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Photoinduced phase separation in spin-crossover materials: Numerical simulation of a dynamic
photocrystallographic experiment
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The dynamics of photoinduced phase transition in spin-crossover materials is studied using numerical
simulations of a microscopic two-variable anharmonic model, in close connection with photocrystallographic
experiments on the prototype system [Fe(btr),(NCS),].H,0. A comparative analysis of the simulated diffrac-
tion pattern with excitation duration and intensity as variables is performed. Nonlinear dynamics, threshold
effect in excitation intensity and light-induced phase separation are modeled and attributed to a strong electron-
lattice coupling, mediated by long-range elastic interactions. Photoinduced nucleation and domain growth of
the metastable high-spin phase is evidenced and quantitatively explained in the Avrami formalism.
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A considerable interest is currently attached to photoin-
duced phenomena in strongly correlated electron molecular
materials.'~* Various phase-transition processes triggered by
light have been reported, for which photoexcitation results in
a macroscopic phase change. These so-called photoinduced
phase transitions (PIPTs) originate from strong electron (or
spin)-lattice coupling, and may present nonlinear photoexci-
tation and relaxation dynamics, characterized by the exis-
tence of a threshold behavior in absorbed photon intensity, an
incubation period and possibly phase separation.>

Spin-crossover (SC) molecular Fe(IT) complexes are one
of the most relevant materials exhibiting a reversible photo-
induced conversion between a fundamental low-spin (LS: S
=0) state and a metastable high-spin (HS: S=2) state.” Most
of their solid-state properties are closely related to coopera-
tive interactions of elastic origin within the crystal lattice.
Nonlinear LS to HS photoexcitation dynamics,>® and char-
acteristic sigmoidal relaxations®® have been reported for
highly cooperative systems, this can be well formulated in a
macroscopic evolution equation.'? Intensive theoretical work
addressed the question of the cooperativity. In the elasticity
theory, the interaction consists of a long-range contribution,
originating from the image pressure,!' and short-range corre-
lations between neighboring molecules.'> Several micro-
scopic Ising-like models were developed;'3-'¢ they can ex-
plain most of the SC properties in the static regime. More
recently, cooperative elastic models have been introduced us-
ing various approaches,'”>* one-dimensional atom-phonon
coupling,!” molecular dynamics,'®!° or lattice distortion
model.222 Several theoretical studies, tackled the dynamics
of spin transition in the photoinduced and relaxation
regimes.!>1022-24 These models can capture the nonlinear dy-
namics, threshold effect in excitation intensity and incuba-
tion period. It has been argued that like spin domains (LSDs)
may play a key role in the cooperative spin-transition pro-
cess, resulting in phase-separation phenomena. Although
thermally and photoinduced phase separation has indeed
been reported for several SC materials,>>3C the condition for
the development of LSDs as well as their nucleation and
growth dynamics is still an open question.

We investigate the nonlinear dynamics of the PIPT pro-
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cess in SC materials using [Fe(btr),(NCS),].H,O as a rep-
resentative example for highly cooperative two-dimensional
(2D) systems. [Fe(btr),(NCS),].H,O exhibits LS to HS
PIPT at very low temperature, characterized by a drastic ex-
pansion of the unit-cell volume, and 3.7% increase in
Fe...Fe separation distance.?’ Thermocrystallographic and
photocrystallographic experiments have clearly evidenced
the presence of LSDs, whose growth kinetics follows the
Avrami model. 28 We focus hereafter on the photoinduced
dynamics of LSD nucleation and growth in the low-
temperature regime using numerical simulation, in close con-
nection with these experimental results.

The simulations presented here are based on the elastic
Ising-like model introduced previously,?! we recall here only
the main aspects. We consider the Ising-like formalism of
fictitious spin operators ¢ on a square lattice'>~!> which we
take as deformable. The vibronic HS and LS states of Fe(II)
are represented by o=+1 and —1, respectively. The on-site
Hamiltonian which accounts for the inner degrees of free-
dom of N SC entities writes

A AT
Hy= LD o, (1)
i=1

where A, (T)=A-kpT In(g), with A the HS-LS difference in
ligand-field energy and g=g,/g_>1 the effective degen-
eracy ratio, related to the LS to HS electronic and vibrational
entropy increase AS=kjIn(g). The elastic interaction, re-
sponsible for the cooperativity, is introduced as follows. The
position 7; of each SC entity is variable, allowing for lattice
distortion and molecular volume change associated to the
spin-state switching. The interaction energy is assumed to
depend on the spin state o; and relative position 7; of the SC
molecules, it can be written as

. 0
Hint({a-}7{r}) = E A(Uis 0-/) Velasr(r(i,j)’ r(;])) > (2)
(i)
where the sum runs over all nearest-neighbor pairs (i,;).
rip=|F;— 7 and r{; ,=[|#)— 7| are the intersite instantaneous
and equilibrium distance, respectively. The equilibrium dis-
tance ”8, j in the undistorted lattice and the elastic coupling
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A(0;,0;) between a pair of sites i and j depend on their spin
state to account for the difference in Fe...Fe distances and
elastic constants between purely HS and purely LS phases.
A(0;,0;) can be formally rearranged to

A(O'iso-j)=-]0+*]l(o-i+0-_/')+‘]20-i0-j' (3)

Vioas: in Eq. (2) takes the form of an anharmonic intersite
potential of the empirical (6)—(3) Lennard-Jones type with
finite range.

