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Ultrafast photoinduced transitions among three phases—charge density wave �CDW�, Mott-Hubbard insu-
lator, and metal—were investigated in an iodine �I�-bridged platinum �Pt� compound by femtosecond reflection
spectroscopy. For a weak photoexcitation, CDW phase over 70 Pt sites is converted to Mott-Hubbard phase by
one photon. Such large conversion efficiency makes possible the complete and transient transition from CDW
to Mott-Hubbard phase. For a strong excitation, the low-energy spectral weight is increased, suggesting a
conversion to a metallic state.

DOI: 10.1103/PhysRevB.79.075116 PACS number�s�: 78.47.J�, 71.30.�h, 71.45.Lr, 78.40.Ha

I. INTRODUCTION

Phase conversion in solids by a photoirradiation, which is
called “photoinduced phase transition,” is one of the most
attention-gaining phenomena not only in the fields of solid-
state physics but also in the field of optical technology.1 It is
because a photoinduced phase transition in an ultrafast time
scale may be used as a useful mechanism for future optical
switching devices. Several transient photoinduced transitions
between nearly degenerate two phases have been reported so
far, e.g., insulator-metal transitions in VO2,2 the neutral-ionic
transition in tetrathiafulvalene-p-chloranil,3,4 the charge-/
orbital-order insulator to ferromagnetic metal transition in
the manganite,5–7 the diamagnetic spin-Peierls phase to para-
magnetic phase transition in K-tetracyanoquinodimethane,8,9

and so on. In all of these transient photoinduced transitions,
the conversion from one phase to another is not perfect, re-
sulting to coexistence of original phase and the photoinduced
phase. When we consider applications of photoinduced tran-
sitions to switching devices, a complete but transient transi-
tion should be realized in an ultrafast time scale. To achieve
this, in the present study, we focus on the halogen
�X�-bridged transition metal �M� compound �the MX-chain
compound�,10 which is a prototypical one-dimensional �1D�
system under strong electron correlation and electron-lattice
interaction.

In the MX-chain compounds, electronic properties are
dominated by 1D chains composed of alternating metal
�M =Ni, Pd, or Pt� and halogen �X=Cl, Br, and I� ions in
which purely 1D electronic state is formed by the pz orbital
of X and the dz2 orbital of M. The nominal valence
of M is 3+ and an unpaired electron exists in the dz2 orbital.
In the Ni compounds, the monovalence state
�¯X−-M3+-X−-M3+-X−

¯� or equivalently the Mott-Hubbard
�MH� insulator state is formed because of the large on-site
Coulomb repulsion U.11 In the Pd or Pt compound, the
monovalence state is unstable due to the strong electron-
lattice interaction and instead the charge density wave
�CDW� state with dimeric displacements of X
�¯X−-M4+-X−

¯M2+
¯X−-M4+-X−

¯M2+
¯X−-� is

stabilized.12

In the PdBr-chain compound, �Pd�chxn�2Br�Br2 �chxn
=cyclohexanediamine�, located near the CDW-MH phase
boundary,13 the CDW phase is changed to the MH phase by
substituting 16% of Pd with Ni.14 Moreover, the photoin-
duced CDW to MH conversion was reported.15 In this photo-
induced transition, about half of the CDW is converted to the
MH state, but a complete CDW-MH transition has not been
achieved.

In this paper, we report on the photoinduced phase tran-
sition of the PtI-chain compound, �Pt�chxn�2I�I2, investi-
gated by a femtosecond pump-probe �PP� reflection spectros-
copy. This compound is located very close to the CDW-MH
phase boundary.16 In the PtI chain, the transfer energy be-
tween the neighboring M ions is larger than that in the PdBr
chain, so that the CDW-MH transition will be more
continuous17 and the transition efficiency will be enhanced as
compared to the PdBr chain. We indeed demonstrate that the
photoinduced CDW-MH transition occurs with high effi-
ciency leading to a complete phase conversion. For a strong
photoexcitation, the low-energy spectral weight is increased,
which is discussed in terms of the MH insulator to metal
transition.

II. EXPERIMENTAL DETAILS

A single crystal of �Pt�chxn�2I�I2 was grown by the diffu-
sion method according to the previous paper.16 The femto-
second PP spectroscopy was conducted using a Ti:Al2O3
regenerative amplifier as a light source. The output from the
amplifier �with the energy of 1.55 eV, pulse width of 130 fs,
and repetition of 1 kHz� was separated into two beams. One
was used for the pump light and the other for the excitation
of an optical parametric amplifier, from which the probe
lights �0.1–2.5 eV� were obtained. We can adjust the delay
time td of the probe pulse relative to the pump pulse by
changing the length of the route of the pump pulse. The time
resolution of the apparatus is 180 fs. All measurements were
performed at 293 K.

