Mechanisms of separation of the elastic step and the thermal step

Seiji Miyashita*
JSR-UTokyo Collaboration Hub, CURIE, Department of Physics,
Graduate School of Science, University of Tokyo, Bunkyo-Ku, Tokyo, 113-0033, Japan

Masamichi Nishino!
Research Center for Materials Nanoarchitectonics,
National Institute for Materials Science, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan

Cristian Enachescu?
Faculty of Physics, Alexandru Ioan Cuza University of lasi, lasi 700506, Romania
(Dated: December 9, 2024)

The elastic interaction causes a two-step conversion from the low-spin (LS) to the high-spin state
(HS) following a femtosecond laser pulse excitation. These steps occur on different timescales: a
spin conversion (elastic step) in a short time due to pressure propagation and a late spin conversion
(thermal step) resulting from heat diffusion. In this paper, we provide a brief review of models
for spin crossover phenomena, emphasizing the role of the difference of degeneracy of the HS state
and LS state and elastic interaction due to changes in local structures. We also review theoretical
approaches to these effects. Additionally, to analyze the dynamical process of spin conversion after
photo-irradiation, it is necessary to consider mechanisms of heat transfer among spins. Recently,
we proposed a two-temperature model that incorporates both lattice and spin temperatures, which
enables us to reproduce the two steps under an early uniformization of the lattice temperature,
highlighting the importance of the timescales of these processes. Furthermore, we explore possible
mechanisms to separate the two steps by examining the different timescales of processes of spin
conversions by mechanical and entropic forces, and also by considering changes of local temperature
due to spin conversion.

I. INTRODUCTION

Spin-crossover (SC) phenomenon is a transition between bistable states, typically the high spin (HS) state and the
low spin (LS) states [1]. Due to the difference in degeneracies of the LS and HS states, various interesting thermal
processes emerge, including different forms of hysteresis. This phenomena have been analyzed by the so called Ising
like model [2], where the effects of degeneracy are incorporated by introducing a temperature-dependent external field
in the usual non-degenerate Ising model. The metastability of the phases results in a range of intriguing ordering
processes [3-5].

Apart from the degeneracy difference, it has been noted out that the volume difference of the two states, or more
generally difference of local lattice structure, causes deformation of the lattice. The elastic energy resulting from this
deformation induces an effective interaction among the spin states [6-9]. This elastic interaction is responsible for the
long range ferromagnetic interaction [10] which causes various interesting phenomena [11-18].

The elastic interaction plays a significant role not only in static thermodynamic properties but also in dynamics
in ordering process. Recently, an intriguing dynamical ordering process following ultrafast photo-irradiation driven
by the elastic interaction was observed [19]. Specifically, the high pressure due to the elastic force at the excited HS
propagates in a short period corresponding to sound propagation, and expands the lattice, which causes an increase of
HS fraction. This phenomenon is known as the ”elastic step.” This step occurs much before further increase of the HS
fraction due to heating of the whole system due to photo-irradiation, referred to as the ”thermal step.” Consequently,
two peaks appear in the HS fraction’s evolution. This dynamical phenomenon is driven by propagation of elastic
deformation and thermal diffusion [19, 20]. The appearance of these two peaks depends on the sample size. In a small
system, the injected energy escapes to the thermal bath (sample environment) before the thermal step occurs, so only
the elastic step is observed. while In a large sample, however both steps are observed.
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One may attribute such separation to the properties of fast propagation of the elastic deformation and slow prop-
agation of heat. To study this process of spin conversion with thermal diffusion, models of dynamic processes have
been explored [20, 21]. Assuming that thermal diffusion is much slower compared to the pressure propagation, the
temperature profile in the system becomes highly inhomogeneous in the process, which can cause the two steps in
development of HS fraction. This model is called “single-temperature model”. However, it has reported that the
thermalization of the lattice is very fast [22] and uniformization of the temperature happens in a short time before the
thermal step. In this context, a two-temperature model has been introduced, considering two types of temperatures:
the lattice temperature and the spin temperature [21]. The former represents the energy of the total lattice vibration,
while the latter corresponds to an energy responsible to the spin conversion.

