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Modification of vibrational selection rules in the photoinduced spin-crossover phase
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We show that vibrational selection rules are modified in the nonequilibrium photoinduced phase in the
single-crystalline spin-crossover complex@Fe(pic)3#Cl2EtOH. In the Raman spectra, several infrared-active
modes, forbidden by the selection rules in the thermally induced phase, appear in the photoinduced phase. In
addition, these Raman lines are enhanced significantly as a result of resonant excitation to the intramolecular
transition of the ligand molecule. These results indicate that the ligand molecule should be deformed drastically
and the local symmetry breaks in the photoinduced phase.
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I. INTRODUCTION

Phase-transition phenomena under external stimuli, s
as heat, pressure, and magnetic field, have attracted m
attention. Recently, it has been clarified that photoexcita
can stimulate a phase transition in several materials. Th
phenomena are called ‘‘photoinduced phase transition.’1–6

What is a unique characteristic of the photoinduced ph
transition that differs from the other kinds of phase tran
tions, including thermally induced phase transition, has
mained an unsolved problem.

The photoinduced phase transition has been attribute
the photoswitching phenomena to the macroscopic exc
state. In the photoinduced phase transition, we can see
eral characteristics, such as threshold light intensity in
conversion efficiency and an incubation period in the init
stage of the temporal evolution.4–6 These characteristics in
dicate that photoexcited states correlate with each o
through a strong mutual correlation and form the mac
scopic excited state. Such a correlation in photoindu
phase transition should be interesting and promise a de
opment of material sciences.

The material properties and symmetry in the photo
duced phase have been quite similar to those in the therm
induced phase. For example, tetrathiafulvalene-chlor
takes an ionic phase as atrue ground state, which is the
lowest-energy state at the absolute zero. By increasing
temperature, the thermal excitation results in the therm
induced phase transition to the neutral phase.7 The photoex-
citation also stimulates the phase transition from the io
phase to the photoinduced neutral phase, which has the s
optical property and the crystal structure as those in the t
mally induced phase.4,8 As a result, the photoinduced pha
transition has been implicitly considered as a switching p
nomenon between atrue ground state and the excited sta
by photoexcitation, in the same way as the thermally indu
phase transition is triggered by thermal excitation.

Recently, it was confirmed that additional Raman lin
not observed in the thermally induced phase or thetrue
ground state, appear in the photoinduced phase in a s
crossover complex@Fe(pic)3#Cl2EtOH ~pic52-picolylamine
0163-1829/2004/69~6!/064104~8!/$22.50 69 0641
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52-aminomethyl-pyridine, EtOH5ethanol!.9 As compared
with the infrared-absorption spectra,10 these Raman lines ar
infrared-active modes in the photoinduced phase. These
sults suggest that structural change should take place in
photoinduced phase transition leading to a different struc
from the thermally induced phase or thetrue ground state.

The 3d6 electrons in the Fe21 ion in @Fe(pic)3#Cl2EtOH
take two different spin states according to the strength of
ligand field splitting betweent2g andeg orbitals: in the weak
ligand field, the ground state takes a high-spin state5T2,
while, in the strong field, it takes a low-spin state1A1. From
the magnetic measurement at temperatures 300–4.2 K, F21

ion takes a low-spin state at low temperatures, correspon
to thetrue ground state. As the temperature increases, a fi
order phase transition takes place from the low-spin stat
the high-spin state. In the thermally induced phase transit
entropy change including vibrational entropy, which could
estimated by Raman spectroscopy, plays an important ro11

Such a phase transition takes place in two steps at the
sition temperatures of 114 and 121 K.12 The space group o
the unit cell has been kept in monoclinicP21 /c, Z54 with
the symmetry unchanged.13

Photoexcitation below about 50 K results in the photo
duced phase transition from the low-spin state to the hi
spin state. The electronic transition~e.g., 1A1→1T1) is
stimulated by the photoexcitation, and the excited electr
relax to induce a local lattice distortion via electron-latti
interaction~e.g., 1T1→3T1→5T2).14 In addition, the charac-
teristics of the photoinduced phase transition, such as
thresholdlike behavior and incubation period, have be
confirmed.6 Such a photoinduced high-spin state goes b
to the low-spin state in a finite lifetime dependent on t
temperature. The photoinduced high-spin state has qui
long lifetime of about 104 sec at 10 K, but, at 50 K, it return
quickly within a few seconds.

