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We study the lattice dynamics of photoinduced structural change by a model of localized electrons coupled
with an optical phonon mode. We found that the deformation of individual molecular units obey the large
deviation statistics, and found that we can discuss the dynamics before/after structural change separately. We
also found that the characteristic vibrational frequencies differ between the molecular units, which reflects the
details of the dynamics of the nucleation processes. Thus, by studying the distribution of the relevant phonon
frequencies by transient vibrational spectroscopy, the dynamical properties of photoinduced structural change
will be experimentally revealed.

DOI: 10.1103/PhysRevB.80.140301 PACS number�s�: 63.20.kd, 71.10.Li, 05.45.�a, 64.60.qe

Recent progress on the study of photoinduced cooperative
phenomena has shed light on fruitful theoretical and experi-
mental problems with nonequilibrium dynamics of excited
states.1–8 It has been shown that many of these phenomena
are concomitant with the change of crystal structure in which
two important situations should be considered to understand
their mechanism. In the first one, excitation of itinerant elec-
trons induces the instability of the crystal lattice which leads
to macroscopic structural change.9 The second one, which
we focus on in this Rapid Communication, concerns the ex-
citation of localized electrons in each molecular unit. In this
case the structural change of the whole system follows the
nucleation of molecular units in an excited state, and the
spatial distribution of photoexcited electrons determines the
dynamics of the nucleation process.10 Polydiacetylenes and
spin-crossover complexes are typical examples of this case
and the dynamical properties of these materials have been
studied experimentally by ultrafast spectroscopy.3,4

Among various experimental techniques, vibrational spec-
troscopy is a key to characterize photoinduced phases in
these materials since the vibrational properties contain infor-
mation on the nucleation dynamics complementary to the
electronic properties. In spin-crossover complexes, for ex-
ample, some of the phonon frequencies for the photoinduced
phase are different from those for both the low-temperature
phase and the high-temperature phase,11 which shows that
the structural properties are important to understand the na-
ture of the photoinduced phase. On the other hand, we point
out that the variation of phonon frequencies in transient re-
gime should reflect the details of the dynamics of the nucle-
ation processes, and that the time-resolved vibrational spec-
troscopy will be a powerful tool to understand the transient
properties during the nucleation. In advance to such experi-
ments with intense THz or X-ray light sources available in
the near future, we aim at revealing the lattice dynamics of
photoinduced nucleation processes focusing on its site-
dependent properties theoretically, which corresponds to the
transient lattice dynamics of photoinduced structural change.

Temporal behavior of physical properties is often charac-
terized by various correlation functions such as two-point

correlation functions or power spectra. We note that they are
efficient to analyze the dynamical properties of stochastic
processes particularly when the relevant process is stationary.
However, the nucleation dynamics in the photoinduced struc-
tural change necessarily involves the relaxation dynamics of
excited states and thus is a non-stationary process, which
shows that large fluctuation during the relaxation process
plays a key role. We point out that the large deviation statis-
tics is suitable for the analysis of the present problem, and
we briefly introduce the method of analysis employed in this
Rapid Communication referring to the results by Fujisaka
and his co-workers.12,13 In the large deviation statistics a sto-
chastic variable x�t� is coarse-grained along the time axis as

x̄T�t� =
1

T
�

t

t+T

x�s�ds , �1�

which converges to the long-time average of x�t� for T→�.
The long-time behavior of the fluctuation of x�t� is charac-
terized by the fluctuation spectrum S�u� defined by

S�u� = − lim
T→�

1

T
log���x̄T�t� − u�� , �2�

where � . . . � denotes the average over t. Equation �2� shows
that S�u� is the inverse of a characteristic time scale of fluc-
tuation of x�t� in the long-time limit, and thus it describes the
dynamics of the deviation from the long-time average of x�t�.