III. RESULTS AND DISCUSSIONS

Figure 1�a� shows the reflectivity �R� spectrum of
�Pt�chxn�2I�I2 with the light polarization �E� parallel to the
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chain axis b �E �b�. The imaginary part of dielectric constant
��2� �solid line in panel �b�� was obtained by using the
Kramers-Kronig transformation �KKT� of the R spectrum
and the Roessler correction.18 The broad peak at 0.95 eV is
due to the charge-transfer �CT� transition �Pt2+ ,Pt4+�
→ �Pt3+ ,Pt3+�. In Figs. 1�c� and 1�e�, photoinduced reflectiv-
ity changes ��R� spectra for E �b with the polarization of the
pump light Eex�b are presented for three excitation densities
�xph�. xph is the averaged photon �ph� density of the pump
light absorbed within the absorption depth ��300 Å�. The
delay time td of the probe light relative to the pump light is
0.16 and 1.7 ps. Errors of �R are smaller than 10−3 �10−4� in
the mid-IR �near-IR� region. At td=0.16 ps, the reflectivity

increases below 1 eV. For xph=0.005 and 0.02 ph/Pt, �R has
a peak at �0.4 eV, while for xph=0.05 ph /Pt, �R has no
peak but monotonically increases with decrease in energy. At
td=1.7 ps, �R has a peak at �0.4 eV in common. The re-
sults suggest that there is a metastable photoinduced phase
characterized by the reflection peak at �0.4 eV.

To get information of the photoinduced phase, the photo-
induced change in �2 ���2� �Figs. 1�d� and 1�f�� was ob-
tained by KKT of �R+�R�.19 At td=0.16 ps, �2 decreases at
�0.95 eV in common. For xph=0.005 and 0.02 ph/Pt, �2
rather increases at �0.6 eV. Such spectral changes are very
similar to those observed in the CDW-MH transition of the
PdBr chains,15 indicating that the similar transition occurs in
the PtI chains. For xph=0.05 ph /Pt, ��2 has a large spectral
weight below 0.2 eV, suggesting a formation of a metallic
state. At td=1.7 ps �Fig. 1�f��, the spectral shape of ��2 is
equal to that for xph=0.005 and 0.02 ph/Pt at td=0.16 ps.
This indicates that the metallic state quickly returns to the
MH state.

Here we evaluate the CDW-MH transition efficiency �.
In Fig. 1�g�, the magnitude of ��2 at 0.6 eV, ��2 �0.6 eV�,
characterizing the amount of the MH state is plotted by solid
circles for three xph values. The excitation density depen-
dence of �R at 0.54 eV, �R �0.54 eV�, is also shown by
open circles, which coincides with that of ��2 �0.6 eV�.
Therefore, we use �R �0.54 eV� as a measure for the
amount of the MH state. �R �0.54 eV� is proportional to xph
for the low excitation density �the broken line in Fig. 1�g��. It
starts to deviate from the linear relation at xph
�0.006 ph /Pt and tends to saturate for xph�0.015 ph /Pt.
Such saturation is attributable to the space filling of the pho-
togenerated species.8,20,21 Assuming the space filling of the
photoinduced MH states and the saturation density of xph
=0.015 ph /Pt, � is evaluated to be 70 Pt sites/ph. In
�Pd�chxn�2Br�Br2, �R is proportional to xph at least up to
0.025 ph/Pd which is about 4 times as large as 0.006 ph/Pt
and � ��20 Pd sites/ph� is about 1/3.5 of 70 Pt sites/ph in
the PtI compound.15 These results are fairly consistent with
each other. Using the value of � and the linear relation be-
tween �R and xph, we can evaluate the �R value for the
complete CDW to MH conversion to be 0.139, which was
shown by the solid line in Fig. 1�g�. From this line, the ratio
C of the photoinduced MH state relative to the original CDW
state for xph=0.05 is estimated to be 0.9.

