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Dynamics of the boundaries of photoinduced nuclei in electron-phonon systems is theoretically studied.
By regarding the spatial distribution of the excited electronic state population as a geometric pattern, we
applied the multifractal analysis to it and calculated the temporal behavior of the fractal dimension f(c)
as a function of the Lipschitz-Holder exponent o, which is an appropriate method for understanding the
cooperative relaxation process of photoexcited states. We found that the incubation period observed in

various types of photoinduced cooperative phenomena corresponds to the formation of embryonic nuclei
which is driven by nonadiabatic/adiabatic transition between electronic states during the relaxation of

the Franck-Condon state.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Recent progress on the study of photoinduced cooperative phe-
nomena has shed light on long-standing theoretical and experi-
mental problems with nonequilibrium dynamics of excited states
[1-4]. It has been shown that many of these phenomena take place
in strongly coupled electron-phonon systems, which means that
they are concomitant with the change of crystal structure as well
as the electronic transitions.

As we mentioned in our previous papers, we should discuss
two important situations according as the itinerancy of the elec-
trons in order to understand their mechanisms. When itinerant
electrons are relevant to the cooperative phenomena, photoexcited
electrons induce the instability of the crystal lattice, which leads to
macroscopic structural change [5]. The second one, which we fo-
cus on in this paper, concerns the excitation of localized electrons
in each molecular unit. In this case the Franck-Condon state of the
system is approximately identical with an excited state of a single
unit.

When multiple photons are irradiated to electronic systems, a
superposition of the ground state and the Franck-Condon state is
generated in general. After the light is turned off, electronic de-
coherence immediately takes place and the quantum-mechanical
state of the system becomes a mixed state composed of the above-
mentioned two states. Hence, the initial state of photoinduced
cooperative phenomena is composed of randomly distributed ex-
cited units, and the statistical average of physical properties over
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different configurations of them corresponds to the experimental
results of pump-probe spectroscopy, for example. After electronic
decoherence is completed, the following relaxation process trig-
gers the nucleation in which intermolecular interaction plays an
important role. In this case, growing nuclei appear here and there
in the system, which create characteristic spatial patterns com-
posed of excited units. We note that, in various materials, there
exists an incubation period which is characterized by the delay
between photoexcitation and the start of the change of physical
properties, and that we have demonstrated a similar feature in
coupled electron-phonon systems [6]. In this paper, we study its
microscopic nature and discuss the dynamics of the earliest stage
of photoinduced nucleation which is understood as a mutation
process of the Franck-Condon state into embryonic nuclei, nuclei
which are able to grow.

Recent time-resolved x-ray or electron diffraction measure-
ments have been shown to be promising to study the structural
dynamics in ultrashort time scales [7,8]. Although the current time
resolution of such experiments is at most 50 picoseconds, develop-
ment of the beam sources has been recently accelerated, and, for
example, x-ray free electron lasers will make it possible to observe
the structural change on a time scale of lattice vibration period in
the near future [9]. We stress that those ultrafast structural analy-
ses will be used to study the initial dynamics of photoinduced nu-
cleation, which is complementary to the conventional pump-probe
experiments. For example, x-ray speckles in transient regime will
give us fruitful information on the relaxation of Franck-Condon
states, coalescence of photoinduced nuclei, and their growth dy-
namics [10].

We, however, still require more efficient methods to study
the dynamics of the nucleation, since direct observation of the
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spatial patterns is unavailable in microscopic scale except for lim-
ited cases, e.g., photoinduced graphite-diamond transition [11].
Amongst various experimental techniques, recent results on cyano-
complexes have shown the possibility to reach the dynamics of
nucleus boundaries in the early stage of photoinduced phase tran-
sition [12]. They probed the motion of the nucleus boundaries by
transient Raman spectroscopy and estimated the timescale of the
growth or the coalescence of photoinduced nuclei, which has ad-
ditional information on the dynamical properties of photoinduced
nuclei compared with their “bulk” properties. In discussing the in-
terpretation or the role of their experiments, we first mention that
the boundary of each photoinduced nucleus is its growth front in
which nonadiabatic transition between electronic states frequently
takes place. Since, as we have stressed [6,13], nonadiabatic relax-
ation process is a key to understand the dynamics of photoinduced
nucleation particularly at its earliest stage, the measurement of the
boundary dynamics will be a direct way to discuss the electronic
transition in coherent regime.