In our previous experiments, the penetration depth of
photoexcitation for the photoinduced phase transition w
quite short,9 and the infrared-absorption spectra were m
sured in a powder sample.10 Such spatially inhomogeneou
photoexcitation might induce a disordered phase w
stresses and strains. Whether the spectral change observ
©2004 The American Physical Society04-1
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the previous experiment is caused by an intrinsic propert
the crystal or by the inhomogeneity described above w
impossible to determine. In addition, we have already p
posed the Jahn-Teller distortion around the Fe21 ion as a
possible candidate for the structural change in the phot
duced high-spin state.9 X-ray-absorption spectroscopy ha
clarified that the local structure around the Fe21 ion in the
photoinduced high-spin state should be quite similar to t
in the high-temperature high-spin state.15 There is, at a
glance, a discrepancy between the results of the two exp
ments, which has remained an unsolved problem.

In this paper, we investigate Raman spectra and infra
absorption spectra in the photoinduced phase that is ge
ated by spatially homogeneous photoexcitation in a sin
crystal. In the Raman spectra, several infrared-active mo
not allowed by the selection rule in the thermally induc
phase, appear in the photoinduced phase. The appea
indicates that the vibrational structures reflecting the lo
symmetry in the unit cell should be modified in the photo
duced phase. In addition, resonant Raman spectra with v
ing excitation energies have been examined in order
clarify the structural change in the photoinduced pha
These additional Raman lines are enhanced under reso
excitation into the intramolecular transition of the ligan
molecule or picolylamine molecule. The strong resonant
hancement suggests that the local-symmetry breaking sh
take place in the ligand molecules. These results are con
tent with the results of previous x-ray-absorption spectr
copy.

II. EXPERIMENT

@Fe(pic)3#Cl2EtOH is synthesized from iron chloride de
hydrate, 2-picolylamine, and ethanol under an O2-free dry-
nitrogen atmosphere. Single crystals of@Fe(pic)3#Cl2EtOH
are prepared by the evaporation method in a dry-nitro
atmosphere. The typical size of the crystal is about 131
30.2 mm3.

In Raman spectroscopy, a cw-neodymium vanad
(Nd:YVO4) laser~1342 nm, 0.92 eV! is used as an excita
tion light source with an average power of 60 mW. The e
citation laser is focused to a diameter of about 20mm on the
sample. The scattered light is collected in the backscatte
geometry and dispersed by a single monochromator~Jobin
Yvon, TRIAX-320, f 532 cm) with a Raman notch filte
~Super notch filter, Kaiser Op. Systems, Inc.!. A 300-
grooves/mm grating with a 1000 nm blaze is used. Ram
signals are detected by a liquid-nitrogen-cooled indiu
gallium-arsenide~InGaAs! array detector~Jobin Yvon, Spec-
trum One!. The resolution of the experimental setup is 1
nm, corresponding to 6 cm21 at 1400 nm. The practical in
tensity of Raman signals is about 10 counts/sec. The typ
integration time for measurement is about 300 sec. T
samples are mounted in a liquid-He flow-type cryostat
measure the temperature dependence. The excitation ligh
the Raman spectra measurement simultaneously plays a
as an excitation light for the photoinduced spin-crosso
transition below 40 K. We confirmed almost all Fe io
transform to a high-spin state within 5 min.
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In the resonant Raman spectroscopy, a Ti:sapphire l
~1.56 eV!, a helium-neon laser~1.96 eV!, or second harmon-
ics of a cw-neodymium vanadate (Nd:YVO4) laser~2.33 eV!
is used as an excitation light source. The scattered ligh
collected in the backscattering geometry and dispersed
triple polychromator or a single monochromator with Ram
notch filters. Raman signals are detected by a liqu
nitrogen-cooled charge-coupled-device detector.

The infrared-absorption spectra are measured usin
synchrotron-radiation source and an infrared microscope
beam line BL43IR of SPring-8.16 The infrared beam is fo-
cused to the area of about 20mm in diameter on a thin
crystal sample. To record the transmission spectra, a Fou
transform interferometer and a HgCdTe photoconductive
tector, with a resolution of 2 cm21, are used. The measure
ments are made at temperatures 290–10 K. A white li
from a tungsten lamp is used for the photoexcitation of
photoinduced phase transition.