We can deduce the reflectivity spectrum for the MH state
using a C value. Thin broken lines in Fig. 1�b� show the
spectra of �2�CDW�+��2 �0.05� /C with C=0.6–1.0, which
give the hypothetical spectra of the MH phase. Here,
�2 �CDW� is the original spectrum and ��2 �0.05� is ��2 at
td=1.7 ps for xph=0.05 ph /Pt. In the inset of Fig. 1�b�, the
�2 spectrum of �Ni0.16Pd0.84�chxn�2Br�Br2 in the MH phase is
presented together with that of �Pd�chxn�2Br�Br2 in the
CDW phase.14 The former provides a single peak with a
Lorentzian shape. Therefore, it is reasonable to consider that
the C values of 0.6–0.8 giving the split or distorted spectra
are not valid and the appropriate C value is 0.9–1.0. This is
also consistent with the C value �0.9� estimated from the
excitation density dependence.

To clarify the nature of the metallic state produced just
after the photoirradiation for xph=0.05 ph /Pt, we normalized
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FIG. 1. �Color online� �a� and �b� Polarized reflectivity �R� and
�2 spectra along the chain �solid lines� in �Pt�chxn�2I�I2. Thin bro-
ken lines in �b� show the �2 spectra of the MH state for various C
values. The thick broken line shows the �2 spectrum for the photo-
induced metallic state �see text�. The inset in �b� shows the �2

spectra of �Ni1−xPdx�chxn�2Br�Br2. �c�–�f� Photoinduced changes in
R ��R� and �2 ���2� for three excitation densities at td=0.16 and
1.7 ps. �g� Excitation-density dependence of �R �0.54 eV� and ��2

�0.6 eV� at td=1.7 ps and the amplitude of the coherent oscillation
�100 cm−1� on �R �0.69 eV� in arbitrary unit. The dashed line
shows a linear relation.
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the ��2 spectra for xph=0.05 and 0.02 ph/Pt �td=0.16 ps� at
the absorption peak �0.65 eV� for the MH state and calcu-
lated the differential spectrum between them, which is shown
by the thick broken line in Fig. 1�b�. The spectrum shows a
monotonous increase with decrease in energy, demonstrating
the formation of a metallic state. As discussed above, the
conversion to the MH state is almost complete for xph
=0.05 ph /Pt. It is therefore natural to consider that the me-
tallic state is produced by the carrier doping to the MH state.
Such a carrier doping may be understood possibly by the
following processes: �1� the residual CDW domains or the
boundary between the MH domains has finite charges, acting
as additional carriers in the MH state or �2� the MH state is
formed by the first half of the pump pulse and the carriers are
generated in the MH state by the second half of the pump
pulse, while it is difficult to discriminate these two processes.

Let us proceed to the discussion about the dynamics of the
photoinduced phase transition. In Fig. 2�a�, the time profiles
of normalized �R �0.54 eV� are presented. The signal instan-
taneously rises, indicating that the MH domain is formed
within the time resolution. The decay time of the MH do-
main is �20 ps. These features are independent of xph. Sub-
sequently to the initial rise, the coherent oscillations are ob-
served. To scrutinize the oscillations, we selected �R �0.69
eV� for xph=0.005 ph /Pt, which is plotted in Fig. 2�b�, and
extracted the oscillatory component by subtracting the back-
ground rise and decay from �R, which is plotted in Fig. 2�c�.
The oscillatory component can be reproduced by the sum of
the two damped oscillators,

�Rosc = �
i

Ai cos��it − �i�exp�− t/	i� �i = 1,2� �1�

as shown by the solid line. Here, �i is the oscillation fre-
quency, 	i is the decay time, and �i is the initial phase. In the
fitting procedure, the response function of the measurement
system was taken into account as a Gaussian profile. The two
oscillatory components are also shown in Fig. 2�c�. The
evaluated �i, 	i, and �i are 100 cm−1, 1.2 ps, and 
 �cosine
type� for the high-frequency component and 67 cm−1, 5 ps
and 3
 /2 �sine type� for the low-frequency one. The
excitation-density dependence of the amplitude for the
100 cm−1 oscillation �triangles in Fig. 1�g�� is the same as
that of the amount of the MH phase characterized by �R
�0.54 eV� �open circles�. In addition, the oscillation is of
cosine type. These results suggest that the 100 cm−1 oscilla-
tion is a displacive-type oscillation associated with the
CDW-MH transition. Since this transition should be accom-
panied by the release of the displacements of the I ions, the
oscillation can be assigned to the Pt-I stretching mode in the
photogenerated MH domains. As the 67 cm−1 oscillation is
of sine type, it will be due to an impulsive stimulated Raman
process.