To study these dynamical properties, detailed timescales of processes are important. In the present paper, we begin
with a brief review on modeling of the spin crossover phenomena and explore modeling of the dynamics of processes.
First, we consider the timescales of relaxation in both of the original degenerate model and the Ising-like model,
finding that both yield the same thermodynamic properties. Next, we consider dynamical features of processes, such
as the difference between the spin conversion process driven by a mechanical force (pressure) and that due to an
entropic effect (difference of degeneracy). We also assess the effect of heat emission during the spin conversion. With
these features in mind, we attempt to realize the two steps in a single-temperature model with rapid temperature
uniformization.

II. MODELS
A. Ising-like model

As aforementioned, the degeneracy of the LS and HS states plays key role for the SC phenomena. The HS state has
the energy D and degeneracy npg while the LS state has the energy —D and degeneracy npg. Electrical situations of
the LS and HS are depicted in Fig. 1, where the difference of the spins is shown (S s = 1/2 and Sus = 5/2 for the LS
and HS states, respectively). It should be noted that the degeneracies ngs and npg come from not only the spin state
but also from the lattice degree of freedom. Therefore, the ratio ¢ = nuys/nrs is much larger than that of the spin part
gspin = (2Sus +1)/(2S5Ls +1). To treat the effect of degeneracy, the so-called Ising-like model has been introduced [2—
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FIG. 1: Schematic picture of the LS and HS states of Fe*™ ion. (Courtesy of Professor Hiroko Tokoro)

4]. Let HS spin states of the ith ion be noted by s; = +1(¢ = 1,---npg) and LS by s; = —1(¢ = 1,- - - npg). Then, the
partition function is given by
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Thus, the original model with degenerate states is expressed by an Ising model (¢ = £1 without degeneracy) with
the effective temperature-dependent field Heg. This transformation is also good even if the Hamiltonian contains
interactions among spin states as explained in Computational Details Part A. Thus, models with interactions among
spin states:

Hising = —J Z sisj+D Zsi (3)

<ij> i

is expressed by

Hising = —J Z 0,0 — Hegr Zai- (4)

<ij>

For the phase transitions of SC systems, the cooperative interaction is inevitable. The importance of the cooperativity
among spins for the transition was pointed out from the experiments of the measurement of the heat capacity by
Sorai and Seki, and they proposed the so-called domain model [23]. The relation between the domain model and
the Ising-like model was clarified by a microscopic theoretical study [24]. This type of modeling is good for bistable
systems with different degeneracies, i.e., not only for SC system but also charge transfer model and charge transfer
SC model [25].

Thermal properties of the spin crossover model are obtained from the phase diagram (7', H) of corresponding Ising
model [3, 4]. There appear several different types of ordering processes as depicted in Fig. 2, i.e., (I) smooth crossover,
(IT) smooth transition with low-temperature metastable HS phase, (IIT) first-order phase transition, (IV) first-order
phase transition with low-temperature metastable HS phase, and (V) hidden LS phase. Temperature dependences of
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FIG. 2: Phase diagram of an Ising model and various cases of spin crossover system which are expressed by lines of the slope
given by Lkg In (%’)

HS fraction fyg

fus = W%l (5)

to the Types I ~ V are depicted in Fig. 3. One of characteristics of SC model is the so-called LIESST (light induced
excited spin state transition) [26, 27]. That is, when the LS state is excited to HS state by an photo-irradiation, the
excited HS state has a long lifetime. There may be two cases of LIESST. One of them is caused by long relaxation time



Type | (D=12 g=20)

Type Il (D=5 g=20)

Type Il (D=6 g=20)

+ T~ +
o /___———
fus fus fus %,
kg T/J=2D/In g " kg TAI=2D/In g
0.5 05 2 0.5 o
kgT/J=2D/In g 3
e T 1 | 6 —— 1
0 5 10 15 0 5 10 0 2 6
Temperature/J Temperature/J Temperature/J
Type IV (D=5.5 g=20) Type V (D=5 g=20)
G H———
fus fhs
3 *, | kgT/J=2D/In g
0.5 ; 0.5 4.
kg T/J=2D/In g ".“ s
U T / + G —4‘ /}
0 2 4 6 0 2 4

Temperature/J

Temperature/J

FIG. 3: Corresponding temperature dependence of HS fraction to Fig. 2.