III. RESULTS

A. Absorption spectra

Figure 1 shows the absorption spectra in
@Fe(pic)3#Cl2EtOH single crystal measured at~a! 300 K, ~b!
80 K, and~c! 10 K after photoexcitation at 1.96 eV, corre
sponding to ~a! the high-temperature high-spin,~b! low-
temperature low-spin, and~c! photoinduced high-spin states
respectively. The insets show the electron configurations
the ground state. Based on the Tanabe-Sugano diagram,17 the
absorption band at 1.5 eV corresponds to thed-d transition
from 5T2 to 1E in the high-temperature high-spin state. A
absorption band above 2.3 eV is assigned to the intramole
lar excitation of the ligand molecule. The absorption sp
trum changes drastically at the thermally induced sp

FIG. 1. Absorption spectra in the@Fe(pic)3#Cl2EtOH single
crystal measured at~a! 300 K, ~b! 80 K, and ~c! 10 K after the
photoexcitation at 1.96 eV, corresponding to~a! the high-
temperature high-spin state~HTHS!, ~b! low-temperature low-spin
state~LTLS!, and~c! photoinduced high-spin state~PIHS!, respec-
tively. The insets show the electron configurations of the grou
state in these phases.
4-2
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crossover transition. Thed-d transition shifts to a higher
energy side, resulting in an absorption band at 2.0 eV
corresponds to the transition from1A1 to 1T1 in the low-
temperature low-spin state. The weak absorption b
around 1.2 eV is assigned to a spin-forbiddend-d transition
from 1A1 to 3T1. In the present Raman study, we have us
the 0.92 eV photoexcitation for the photoinduced phase tr
sition, while, in the previous study, photoexcitation was
2.33 eV.9

In Fig. 1~c!, one can see that almost whole of the lo
temperature low-spin state was transformed to the phot
duced high-spin state and not to a mixture of the lo
temperature low-spin state and photoinduced high-spin s
because the absorption band at 2.0 eV entirely disappe
The absorption spectrum in the photoinduced high-spin s
is quite similar to that in the high-temperature high-spin st
except for the band around 1.5 eV, the width of which in t
photoinduced high-spin state becomes narrower than th
the high-temperature high-spin state. This width should
sult from the phonon sideband structure, reflecting the th
mal distribution of the phonon structure. The difference b
tween two states should be caused by the change of
temperature of the phonon system.

B. Raman spectra

Figure 2 shows the typical Raman spectra of
@Fe(pic)3#Cl2EtOH single crystal in~a! the high-temperature
high-spin state,~b! low-temperature low-spin state, and~c!
photoinduced high-spin state measured at~a! 190 K, ~b! 100
K, and ~c! 10 K, respectively. We assigned the Raman lin
indicated byp1 –p7 in Fig. 2~a!, to the vibrational modes
related to the ligand molecule by referring to the Ram
spectrum of the picolylamine liquids, which is measured
room temperature. With lowering the temperature, sev
Raman lines change their intensities and positions at the t

FIG. 2. Raman spectra of the@Fe(pic)3#Cl2EtOH single crystal
measured at~a! 190 K, ~b! 100 K, and~c! 10 K, corresponding to
~a! HTHS, ~b! LTLS, and ~c! PIHS, respectively. Labelsp1 –p7
show the vibrations of the ligand molecule. LabelsA–E andL are
described in the text.
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mally induced phase transition (TC;120 K). We recognize
the following Raman spectral changes:~i! Line L appears in
the low-temperature low-spin state;~ii ! the intensities of the
linesp3, p4, p5, andp6 are enhanced by a factor of 3;~iii !
line p3 splits into two peaks;~iv! lines p4, p5, andp6 shift
to the higher-energy side. This result reflects the fact that
vibrational structure and electron-phonon interaction
modified at the thermally induced phase transition.