The relevant time scales of dynamical systems are often
discussed by the autocorrelation function or its Fourier trans-
form, the power spectra. In the large deviation statistics, the
generalized power spectra Iq��� are the correspondence to
them. Iq��� is a weighted average of the Fourier transform of
the autocorrelation function defined by

Iq��� = lim
T→�

1

T

���0
T�x�t + s� − ũ�q�	e−i�sds�2eqTx̄T�t��

�eqTx̄T�
, �3�

where ũ�q� satisfies the relation dS /du�u= ũ�q��=q. q is
called a selection parameter since Eq. �3� shows that Iq���
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for large value of q emphasizes the contribution of the dy-
namical properties for large value of x̄T�t�, and vice versa.

As for the model of materials, we employ a model of
localized electrons coupled with an optical phonon mode
which describes the essence of the photoinduced structural
change. We consider an array of molecules on a square lat-
tice with two electronic levels and a single phonon mode
interacting with each other, which is described by the follow-
ing Hamiltonian:

H = 

r�
� p̂r�

2

2
+

�2ûr�
2

2
+ ��2��3sûr� + ��� + s2���n̂r� + �	x

r�
+ 


�r�,r�� �

�
�2�ûr� − �n̂r���ûr�� − �n̂r�� �

− �V − W�ûr� + ûr�� ��n̂r�n̂r�� 	 , �4�

where p̂r� and ûr� are the momentum and coordinate operators
for the vibration mode of a molecule at site r�, respectively.
Two electronic states are assigned to each site r� which are
denoted by �↓ �r� �ground state� and �↑ �r� �excited state�. 	i

r�

�i=x ,y ,z� are the Pauli matrices which act only on the elec-
tronic states of the molecule at site r�. The nonadiabaticity in
the dynamics is taken into account via “spin-flip” interaction
between two electronic states as in typical organic
molecules.14 as in typical organic molecules.14 n̂r� denotes the
density of the electron in �↑ �r�; i.e., n̂r�=	z

r�+1 /2. The second
sum which gives the intermolecular interaction is taken over
all the pairs on nearest neighbor sites, and we take into ac-
count the dipole-dipole interaction between excited units as
well as the elastic interactions. We note that this Ising-like
model is similar to the one to study the thermodynamical
properties of the Jahn-Teller effect,15 while our aim is to
reveal the nonequilibrium dynamics of the excited states of
the model.

The molecules that we consider have two diabatic poten-
tial energy surfaces �PESs� which cross each other, and the
nonadiabatic coupling �	x

r� acts to separate them into two
adiabatic PESs. We chose the values of the parameters as:
�=1, �=2.3, s=1.4, V=1.1, W=0.2, 
=0.1, �=2, and �
=0.2, and the unit of time is taken to be �=2 /�. We note
that the values of the parameters do not correspond to any
specific material but the order of magnitude for the param-
eters is estimated referring to those for typical organic mate-
rials. As we have shown in Refs. 8 and 10, the numerical
solution of the time-dependent Schrödinger equation for
Hamiltonian �4� reveals the dynamics of the nucleation pro-
cess triggered by converting some molecules to the Franck-
Condon state. Details of the method of calculation are de-
scribed in Ref. 16 and we do not mention it further to avoid
redundancy. Here we only note that the nucleation process in
the present model appears as the growth of “islands” of mol-
ecules in the excited electronic states �↑ �r�, and that it is
driven by the propagation of coherent phonons.10

During the nucleation process, the electronic/vibrational
states of individual molecules evolve with time giving influ-
ence on each other. For example, some molecules initially in
the ground state convert to the excited electronic state and

become a part of an “island.” Some molecules also go back
to the ground state though it is in the Franck-Condon state
initially. To exemplify the collective dynamics of photoin-
duced nucleation, we show in Fig. 1 a palette map for the
excited-state population N�r� , t�= ���t��ñr����t�� for t=5�,
where 5% of the molecules chosen at random are initially in
the Franck-Condon state. The detail of the growth dynamics
of the “islands” are discussed in Ref. 10.