at low temperatures where all the processes change very slowly. The other is the case where the HS state is trapped
at the metastable branch in case IV. In this case fyg first relaxes to the local stable value, although it finally relaxes
to LS state after a long time. [27] Systematic changes from the type III to IV have been studied in RbaMn[Fe(CN)g
families, where the case (IV) was found in the experiments [28] and also the case (V) in the experiment [29]. When
the interaction between the nearest neighbor sites is antiferromagnetic, the corresponding phase diagram of the Ising
model becomes complicated and the SC ordering becomes two-step [30]. When the interactions become frustrated,
e.g., the case in which signs of interactions of nearest neighbor and the next nearest neighbor pairs are different,
two-step and more complicated ordering process appear which have been found in experiments [17, 31]

B. Models for elastic interaction

Elastic interaction has been recognized as an ingredient of the SC transition and lead to various interesting proper-
ties [32]. The volume, more generally local lattice structure, changes between the LS and HS states, and the change
causes deformation of the lattice [6-9]. This deformation causes a long-range interaction among spins used the elastic
energy of the lattice [10].

Here we briefly review models so for studied for the elastic interaction in spin-crossover systems.

1. Model A

The elastic interaction was firstly studied by the model A explained below. In the model, motions of quantities are
treated by a molecular-dynamics simulation with Nose-Hoover thermostat [6, 33]. This model is suitable to reproduce
various dynamical properties.
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Here, the position and the momentum of the i-th molecule are given by (X;, P;). The coordinate (molecular radius)
and the corresponding momentum representing the intra-molecular motion (breathing mode) are denoted by (r;,p;).

The elastic interaction among molecules forming a lattice structure (Fig. 4) is given by the excess energy due to
deformation of nearest neighbor pairs

‘/iijnter(xi,yj7ri7,nj) = f(dij)v (7)

where f(z) is a function of the distance between molecules d;; = | X; — X ;| — (r; + rj). The concrete form which
was used in the paper [6] has the form f(x) =D (e“l(“"’zo) + e’b'(zﬂ”“)) with @’ = 0.5 and ¥’ = 1.0. The value g is
chosen to make f(x) have the minimum at = 0. An alternate form of f(x) could be the form of Hjattice (13) given
below.

To keep the lattice to be a not titled square shape, we include interaction between the next nearest neighbor (nnn)

pairs in addition, which is small compared to that of the nearest neighbor. If we use the triangular lattice, we do not
need the nnn interaction.
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FIG. 4: Elastic interaction V;"**"(X;,Y ;,7;,7;) among molecules (Courtesy of Professor Hiroko Tokoro).

The energy for the internal degree of freedom is given by Vin%2(r;) as a function of the radius of the molecule r;.
The effective potential energy for the radius r;, V" (r;), is given by an bistable form depicted in Fig. 5. Representing
the differences of energies and of degeneracies, the potential energies for the LS and HS states are given by harmonic
potentials by

1 1
Vis = iaLS(ri —rus)’, Vas = §aHs(T‘z‘ —rus)? +2D, (8)
respectively. The coefficients ay,s and ags are taken to be proportional to the stiffness constants of breathing modes
of the LS and HS states, respectively. We assume that the potential energies are hybridized by a mixing term J, and
then the hybridized potential energy E is given by

Vs — E J

J Vis — E =0, (9)

which gives

~ Vis 4 Vas £ /4J% + (Vs — Vis)?

By 5

(10)
These energies are depicted in Fig. 5. In actual spin-crossover materials, there exists a large entropy difference between
the LS and HS states. As mentioned, it should be noted that the degeneracies nrgs and nyg come from not only the
spin part but also contributions from surrounding ligands. To treat such large entropy difference in the molecular
dynamics model (6), an oscillator coupling to the spin state in each molecule was introduced, in which the frequency
of the oscillator varies depending on the spin state [6]. To control temperature and/or pressure, Nose-Hoover thermal
bath and/or Andersen pressure bath were used [6] . With this modeling, various peculiar phenomena due to the
elastic interactions, e.g., macroscopic nucleation phenomena [11], have been studied. This model is suitable to study
effects of mechanical dynamics at zero and finite temperatures because the motion is given by molecular dynamics.
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FIG. 5: Schematic picture of the potential energies Vis (black), Vus (green), Vi (blue, dash), and V_ (blue, solid). V_ is used
for ‘/iintra(ri)‘