The excitation energy for the Raman spectroscopy co
sponds to the spin-forbidden transition from1A1 to 3T1 in
the low-temperature low-spin state, and the excitation li
for the Raman spectroscopy additionally results in the pho
induced phase transition below 40 K. Considering the sm
optical density at the excitation energy, only 15% energy
the excitation light is absorbed by the sample in the lo
temperature low-spin state. The penetration depth of the l
at 0.92 eV is so long that the photoinduced phase transi
can occur in a spatially homogeneous photoexcitation co
tion.

In the photoinduced high-spin state, several new lines
are hardly observed in the high-temperature high-spin
low-temperature low-spin states appear in the region fr
500 to 750 cm21, as shown by arrows~e.g., lineA). Lines
p1-p7 are quite similar to those in the high-temperatu
high-spin state. LineL, appearing in the low-temperatur
low-spin state, almost disappears in the photoinduced h
spin state. The appearance of additional lines indicates
the photoinduced high-spin state has a crystal structure
differs from that in the high-temperature high-spin sta
These results are essentially the same as those in our p
ous paper9 and clarify the fact that the Raman spectr
change in the photoinduced high-spin state should not
caused by distortion or stresses due to the short penetra
depth.

The spectral change disappears quickly when the t
perature is raised to above 50 K. In addition, no change
observed in the Raman spectrum with 1.56 eV laser exc
tion. This is because the reverse process from the phot
duced high-spin state to the low-temperature low-spin s
by thermal excitation or light excitation14 is predominant and
the photoinduced high-spin state cannot be created as
sult. It follows that the observed Raman spectral chan
should not come from the temperature-induced phase tra
tion due to the heat effect by the photoexcitation but from
intrinsic and reproducible structural change in the photo
duced phase transition.

C. Temperature dependence of the Raman spectra

Figures 3~b!–3~d! show the temperature dependence
the integrated intensities of the Raman linesA, L, and p6.
The high-spin fraction is also shown in Fig. 3~a!. The inten-
sity of line A is enhanced below 50 K, while it disappea
abruptly above 50 K. LineA seems to have nonzero intensi
above 120 K, which is not due to lineA but to the back-
ground from the broad structure that differs from lineA. It
follows that line A is a Raman-active mode characterizin
the photoinduced high-spin state. The intensity of lineL is
almost zero in the high-temperature high-spin state and
4-3
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TAYAGAKI, TANAKA, AND OKAMURA PHYSICAL REVIEW B 69, 064104 ~2004!
creases abruptly around 120 K, synchronizing with the
crease of the low-spin fraction. LineL disappears below 50
K. It follows that line L is a Raman-active mode characte
izing the low-temperature low-spin state and that whole
the low-temperature low-spin state is converted to the ph
induced high-spin state below 50 K. Linep6 is assigned to
the C-C ring stretching moden1 of the pyridine ring in the
ligand molecule.18 Line p6 can be separated by three lin
I–III. Line p6, which is a single line II in the high-
temperature high-spin state, splits into two lines I, III in t
low-temperature low-spin state. Lines I, III behave simila
to line L, while line II does opposite to lineL. Coincident
with a two-step transition observed in the high-spin fractio
the temperature dependence of linesA, L, andp6 reveals two
kinks around the critical temperatures. It follows that t
vibrational structure should strongly reflect the two-step s
transition.

D. Resonant Raman spectra

Figure 4 shows the Raman spectra of t
@Fe(pic)3#Cl2EtOH single crystal measured by the 2.33 e
excitation at~a! 300 K, ~b! 70 K, and~c! 30 K, correspond-
ing to ~a! the high-temperature high-spin,~b! low-
temperature low-spin, and~c! photoinduced high-spin state
The excitation laser stimulates thed-d transition from1A1 to
1T1 in the low-temperature low-spin state, leading to t
photoinduced phase transition below 40 K. The additio
Raman lines indicated by arrows appear only in the photo
duced high-spin state. Peak positions and relative intens

FIG. 3. Temperature dependence of~a! the high-spin fraction,
and the intensities of Raman lines~b! A, ~c! L, and~d! p6.
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of these lines are identical to those measured by the ex
tion at 0.92 eV. In addition, the intensities of all Raman lin
are enhanced significantly in the photoinduced high-s
state. The energy 2.33 eV corresponds to the absorption
of the intramolecular transition of the ligand molecule in t
photoinduced high-spin state. This result indicates that
magnitude of the electron-lattice interaction relating to t
ligand molecule should be modified in the photoinduc
high-spin state.