To clarify the origin for the coherent oscillation with
100 cm−1 in more detail, we refer to the Raman spectra. In
Fig. 3�a�, the Raman spectrum of �Pt�chxn�2I�I2 is presented
together with those of other PtI chains, �Pt�en�2I��ClO4�2 and
�Pt�chxn�2I��ClO4�2. A small peak at 67 and 130 cm−1 in
�Pt�chxn�2I�I2 can be assigned to the oscillation of the ligand
molecules like the case of �Pd�chxn�2Br�Br2.15 The bands at
100–120 cm−1 are due to the symmetric Pt-I stretching
mode. In Fig. 3�b�, the frequency of this mode is plotted as a
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function of the distortion parameter d by the solid circles. d
is defined as d=2� /L �� is the displacement of the bridging
X ions and L is the M-M distance�. The frequency of the
Pd-Br stretching mode in the PdBr chains was also presented
by the solid triangles in the same figure. The frequency of
each mode sharply decreases with decrease in d. In fact, in
�Pd�chxn�2Br�Br2, the frequency of the coherent oscillation
�90 cm−1� within the photogenerated MH domains �broken
line in Fig. 3�b�� is much lower than that of the Pd-Br
stretching Raman band �120 cm−1: e in Fig. 3�b��.15 In
�Pt�chxn�2I�I2, however, the frequency of the coherent oscil-
lation �100 cm−1: dashed-dotted line in Fig. 3�b�� is almost
equal to that of the Raman band �102 cm−1� and is larger
than that �90 cm−1� in the PdBr chains, although the mass of
I is much larger than that of Br.

This contradiction can be explained as follows. Since the
size of a photogenerated MH domain is very large ��70 Pt
sites� in �Pt�chxn�2I�I2, the equilibrium position of the bridg-
ing I ion should be the midpoint between the neighboring
Pt3+ ions. In such a case, the frequency of the coherent os-
cillation on �R is double the frequency of the Pt-I stretching
vibration. It is because the two electronic states correspond-
ing to phase=
 and phase=0 of the oscillation, which are
illustrated in Fig. 4�i� and Fig. 4�iii�, respectively, are the
same with each other.8 Judging from the relation in Fig. 3�b�,

the vibrational frequency for d=0 should be much smaller
than 100 cm−1 and may be decreased to �50 cm−1 in
the Pt-I chain. In this case, the frequency of the coherent
oscillation on �R is �100 cm−1 as observed. In
�Pd�chxn�2Br�Br2, in which the size of a MH domain is not
so large ��20 Pd sites�, the Br ions do not come on the
midpoints and therefore the frequency of the coherent oscil-
lation on �R is not doubled.

The probe-energy dependence of the 100-cm−1-oscillation
amplitude was plotted by open circles in Fig. 2�d�. The spec-
trum is similar not to �R �td=0.16 ps� �solid circles� but to
the first derivative of �R �td=0.16 ps� �broken line�. It indi-
cates that the gap energy in the MH state is modulated by the
Pt-I stretching vibration. This also supports the fact that the
coherent Pt-I vibrations are generated over the MH state.

From these discussions, the CDW-MH transition dynam-
ics by the weak excitation is illustrated as Fig. 4. By the
photoirradiation, a large 1D MH domain ��70 Pt3+ sites� is
formed from a CT excited state within the time resolution �i�.
Subsequently, the equilibrium positions of the I ions come on
the midpoints between the neighboring Pt ions �ii�. At the
same time, the coherent vibration of the I ions is generated as
�i�→ �ii�→ �iii�→ �ii�→ �i�→ �ii�. The photogenerated MH
domain returns to the CDW ground state with �20 ps.

IV. SUMMARY

We have studied the photoinduced transition from the
CDW phase to the MH phase in �Pt�chxn�2I�I2 by the fem-
tosecond pump-probe reflection spectroscopy. The results
have demonstrated the high efficiency of the photoinduced
CDW-MH transition in which �70 Pt sites are converted to
MH state per photon. In the photogenerated MH domains,
the bridging I ions come on the midpoints between the
neighboring Pt ions. With increase in the excitation density,
the CDW-MH transition is completed and the transition to
the metallic state occurs. Such complete and ultrafast tran-
sient phase conversion will be a key mechanism for future
optical switching devices using photoinduced phase transi-
tions.
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