2. Model B

In the model B, the motions of both spin and lattice are given by transition probabilities with the detailed balance [7].
In this model, the energy of the positions ({X;}) and the spin states {o;} is given by

HB = Hspin + Hlattice- (11)

The spin part is

1 nHS
Hspin = 27: (D — 2kBTlng) oi, g= TLS’ (12)

and the lattice part is

Hiaico = 3 3 b (X = X, = Rlo2) ~ Ro))* + 3 3 ko (1Xi = Xl = VA(R(0) + R(ey)) . (13)

<ij> <il>

where < ¢7 > denotes all the nearest neighbor pairs and < il > the next nearest neighbor pairs in a square lattice as
depicted in Fig. 4. Here, the second term is introduced to keep the lattice to be square shape. Thus, ks is set to be
small compared to k1. R(o) denotes the radius of the molecule of the spin state of o. In the model B, both the motion
of position (lattice) and the change of spin state are treated by transition probabilities (i.e., as usual Monte Carlo
methods). By this model, various interesting properties due to elastic interaction have been studied. For example, the
mean-field type long-range ferromagnetic interaction among spins [10], distribution of local stress [13], a complicated
phase diagram due to competition between a short-range antiferromagnetic interaction and the long-range interaction
due the elastic model [14-16], and multistep transitions [17].

Furthermore, this model can be applied to study dynamical properties. Using different timescales for the spin-
state conversion by MC and lattice motion by MD, it was shown that the nature of interface growth (domain wall
propagation) varies depending on the relative timescales [12].

3. Model C

Thermo-mechano-elastic method proposed by Enachescu consists of over-damped lattice dynamics and thermal
conversion of spins [8]. In this model, the positions of the molecules evolve according to the equation:
d?X; dX;

m-— =

e (T

(14)

where p is a damping constant. This equation brings the system to the low energy state. Because of the friction,
in a long time, the state reaches the ground state (or at least local minimum state) and the motion does not take



the temperature effect onto account. But, when the mass of molecules is large, it gives a good description of lattice
motion. Also, for practical calculation, the lattice dynamics is performed in a finite time and the lattice state does
not go to the minimum energy position. To improve this point, one may use the Nose-Hoover formalism [33, 34]
or introducing a noise to realize the equilibrium state by the fluctuation and dissipation relation [35]. For the spin
conversion, Monte Carlo update with the following transition probability is used:

; Ea — fip;
Phis1s = %exp <_kBT)’

. Ea+ kp; D —kgTlng
Pt _ 1 _ -, 15

LS—HS - €Xp ( kT exp kT (15)
where p; is the sum of the pressures from the neighboring sites to the ith molecule. In the triangular lattice, we
consider only nearest neighbor pairs, and the elastic interaction and the force are given by

R

1
Hiatice = ikéxz F = —kbz;j, (16)
where dz;; is a change of the distance from the equilibrium length. Then the pressure is given by

j:neighboring sites

The relation between models B and C has been studied in Ref. [9]. This model has been applied for several SC
phenomena, e.g., photo-thermal swotching [18, 20, 21]. Using over-damped lattice motion in Model B is physically
equivalent to Model C. In our previous papers, we utilized Model C; however, in the present paper, we employ Model
B with over-damped lattice motion, which produces qualitatively (and almost quantitatively) the same results as
those obtained from Model C.

C. Models for dynamics after ultrafast pulse photo-irradiation

To study mechanism of the elastic and thermal steps after ultrafast pulse photo-irradiation, models with thermal
conduction is necessary. Here, we review models so far studied.

It should be noted that in the simulation, the Hamiltonian (11) is only for the potential energy which consists of
the spin part (12) and elastic part (13). In classical systems, the kinetic part is independent of the potential part.
The temperature somehow represents kinetic energy, and the transfer of kinetic energy is treated by the heat transfer
which is not included in the Hamiltonian. To study dynamics of systems with non-uniform temperatures, we need
some heat transfer equation in addition to the Hamiltonian, which will be explained in the following subsections.