In this Rapid Communication we study the dynamical
properties of the deformation of the molecules u�r� , t�
= ���t��ûr����t�� by regarding them as stochastic variables.
The other sites are treated as a reservoir in this theoretical
framework, and thus the microscopic detail of them is traced
out by averaging over electronic/vibrational degrees of free-
dom. We selected two molecules at site A �r�=r�A� and B
�r�=r�B� shown by the arrows in Fig. 1 and calculated N�r� , t�
and u�r� , t� as a function of t. Figure 2 shows the calculated
results of N�r� , t� and u�r� , t�.

We first point out that both molecules A and B are initially
in the ground state �N�r�A ,0�=N�r�B ,0�=0�, and that the over-
all behavior of N�r� , t� and u�r� , t� is similar, i.e., both proper-

FIG. 1. �Color online� A palette map for N�r� , t=5�� for a 80
�80 system. 5% of the molecules is initially in the Franck-Condon
state.
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FIG. 2. The excited-state population N�r� , t� �dashed lines� and
the deformation u�r� , t� �solid lines� for �a� molecule A �r�=r�A� and
�b� molecule B �r�=r�B� shown by the arrows in Fig. 1.

KUNIO ISHIDA AND KEIICHIRO NASU PHYSICAL REVIEW B 80, 140301�R� �2009�

RAPID COMMUNICATIONS

140301-2



ties increase or decrease according to the conversion between
�↑ �r� and �↓ �r�. Although we found that temporal oscillation is
clearly seen only in u�r� , t�, we stress that there is no remark-
able difference between the two properties for individual
molecules.

When we apply the method of the large deviation analysis
to u�r� , t�, qualitative difference between molecules A and B
becomes apparent. We first calculated the fluctuation spec-
trum S�u� for molecules A and B and the results are shown in
Fig. 3. We found that the domain of u for S�u� is quite
different between the two molecules, i.e., S�u� for molecule
A is defined in a wider domain of u than that for molecule B.
When multiple time-scales exist in the long-time dynamics
of u�r� , t�, S�u� is defined in a finite domain of u. In this case
various temporal fluctuation with finite lifetime exists in the
system �refer to Eq. �2�	, which also reflects the influence of
the other molecules. To be more precise, S�u� shows the
dynamics of the “islands” that molecule A or B belongs to
through the intermolecular interactions, and thus we found
that S�u� reveals the detail of the nucleation dynamics at
each site.

We note that the fluctuation spectra for molecule B is
defined in a narrow domain of u, which is reminiscent of the
motion of deterministic variables, i.e., S�u� is composed of a
single point on the u−S plane for deterministic variables. We
conclude that the fluctuation of the motion of molecule B is
small although u�r� , t� is affected by the intermolecular inter-
action. Thus, we point out that the stochastic features of
u�r� , t� deviate site by site depending on the detail of the
microscopic state of the system characterized by the time-
evolution of the surrounding molecules and/or the adjacent
“islands” of excited molecules.

The calculated results of S�u� show that the dynamics of
individual molecules is different from each other. We con-
sider that this difference reflects on the relevant time scales
for u�r� , t�, and thus calculated the generalized power spectra
Iq���. Figures 4�a� and 4�b� show contour plots of Iq��� for
molecules A and B. The selection parameter q enables us to
separately discuss the dynamics of u�r� , t� with regard to the
magnitude of the deformation, which shows that Iq��� con-
tains information on the dynamics before/after electronic
transition between �↑ �r� and �↓ �r�. To be more precise, Iq���

for negative values of q embosses the dynamics before the
conversion from �↓ �r� to �↑ �r�, while that for positive q values
reflects the dynamics after the conversion.