IV. DISCUSSION

A. Thermally induced spin-crossover transition

The two-step transition, as shown in Fig. 3~a!, has been
observed in the magnetic susceptibility at the thermally
duced phase transition.12 The intermediate phase betwee
114 K and 121 K has just one half of the susceptibility in t
high-temperature high-spin state. Such an intermediate p
has been theoretically studied by using a two sublat
model19 and Ising-like model including molecula
vibrations,20–22in which the intermediate phase is an order
mixed state of the high- and low-spin states. Although va
ous experiments have been performed,12,23 the mechanism of
the two-step transition has not been experimentally clarifi

As shown in Figs. 3~b!–3~d!, the thermally induced two-
step transition can be observed in the Raman linesA, L, and
p6. LineL should be related to the vibrational mode of Fe21

because the enhancement of lineL is observed by the exci
tation corresponding to thed-d transition~i.e., at 1.96 eV!.
Line p6 reflects the structural change of the ligand molecu
It follows that the local structure around the Fe21 ion and the
ligand molecule in the intermediate phase should be a m
ture of those in the high-temperature high-spin and lo
temperature low-spin states, as predicted by the theore
study. In addition, lineA, which is related to the photoin
duced high-spin state, does not show any enhancement i

FIG. 4. Raman spectra of the@Fe(pic)3#Cl2EtOH single crystal
measured by the 2.33 eV excitation at~a! 300 K, ~b! 70 K, and~c!
30 K, corresponding to~a! the HTHS, ~b! LTLS, and ~c! PIHS,
respectively.
4-4
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FIG. 5. Raman spectra mea
sured at~a! 190 K, ~b! 100 K, and
~c! 10 K, corresponding to~a! the
HTHS, ~b! LTLS, and ~c! PIHS,
respectively. Infrared-absorption
spectra measured at~d! 290 K, ~e!
10 K, and~f! 10 K after photoex-
citation by white light, corre-
sponding to ~d! the high-
temperature high-spin state,~e!
low-temperature low-spin state
and ~f! photoinduced high-spin
state, respectively. LabelsA, B, C,
D, E, andp4 are described in the
text.
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intermediate phase. It follows that the photoinduced hi
spin state should be different from the intermediate phas

B. Spectral change in the photoinduced phase

1. Comparison with the infrared absorption spectra

Figures 5~a!–5~c! show the Raman spectra in~a! the high-
temperature high-spin state,~b! the low-temperature low-
spin state, and~c! the photoinduced high-spin state. Figur
5~d!–5~f! show the infrared-absorption spectra from 500
750 cm21 measured at~d! 290 K, ~e! 10 K, and ~f! 10 K
after photoexcitation by white light, corresponding to~d! the
high-temperature high-spin state,~e! the low-temperature
low-spin state, and~f! the photoinduced high-spin state, r
spectively. Figure 5~c! shows that all parts of the crystal a
transformed to the photoinduced high-spin state, and
fraction of the low-temperature low-spin state is less th
10%. The residual fraction would come from the reve
process to the low-temperature low-spin state by the w
light irradiation. These infrared-absorption spectra measu
on a crystal sample are essentially the same as those p
ously reported in the powder sample.10,24Table I summarizes
the peak positions of the Raman-active and infrared-ac
lines in this region. In the infrared-absorption spectra, lineA,
suggesting a new vibrational structure, appears only in
photoinduced high-spin state.
06410
-
.

e
n
e
te
d
vi-

e

e

In the high-temperature high-spin and low-temperat
low-spin states, linesB–E appear only in the infrared
absorption spectra. On the other hand, linesB–E appear not
only in the infrared-absorption spectrum, but also in the R
man spectrum in the photoinduced high-spin state. Peak
sitions of all these Raman lines, including lineA, agree quite
well with those of the infrared-absorption lines within th
experimental error, as shown in Table I. All these resu
indicate that the Raman-active modes appearing in
photoinduced high-spin state originated from the infrare
active modes.

In the crystal with inversion symmetry, the Raman a
infrared-absorption spectra have the complementary se
tion rule with each other: vibrational modes with even~odd!
parity can be observed only in the Raman~infrared-
absorption! spectra. Actually, the x-ray-diffraction measur
ment confirmed that the unit cells in the high-temperat
high-spin and low-temperature low-spin states have a ce
of inversion symmetry,25 which is consistent with our results
The violation of the selection rule in the photoinduced hig
spin state suggests that the inversion symmetry should
broken in the photoinduced high-spin state.