1. Single-temperature model

In this model, we consider a local temperature, T1,(x, t), for a molecule at a position & at a time ¢. Providing heat
transfer between neighboring sites and also heat escape to external thermal bath with the temperature Ta1, the time
evolution of the local temperature, {T1,(x,t)} is given by

Tu(m,t + At) =Ty (@, t) + At (X Y (T(@,t) = T(2,t) + £ Y (Tharn — (1)) | (18)

nn:L’

where A gives the rate of energy diffusion to the neighboring sites, x is the rate of heat escape to the external thermal
bath. The unit of A and « is 1/MCS. In the present study, we demonstrate qualitative features of the processes, and
thus here we choose the parameters to reproduce phenomena with typical features. In this respect, we study models in
two dimensions. Real systems are in three dimensions where we must consider the inhomogeneous irradiation from the
surface to the bulk, which is not considered in the present paper although it was studied the previous papers [20, 21].

In the present paper, we use the following parameters: The lattice is a 60 x 60 square lattice, and D = 1064K,
g = 1069, k1 = 80000K /nm?, ks = 8000K /nm? (the equilibrium distance r.s = R(—1) = 1 and the length is measured
by the unit nm), and the bath temperature Thatn, = 280K. In Fig. 6, we show the temperature dependence of fyg in
the present model with the parameters. In the present study, 2D /kg In g ~ 305, the bath temperature is Thatn = 280K



which is set just below the hysteresis loop. The average temperature Ty just after the irradiation with Trx = 480K

is given by

Tau = Tbath x 0.77 + TEX x 0.23 ~ 326K. (19)
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FIG. 6: Temperature dependence of fus of the present model.

Here, we consider the following processes after photo-irradiation. Before the photo-irradiation, the system is in
equilibrium at a temperature Ty, which is just below the coexistence (hysteresis) region and the spins are in LS
state. At the irradiation, some of molecules are excited and the local temperature increases to Tgx as shown in Fig. 7.
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00 o900

FIG. 7: (left) Before the photo-irradiation where almost all the local sites are in LS state (dark blue), and (right) a molecule
(yellow) is excited by the photo irradiation.

We consider a case in which some of molecules are excited. Because the excited molecules tend to expand to the size
of HS state, very high pressure is placed on the neighboring sites. Microscopically, the Fe-ligand distance increases
in an excited molecule, but the volume (lattice parameter) of the whole system is little changed immediately after
irradiation. Thus, the high pressure is applied to the neighboring molecules. In the present paper, we do not refer to
the details of this fast process although it is important as a microscopic process.

The energy diffuses to the neighboring sites, and the temperature of the irradiated site decreases heating up the
neighboring sites (Fig. 8(a)). In this process, some of the irradiated sites are pushed back to LS state (Fig. 8(b)) due
to the high pressure, and the number of HS molecules decreases just after the irradiation. When the excited spin keeps
HS state, high pressure remains, and the high pressure propagates over the system and the size of system expands.
This expansion of the system causes reduction of the pressure, and makes the molecules to convert to HS, which
makes an increase of the HS fraction. When the energy transfer is slow, after the increase the number of HS molecules
decreases because the decrease of the excited HS molecules, which makes a peak of HS fraction. These processes give
the elastic step. This step occurs at the timescale of pressure propagation (an order of the sound velocity which is an
order of few nano second). After a long time (in timescale of heat diffusion of an order of us), temperatures of all the
sites become higher than the conversion temperature, and all the sites tend to become HS state, which is the thermal
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FIG. 8: (a) Conversion neighboring sites to HS state (orange), and (b) a case where the excited site is pushed back to LS state
with high energy (right blue).

step. After much longer time, energy escapes to the external thermal bath, and the temperature comes back to the
original one of the LS state where almost all the spins convert to LS again. Like Fig. 2 of Ref. [21] obtained by the
model C, we show an example of such process in Fig. 9. Time dependence of nys (HS fraction) is depicted in Fig. 9.
Lower panel shows nyg in logarithmic time. The change at the irradiation occurs at ¢ = 100 which is very close to
the left axis in the upper panel. The resulting state depends on parameters of excitation, heat transfers, and the heat
leaking to the bath. By choosing an appropriate set of parameters, we can reproduce the two steps similarly to that
observed experiment [19].

