne-
glected. It has been pointed out that the steplike change of
�HS and the phase separation in PIHS cannot be understood
without the short-range interaction.22 It is therefore important
to characterize the interaction among Fe2+ ions more micro-
scopically. As mentioned before, the -NH- portion of the
aminomethyl group in the 2-pic ligand is strongly hydrogen-
bonded to the Cl− anion. This hydrogen bonding is also re-
sponsible for the intermolecular bonding and crystallization
of Fe-pic molecules.5 Hence, the microscopic deformation of
2-pic ligand found in the present work is quite likely to re-
flect different states of intermolecular bondings between
HTHS and PIHS. To further characterize such bonding, it
should be very useful to study the vibration modes below the

FIG. 4. Optical density spectra of Fe-pic in �a� LTLS at 9 K, �b�
PIHS at 9 K, and �c� HTHS at 140 K. The thin curve in �c� is the
same as the spectrum in �b�, shown for comparison. The vertical
bars in �a� and �b� show the calculated frequencies of molecular
vibrations for �Fe�2-pic�3�2+. See text for the labels.
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frequency range of this work. The intermolecular vibration
modes, which involve the vibration of the entire �Fe�2-
pic�3�2+ ion, are expected to appear well below 80 cm−1.
Such modes are expected to be more sensitive to changes in
the intermolecular bonding than those observed in this work.

Low-frequency vibrations may be important also in terms
of the vibrational entropy.23 For the thermal crossover in Fe-
pic, the phonon contribution��Sph� of the experimentally ob-
served entropy change was estimated to be as large as 56%.24

This acts as a strong driving force for the crossover and also
increases the cooperativity.1,25 The large �Sph results from
the strong anharmonicity of the FeN6 vibrations: When the
average lattice constants change upon the crossover, the pho-
non frequencies also change due to the anharmonicity. Con-
sequently, the phonon density of states is modified, leading
to the large �Sph.

23,24 Since the photoinduced crossover is
observed at much lower temperatures, high-frequency
phonons are quenched, and phonons with much lower fre-
quencies may play important roles in terms of the entropy in
PIHS. It is interesting that, in Fig. 4�c�, the absorption band
c1 shows significant broadening in HTHS compared to that
in PIHS. This broadening of c1 seems unusually larger than

those of c2 and c3, compared with phonons in the usual
solids having similar frequencies. This might be a sign of the
strong anharmonicity of the low-frequency FeN6 vibrations.
Again, a further study at the lower-frequency range is needed
to obtain more information about the role of phonon anhar-
monicity.

In conclusion, we have reported a FIR absorption study of
Fe-pic single crystals in its three characteristic states. The
absorption lines below 400 cm−1 are mainly attributed to the
FeN6 vibrations. The spectra are found very similar between
PIHS and HTHS, which demonstrate that the microscopic
environment at the FeN6 cluster is also similar. The most
important microscopic difference between HTHS and PIHS
is the deformation of the 2-pic ligand, which should have
important effects on the intermolecular coupling. The present
result suggests the importance of further study at lower fre-
quencies, which should give more insight into the micro-
scopic nature of the intermolecular interaction in PIHS.

The experiments at SPring-8 were performed under the
approval of JASRI �2004A0480-NSa-np�.
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