Figures 4�a� and 4�b� show that the characteristic fre-
quency of the oscillation of u�r� , t� is different for q�0 and
q�0. In the case of molecule A, the main peak of Iq��� for
q�0 is observed at ��0.7� which corresponds to the pho-
non frequency with �k��=0.8 Thus, molecule A vibrates syn-
chronously with the surrounding molecules before the con-
version takes place. After the conversion, however, this peak
disappears and those at ��1.1� and 2� emerge in the gen-
eralized power spectra, which means that the phonons with
larger value of �k�� are relevant to the lattice motion of the
molecule. To understand this peak shift, we point out that,
after molecule A is absorbed into an “island” of excited mol-
ecules during the nucleation process, its motion is influenced
by the coalescence of the “islands.” Since the lattice motion
in different “islands” is not synchronized with each other, the
coherence of the molecular vibration within an “island” is
lost by the coalescence. As a result, the phase of u�r� , t� for
molecule A becomes different from that of the surrounding
molecules and thus the motion of molecule A becomes fluc-
tuating as shown in Fig. 3.

For molecule B, the behavior of Iq��� is qualitatively
different from that for molecule A. The main peak of Iq���
lies at ��� irrespective of the value of q, which shows that
the vibration of a single molecule or the corresponding pho-
non plays an important role in the dynamics of molecule B.
Furthermore, for q�0, additional peaks at �=0.3� and
1.8� are present and disappear as q increases. These features
reflect the dynamics of molecule B in which the molecule is
absorbed into a certain “island” during the early stage of
relaxation, and the effect of coalescence of “islands” is not
relevant afterwards. Thus, fluctuation of u�r� , t� is small com-
pared with that of molecule A as shown in Fig. 3.

The above results show that the characteristic phonon fre-
quencies in the course of nucleation are different between the
molecules. We stress that the present results show that the
relevant phonon frequencies for the photoinduced phase dif-
fer from those for both the low-temperature phase or the
high-temperature phase.11 In particular, the initial nucleation
processes involve local structure change, which appears as a
change of vibrational dynamics in transient regime. Thus, by
studying the distribution of the frequency shift, we will find
the details of the nucleation dynamics in microscopic scale.
In other words, by time-resolved vibrational spectroscopy,
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FIG. 3. The fluctuation spectrum S�u� of the lattice deformation
u�r� , t� for molecules A and B.
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FIG. 4. �Color online� A contour plot of the generalized power
spectra Iq��� for u�r� , t� for �a� molecule A and �b� molecule B. �
and q are represented in units of �.
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we are able to discuss the transient properties of the nucle-
ation processes, e.g., growth dynamics and/or coalescence of
the nuclei, as well as the characterization of the photoin-
duced phase in macroscopic scale. It also helps us understand
this aspect to consider that we have focused on the behavior
of a single molecule in the large deviation analysis. In the
present calculations the rest of the system is regarded as
reservoir and the details of their influence are not explicitly
taken into account. However, the present results show that
the dynamics of the growth and/or coalescence of “islands”
affects the vibrational properties of a single molecule even in
this case, which means that they contain important informa-
tion on the dynamics of the whole system.

Phonon frequency shift caused by photoinduced cooper-
ativity has also been observed in itinerant electron systems.17

Since itinerancy of electrons induces long-range interaction
between the deformation of molecules, effective interaction
between “islands” is modulated by itinerant electrons/
excitons. However, local structural change takes place in a
similar manner to the present case qualitatively as far as
nucleation is present in the early stage of relaxation process.
Hence, the lattice dynamics has site-dependent features even
in itinerant electron systems. In the case of organic salts,17

for example, we consider that the detail of the relaxation

dynamics will be revealed by precise measurement of rel-
evant vibrational frequencies in coherent regime.

We mention a possibility of coherent control methods18 of
the nucleation processes. Since the characteristic frequencies
are different site by site in the nucleation, we point out that it
is possible to control the growth of “islands” by irradiating
laser pulses which are resonant to one of the characteristic
modes of certain sites. To be more precise, site-selective ex-
citation or deexcitation of molecules will be possible by ap-
propriately designed laser pulses, which means that nano-
scale control of photoinduced cooperativity will be possible
by laser pulses beyond the diffraction limit. Typically THz
laser pulses with narrow spectral width are suitable for this
purpose, though the effect of irradiated laser pulses should be
examined by further calculations.
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