In the figure, we also plot time dependence of the quantities “vol(t)/vol(0)”, a(t)/a(0), 10 x Aa/a(0) and 5 x E(t) —
E(0)/E(0). To see the change clearly, multiplied values are plotted. “vol” is the volume (area) of the lattice and
vol(0) is the value in the LS state, and a is the average distance of the neighboring sites ¢ and 7, /({|X; — X,[?),
Aa/a(0) = (a(t) — a(0))/a(0)) and E is the sum of local temperature of the current configuration. In Computational
Details Part B, a vs nyg is plotted in Fig. 15.

Aa(t)/a(0) x 10
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L al0)

L log(t)

FIG. 9: Example of two steps in a single-temperature model with rgg/rLs = 1.102, A = 0.0002, and x = 0.000017 in a two-
dimensional system with 60 x 60 sites. “vol” is the volume of the lattice, E' the total energy, “a” the average lattice constant
and nug is HS fraction. The lower panel shows nus in the logarithmic time. Temperature of the irradiated site is Tex = 480K,
and the probability of irradiated sites is p = 0.23.

However, it is found that the spin configuration is very inhomogeneous as depicted in Fig, 10 similarly to Fig. 2
(right) of Ref. [21]. This inhomogeneity of local temperature contradicts experimental observation that the thermal-
ization of the lattice is very fast around 10ns which is about the time of elastic step [22]. They found that the dynamics
span from subpicosecond molecular photo switching followed by volume expansion (on a nanosecond timescale) and
additional thermal switching (on a microsecond timescale) from results of time-resolved X-ray diffraction. Therefore,
uniformization of the temperature should be achieved much before the thermal step.

If X\ is large, local temperature becomes uniform fast, but the dominant spin conversions are given by thermal
conversion (i.e., thermal step), and the elastic step does not appear.
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FIG. 10: Spin configurations at times. The colors denote different temperatures: yellow : T > 390, orange: 390 > T > 370,
dark brown: 370 > T > 350, light brawn: 350 > T > 330 green : 330 > T > 310, light blue: 310 > T > 290, dark blue :
290 > T > 280, black : 280 > T.

2. Two-temperature model

To overcome this difficulty, we introduced a two-temperature model [21]. In this model, we consider two kinds of
temperatures, i.e., the lattice temperature Ty, (x, ¢) which expresses the total energy at a molecule at a position x at
a time ¢ and the spin temperature Ts(x,t) which is responsible for the spin conversion. The temperatures follw the
following equations:

Ti(a,t+ At) =Ty (@, 1) + At |A Y (Tu(@,t) = Tu(@,1) + £ > (Tham — TL(, 1)), (20)
nn: L’ xr
and
Ts(x,t + At) = Ts(@, ) + AN > (Ti (@, 1) — Ts(, 1)), (21)

where A gives the rate of energy diffusion to the neighboring sites, x is the rate of heat escape to the external thermal
bath, and )\ is the rate of conversion from the lattice temperature to the spin temperature. In our recent paper [21],
we used slightly different model. But here we use this model which is based on essentially the same picture.

We assume the spin state at each site is given by the equilibrium state with its spin temperature. Here we assume
that A > X, so that the energy diffuses rapidly, and the spin temperature comes close to the lattice temperature
rather slowly. The escape rate to the external bath x is assumed to be much smaller than ). In this case, the
lattice temperatures become uniform in a short time, while the spin temperature remains inhomogeneous. And
thus, tuning these parameters, we can produce the elastic step and thermal step, separately in almost uniform lattice
temperatures [21]. A two-step of HS fraction is depicted in Fig. 11 which corresponds to Fig. 3 in our recent paper [21].
In the following section, we consider properties of the timescales of spin conversion in various cases.
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FIG. 11: (a)Example of two steps in a two-temperature model with rgs/ris = 1.1, A = 0.02, Ag = 0.00land x = 0.00005 in
a two-dimensional system with 60 x 60 sites. The notations are the same in Fig. 9. (b) Profile of the lattice temperature at
the time ¢ = 300 denoted by the arrow in (a). The temperature of the irradiated site is Tex = 480K, and the probability of
irradiated sites is p = 0.23.