2. Resonant Raman spectra

In order to clarify the structural change in the photoi
duced high-spin state, it is essential to understand the or
e
te
TABLE I. Peak positions in the Raman and the infrared-absorption~IR! spectra in the high-temperatur
high-spin state~HTHS!, the low-temperature low-spin state~LTLS!, and the photoinduced high-spin sta
~PIHS!.

HTHS LTLS PIHS
Raman IR Raman IR Raman IR
(cm21) (cm21) (cm21) (cm21) (cm21) (cm21)

A 555 554
B 584 625 593 593
C 600 625 613 622
p4 639 637 639 639 637

646 642 646 645 646 644
D 661 667 674 669
E 682 707 707 700
4-5
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of the linesA–E characterizing the photoinduced high-sp
state. Resonant Raman-scattering technique with tuning
excitation energy to an appropriate electronic transition
powerful for the assignment of Raman lines. We measu
Raman spectra with the excitation at 0.92 eV, 1.56 eV, 1
eV, and 2.33 eV. Raman spectra measured by excitatio
0.92 eV and 1.96 eV are nonresonant in the photoindu
high-spin state because the energies 0.92 eV and 1.96
correspond to no absorption band. The energies 1.56 eV
2.33 eV correspond to thed-d transition and the absorptio
edge of the intramolecular transition of the ligand molecu
respectively. The Raman spectroscopy with the 2.33 eV
citation corresponds to the preresonant Raman scatterin
the intramolecular transition of the ligand molecule and
flects the electron-lattice interaction relating to the liga
molecule. The peak positions and relative intensities of
Raman lines in both the photoinduced high-spin and
high-temperature high-spin states are independent of the
citation energy, except for the excitation at 1.56 eV, which
unable to generate the photoinduced high-spin state.

Figure 6~a! shows the enhancement factor of the Ram
intensity of thep6 line as a function of the excitation energ
The enhancement factor is defined as the intensity in
photoinduced high-spin state divided by that in the hig
temperature high-spin state. The enhancement factor
creases by a factor of about 4 for the excitation at 2.33
while the intensities are almost unchanged between
photoinduced high-spin state and high-temperature high-
state for the excitation at 0.92 eV and 1.96 eV. These res
indicate that the electron-lattice interaction related to
ligand molecule should be modified in the photoinduc
high-spin state. A similar resonance effect is confirmed
intensities of the additional Raman linesA–E at the 2.33 eV
excitation. This means that linesA–E should also be as
signed to the vibrational modes relating to the ligand m
ecule. Appearance of lineA, which appears only in the
photoinduced high-spin state, suggests that a structura
formation should take place in the ligand molecule, and
deformation should be strongly related to the violation of
vibrational selection rules in the photoinduced high-s

FIG. 6. ~a! Enhancement factor in the Raman spectra measu
by the excitation at 0.92 eV, 1.56 eV, 1.96 eV, and 2.33 eV. T
intensities of Raman linep6 in PIHS are normalized from those i
the HTHS.~b! Absorption spectrum in the photoinduced high-sp
state.
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state. A possible candidate for the new lineA in the photo-
induced high-spin state is an N-C-C bending mode in
amino-methyl base.

C. Unit-cell structure of the photoinduced high-spin state

As shown in the preceding section, the Raman a
infrared-absorption spectra suggest that the inversion s
metry should be broken in the photoinduced high-spin st
Recently, x-ray-absorption spectroscopy15 was made in the
same system and led to a result contradicting this study
first sight: the interatomic distance between the Fe21 ion and
the nearest-neighbor nitrogen atom is the same both in
high-temperature high-spin state and photoinduced high-
state and in the the local symmetry around the Fe21 ion (Oh)
is unchanged.

Possible explanation for the symmetry breaking in t
high-spin state is to start from three kinds of structures w
different scales: an octahedral core structure compose
Fe21 ion and six nitrogen atoms~hereafter, called FeN6 oc-
tahedron!; a unit-cell structure including four FeN6 octahe-
dron and ligand molecules; a domain including many u
cells with a long-range order. The domain with a long-ran
order will be discussed later.