For the present out-of-equilibrium treatment, we consider
two transition processes, a thermal one and an optical one.
The thermal switching of spin and lattice variable is de-
scribed by a nonconserved order parameter dynamics of the
Arrhenius type.'* A one-step dynamic is adopted, which cor-
responds to the transition probability from an initial configu-

ration of energy E; to a final configuration of energy E;

through a saddle point of energy E;.

1 0
Wi ({o} — {0} = 5—e b, )
spin

with EY

e @ constant intramolecular vibronic energy barrier.
A similar formalism is introduced for the lattice variable as

therm({r} _ {I‘ }) _ Le_B[Eglgst E/Z] (5)

elast
elast

Contrary to EV . Eu=(E%, .+ ng) is locally defined and
depends on the final spin and lattice configuration.

The optical excitation, which is considered as a single site
and unidirectional (LS to HS) process, is introduced in the
spin-switching dynamics.’> A phenomenological transition
rate W' is simply added to Eq. (4), considering thermal and

spin

optical phenomena as decoupled.
IS
opt _
Wzﬁm 2 (1 - Ui)- (6)

I, is the incident excitation intensity and S the absorption
cross-section accounting also for the photoexcitation quan-
tum efficiency. Following previous investigations on the
equilibrium behavior of our Hamiltonian,?! we chose values
of the interaction constants J,=998.85, J;=0.15, and
J>=2.15 such as to reproduce abrupt thermal spin transitions
with large hysteresis in agreement with the magnetic behav-
ior of [Fe(btr),(NCS),].H,0. At =0, the system, prepared
in the LS state, is set in contact with the thermal bath at
T=1.5, below the order-disorder transition of the model,?!
and the excitation intensity turned on (I, # 0). The behavior
of the system is analyzed using the usual HS fraction nyg and
a normalized lattice spacing r"*""; both take value 0 and 1 in
purely LS and HS phases, respectively.

X-ray diffraction measurements, conducted as a function
of time under CW laser excitation (7=15 K, A=488 nm),
have shown a systematic splitting of all Bragg peaks [inset
Fig. 4(a)], which is attributed to a heterogeneous phase-
transition mechanism with light-induced HS and LS phase
separation.”>? For strong J, coupling, our simulations
present such a light-induced structural phase separation (Fig.
1). The PIPT proceeds successively by a nucleation of HS
structural domains within the LS matrix, followed by a do-
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FIG. 1. (Color online) (Top) snapshots of the system as a func-
tion of time (in MCS) under continuous light excitation /5=0.0109.
(Bottom) distribution of intersite distances r?fﬁm showing the double

maxima distribution related to light-induced phase separation.

main growth stage. Structural relaxation occurs at the do-
main walls, to accommodate the large HS to LS lattice spac-
ing misfit. At =0, the distribution of lattice spacing exhibits
a single sharp peak centered at the LS value (""" =0) (Fig.
1 bottom). As the PIPT proceeds, the distribution broadens
and a second broad peak centered at the HS value (7"~ 1)
develops. The double peak features evidence a structural
phase-separation process, while the broadening characterizes
the buildup of inhomogeneous lattice strain due to short-
range correlations. Lattice strain is relaxed at completeness
of the PIPT.

On the course of the PIPT, the evolution of the spin and
lattice variables both exhibits a nonlinear sigmoidal trend
[Fig. 2(a)]. In the first stage, the rate of photoexcitation is
quite reduced; this is the incubation time during which nucle-
ation occurs. Then the phototransformation speeds up, criti-
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FIG. 2. (Color online) (a) Kinetics of photoexcitation as a func-
tion of optical excitation intensity I (nyg as continuous line, r™
as dashed line), (b) conversion efficiency: nyg and "™ values at
the pseudosaturation (=75 000 MCS).
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FIG. 3. (Color online) Incubation time as a function of optical
excitation intensity I, for weak (/,=0.5) and strong (J,=2.15)
cooperativities.

cal nuclei are formed through optically induced fluctuations,
and grow to metastable HS domains. In the present case,
cooperativity plays a paramount role in the photoexcitation
process. For such cooperative SC materials, the possibility
for a nonconstant photoexcitation quantum yield [S becom-
ing dependent on nyg in Eq. (6)] has been argued.?!