We should be reminded of another important point when we
pay attention to the boundaries in photoinduced nuclei, i.e., the ge-
ometrical property of their spatial patterns is a key to understand
the nucleation as pattern formation dynamics. When domains or
clusters grow their boundary also has a complicated structure as
shown in, e.g., diffusion-limited aggregation (DLA) [14] or domain
dynamics of the Ising model at the critical point [15]. Since, gen-
erally speaking, the boundaries and the domains show different
geometrical features [16], we expect that we will obtain additional
information on the cooperative dynamics of photoexcited states by
studying the behavior of the boundaries. In this paper, we show
that the multifractal analysis on the nucleation dynamics is useful
to reveal the physics of photoinduced structural change particu-
larly at the earliest stage of the relaxation processes. We note
that, although the typical time-scale of the cooperative phenom-
ena in cyanocomplexes is much longer than the coherent regime
in general, it is worth while discussing the initial dynamics of the
nucleus boundaries in order to prepare for future experiments on
similar phenomena and/or materials.

The paper is organized as follows: in Section 2, our model of
localized electrons used in the present study is introduced. We de-
scribe and discuss the calculated results in Section 3, and Section 4
is devoted to discussion and conclusions.

2. Model and method

We employ a model of localized electrons coupled with an op-
tical phonon mode which describes the general properties of the
photoinduced structural change. In the present study we consider
an array of molecules (unit cells) [17] on a square lattice with two
electronic levels and a single phonon mode interacting with each
other, which is described by the following Hamiltonian:
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where p; and ii; are the momentum and coordinate operators for
the vibration mode of a molecule at site T, respectively. Two elec-
tronic states are assigned to each site 7 which are denoted by || )z
(ground state) and |4); (excited state). o] (i =x,y, z) are the Pauli
matrices which act only on the electronic states of the molecule
at site 7. the nonadiabaticity in the dynamics is taken into account
via “spin-flip” interaction between two electronic states as in typ-
ical organic molecules [18]. iy denotes the density of the electron

in |1)7, ie., A = oz? + 1/2. The second sum which gives the inter-
molecular interaction is taken over all the pairs on nearest neigh-
bor sites, and we take into account the dipole-dipole interaction
between excited molecules 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 [19], while
our aim is to reveal the nonequilibrium dynamics of the excited
states of the model.

The molecules that we consider have two diabatic potential
energy surfaces (PESs) which cross each other, and the nonadi-
abatic coupling Aoy acts to reorganize them into two adiabatic
PESs. Although all of the material parameters have not been suc-
cessfully obtained either theoretically or experimentally, we have
some clues to estimate them by referring to the experimental data
on spin-crossover complex in which photoinduced cooperativity
has been experimentally observed. First, € is estimated by the re-
sults of calorimetric measurements and typically is 5-20 kJ/mol
[20], and spectroscopic data on the vibrational frequency shows us
that w is 200-2000 cm~! [21]. The Huang-Rhys factor s is ~ 1,
since we assume that the quantum mechanical nature of the nu-
clear wavepackets on the PESs plays an important role. Though the
other parameters are not easily accessible, we consider that they
are small compared with the above-mentioned ones. In this way
we chose the values of the parameters as: w =1, € =2.3, s =1.4,
V=11, W=0.2, ¢«a=0.1, =0.2, and A = 0.2, and the unit of
time is taken to be T =27 /w.

We numerically solved the time-dependent Schrédinger equa-
tion for the Hamiltonian (1) for systems with 128 x 128 sites
with the periodic boundary condition in order to obtain the time-
dependent wavefunction of the electron-phonon system |® (t)). As
for the initial condition, we set a certain number of molecules de-
termined by the excitation ratio p to the Franck-Condon state,
while the rest of them are set to the ground state. Detail of the
method of calculations is described in Ref. [22] 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 molecules in the excited electronic states | 1)z, and
that it is driven by the propagation of coherent phonons [6].

3. Calculated results
3.1. Distillation of the nucleus boundaries

When spatial patterns are defined by a binary function y(7), we
generally are able to extract their boundaries by tracing the loca-
tions of the jump of y(F). The classical Ising models and/or the
DLA corresponds to this case. However, our interest lies in more
complicated cases, i.e., the spatial patterns of photoinduced nuclei
are characterized by the distribution n(7, t) = (®(t)|fiz| P (t)), which
takes any value between 0 and 1. This feature notifies us that we
should consider the definition of the boundaries between the nu-
clei and the background ground-state region.

Thus, before we discuss the boundary properties with respect
to n(r,t), we introduce a method to “distill” the boundaries out
of the entire system. We point out that a clue to define the
method of distillation lies in the 7-dependence of n(r,t). To be
more precise, the value of n(7,t) rapidly changes in the vicinity
of boundaries, and thus we define the set of sites in the bound-
aries by means of the maximum value of the difference of n(7, t)
from those in the adjacent sites. For this purpose we introduce
k@, t) = ming; [n(r', t) — n(r,t)] where r’ runs over the nearest
neighbor sites of . Although k(7,t) has a large value at bound-
aries, we also should note that various geometrical patterns are
observed also inside the nucleus [6]. This feature means that the
value of k(7,t) is large even for the sites inside the nucleus. and
that we need an additional criterion for boundaries with respect
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