In the thermally induced phase transition to the hig
temperature high-spin state, the FeN6 octahedron is ex-
panded, keeping Oh local symmetry unchanged. The unit ce
is also expanded with the space group unchanged. In
high-temperature high-spin state, the lattice constant
comes large with increasing the temperature.13 On the other
hand, in the photoinduced phase transition, it seems lik
that the unit cell cannot be expanded as large as in the h
temperature high-spin state, because the thermal fluctua
resulting in the lattice expansion is small in the photoinduc
high-spin state, while the FeN6 octahedron becomes larg
with the same local symmetry as in the high-temperat
high-spin state. Such a difference in the unit cell has alre
been confirmed in@Fe(ptz)6#(BF4)2,26 where the lattice con-
stant in the photoinduced high-spin state is much sma
than in the high-temperature high-spin state.

The expansion of the FeN6 octahedron and the suppre
sion of the unit-cell expansion should give rise to physi
pressure to the ligand molecule, as illustrated in Fig. 7~a!. As
a result, the pressure induces the deformation of the lig
molecule, resulting in the symmetry breaking of inversion
the unit cell. One of the possible structural changes is a
tortion of the carbon atom related to the N-C-C bendi
mode in the amino-methyl base, as illustrated in Fig. 7~b!. In
this case, the symmetry of the unit cell changes toP1, where
the center of inversion symmetry disappears. In this way,
deformation of the ligand molecule leads to the violation
the selection rule, resulting in the appearance of infrar
active modes in the Raman spectrum in the photoindu
high-spin state. The deformation of the ligand molecule a
modifies the electron-lattice interaction of the ligand m
ecule, which is consistent with the result that the Ram
lines in the photoinduced high-spin state are enhanced in
resonant excitation to the intramolecular transition of t
ligand molecule.
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MODIFICATION OF VIBRATIONAL SELECTION RULES . . . PHYSICAL REVIEW B 69, 064104 ~2004!
The violation of the vibrational selections rule strong
suggests a local-symmetry breaking in the photoindu
high-spin state. However, the result does not mean dire
that inversion symmetry is broken globally in a large dom
including many unit cells as a single phase. In the extre
case, one can expect that deformations take place witho
long-range order: Magnitudes and directions of the deform
tion may be distributed inhomogeneously in a site-to-site
pendent manner, whereas the inversion symmetry with
long-range order may be kept in an average. In other wo
a local-symmetry breaking should take place as a struct
disorder in the crystal. The disorder may be the character
of the photoinduced phase transition as the nonequilibr
phase transition. Of course, one can also expect another
sibility where the inversion-symmetry breaking takes pla
globally, that is, the structural change in the crystal ta
place homogeneously in all unit cells. Unfortunately, we c
not determine which model is correct in this system o
from the Raman, infrared-, or x-ray absorption spectrosco
because these methods are relevant to only a l

FIG. 7. ~a! Local structure around Fe21 ion in
@Fe(pic)3#Cl2EtOH. The arrows indicate a physical pressure to
ligand molecule.~b! Possible candidate of the distortion in the un
cell in the photoinduced high-spin state is indicated by the arro
a

et

, J

v

H
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,
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structure. X-ray-diffraction measurements in the photo
duced high-spin state should be essential to clarify the lo
range order.

V. CONCLUSION

We demonstrated that the photoinduced phase trans
has unique characteristics that are different from those of
thermally induced phase transition. We have observed
several infrared-active modes, prohibited by the select
rule in the thermally induced phase, appear in the Ram
spectrum of the photoinduced phase. From the resonant
man spectra, modification of the vibrational selection ru
should come from the deformation of the ligand molecule
the photoinduced phase. These results indicate that a v
tional structure with a local symmetry broken should be c
ated by the photoinduced phase transition. X-ray-diffract
measurement in the photoinduced phase is in progress
soon become available to clarify whether the broken symm
try has a long-range order or not.

Note added in proof. The recent x-ray-diffraction experi
ments for the photoinduced high-spin state have shown
same space group with different lattice constants as the h
temperature high-spin state.27 The result is not contradictory
with the present results since the x-ray diffraction proves
long-range order in an average structure.
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