It has been observed experimentally,” that there exist a
high threshold photon density below which no phase change
is triggered for [Fe(btr),(NCS),].H,0 at 15 K. In our simu-
lations, we observe that indeed for low values of I,
(I,<0.007), no photoconversion occurs; as I, increases, the
transformation rate increases considerably, and the incuba-
tion time shortens [Fig. 2(a)]. A threshold effect in excitation
intensity is clearly evidenced. We plot in Fig. 2(b) the pho-
toconversion efficiency, that is the values of """ and nyg at
the pseudosaturation [taken as =75 000 Monte Carlo steps
(MCS)], and compare them to a weakly cooperative case
(J,=0.5). The photoconversion efficiency is nonlinear in ex-
citation intensity, the threshold behavior appears quite
abrupt, with a drastic increase in efficiency in a narrow range
of I, around 0.009. This is comparable to the observation
from photocrystallographic experiments. On the contrary, no
threshold behavior is observed for the weakly cooperative
case, which proves that strong elastic interactions are at the
origin of the nonlinear kinetics and threshold effect. The
threshold effect may be explained as follows. Owing to the
large LS to HS unit-cell misfit (1> 1)), large strain energy
is associated to each HS nucleus forming within the LS
structural matrix. High photon density is required to provide
a critical HS nucleus with sufficient lifetime, stabilized by
the strong cooperativity, which may further grow to a mac-
roscopic HS phase.

The incubation time, taken arbitrarily as the time required
for a nyg=0.01 conversion, is highly dependent on the exci-
tation intensity /, and intersite cooperative interactions J, as
given in Fig. 3. For weak cooperativity, the incubation time
is nearly negligible whatever the excitation intensity, a ho-
mogeneous nucleation occurs, while domain growth is hin-
dered. For strong cooperativity and weak excitation, the in-
cubation time is almost infinite, no PIPT is observed, the
formed nuclei never reach the critical size to become stable.
As the excitation intensity increases above I,=0.009, nyg
inhomogeneities develop and the lifetime of the critical nu-
clei considerably decreases, the incubation time shortens.
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FIG. 4. (Color online) Avrami fit to the normalized HS Bragg
peak intensity (dots): [1(r)—1(t— )]/ [I(t—%)—1(t—0)]. (a) Pho-
tocrystallographic experimental results, Ref. 25, (b) numerical
simulation (/p=0.0109). n is the Avrami exponent. Insets: splitting
of a Bragg peak under continuous light excitation.

To interpret the dynamic photocrystallographic results,?
we have calculated the 2D diffraction pattern for each con-
figuration of our simulations using an appropriate Fourier
transform procedure.3>33 First, the splitting of the Bragg
peaks observed experimentally on the course of the PIPT is
well reproduced (Fig. 4 insets), the HS domains developing
within the LS matrix (Fig. 1 top) are large enough and struc-
turally coherent to result in a diffracted signal. In the case of
small or structurally disordered HS domains, diffuse features
would rather be observed. The progress of the PIPT was
monitored by the evolution of the HS Bragg peak intensity,
which is in a first approximation proportional to the overall
volume of the HS phase. The experimental and simulated
kinetics (Fig. 4) follow the Kolmogorov—Johnson—-Mehl-
Avrami model®-* quite well:

Iys(1) & Vis(t) = 1 —exp{-=[k(z = 7)]"}, (7)

with 7 the incubation time, k the transformation rate con-
stant, and n the Avrami exponent. The fitted Avrami exponent
of 3.2 is characteristic of a perfect 2D nucleation and growth
mechanism (n=d+ 1), where d is the dimension of the pro-
cess, in line with the 2D structural topology. Altogether, the
Bragg peak splitting and Avrami kinetics correlate perfectly
with a PIPT driven by nucleation and growth of LSDs.

In summary, we have investigated the light-induced
phase-separation phenomenon in SC molecular solids using
numerical simulations of a two-variable anharmonic model.
Elastic models, similar to ours, with nonetheless spin-
independant interactions can reproduce the threshold effect
and incubation period, but the photoinduced phase-
separation process is usually not observed,”>?* especially
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when only long-range interactions are accounted for. Some
of these models even presents a mean-field critical
behavior.>> The only conditions under which phase separa-
tion has been characterized is in a model introducing
volume-striction effects with a fixed system volume.?* Such
volume striction is inherent to our model with open boundary
conditions. Our scheme with elastic couplings dependent on
the spin and separation distance introduces explicitly inho-
mogeneities and a spatial distribution and fluctuation of in-
teraction constants, which probably drives the macroscopic
structural phase separation for strong interactions. The model
captures the essential features of dynamic photocrystallo-
graphic experiments such as Bragg peak splitting and non-
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linear photoconversions. The threshold behavior in excitation
intensity and incubation time are driven by LSDs nucleation
and growth whose kinetics follows the Avrami model. This is
undoubtedly of current interest for getting insights on the
switching dynamics from bulk SC materials down to SC
nanoparticles, for which the role of LSDs may severely
differ.
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