III. TIMESCALES OF PROCESSES

Now we consider the timescales of processes. For thermodynamics, the timescales of relaxation process are not
important. But for dynamical properties, the timescales have crucial role. Here we consider the following points
(1) timescales of the degeneracy model and the Ising-like model,
(2) timescales of thermal process and mechanical process,
(3) timescales of heat emission to the local bath in mechanical spin-conversion process.

A. Timescales of the degeneracy model and the Ising-like model

Let us begin with (1) timescales of the degeneracy model and the Ising-like model. For spin-crossover phenomena,
the degeneracy, i.e., the difference of degeneracy of the LS and HS states is important. For equilibrium thermodynamic
properties, the effect of the different degeneracies can be expressed by an effective temperature dependent field (2).

At high temperatures, the system tends to be HS state because of the entropy effect, i.e., ngys > nyg as depicted in
Fig. 12(left). In the Ising-like model, the effective field (2) becomes positive and the energy of HS state in the Ising-
like model becomes lower as depicted in Fig. 12(right). These two pictures have the same thermodynamic properties
because their partition functions are the same.

Now we study dynamical properties of the models. In particular, we obtain the relaxation rates of both models in
Monte Carlo simulations which give qualitative nature of relaxations.

Dynamics of Monte Carlo simulations are given by the so-called master equation which is equation of motion of the
probability distribution updated by the transition probabilities among the states. Giving the transition probability
per a unit time from the state i to j by {w;_,;}, the master equation is given by

P(i,t+ At) = P(i,t) = At Y wi;P(i,t) + At Y w; ;i P(j,t), i=1,---,M. (22)
J#i JFi

Expressing the probabilities as a vector P(t), the master equation is given by in a matrix form with the time evolution
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FIG. 12: (left)Comparison of spin conversion in the original degenerate model, and (right) that in the Ising-like model.

operator L:
P(Lt—i—At) W11 Wo_ 1 At w1 At P(l,t)
P(2, t+ At) wi_so At Wo_s2 cee Was—sa AL P(Q, t)
, _ , , , , D S PeeAn = LP@),  (23)
P(M,t+At) wl%MAt MQHMAt WM M P(Mﬂf)

Here, we assume the detailed balance among the transition probabilities to realize the thermal equilibrium state:

Wi— 5 Peq (])

= —. 24
Wi Peg(i) @9
In the present study, we adopt the choice of Glauber type transition probability for each spin:
w¢_>j XX BiﬁEj, 6 = L, (25)
kT
and
M
i#]

In the model with explicit degeneracies, the energy difference of the LS and HS states is 2D, and energetically LS is
favorable. But because nyg is much larger than nyg, HS state is realized at high temperatures. In the Ising-like model,
the variable o; just takes £1, but the effective energy includes the degeneracy effect as the temperature dependent
field (2). And thus, HS state is realized at high temperatures. These processes are different, and we need to check the
difference in dynamics. . The time-evolution operator for the degenerate model is expressed by a master equation is
given by an n X n matrix, where n = nyg + nrs, while that of the Ising-like model is a 2 x 2 matrix. The relaxation
rate is obtained from the eigenvalues of the matrices.

1. Timescales of the degeneracy model

The time evolution operator for a step of At in the original degenerate model is given by

ﬁ /8 ’Y/ ’Y/ P1

P(t+ At) = LP(1) = : B : pgfs : (27)
B B B oay oy .
g v e B :

/7 PN “en P)/ ﬁ/ cen a/ anS
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where
1 L D/ksT
B =whus—ns = —At, ¥ =wHsLs = —e ["PTAL, (28)
THH THL
/ 1 / 1 —D/ksT
8 =wrsps = —At, v =wrLsus—e BLAL, (29)
TLL TLH
a=1-> wi,;=1-(nus—1)B—nLsy, (i <nns), (30)
J#i
and
o =1- Zwl_,j =1—(nLs — 1)8 —nusy (nus <i<n). (31)
i
Here we assume
TLH = THL = TX. (32)

Now we obtain eigenstates and eigenvalues. In general, one of the eigenstates of the time evolution operator L
represents the steady (equilibrium) state with the eigenvalue Ay = 1, and other eigenstates correspond to relaxation
modes with the eigenvalues \; <1 (i =1,2,--- M — 1) where M = ngg + nrg is the dimension of the time evolution
operator L.

From the symmetry of the matrix £, first, we consider a uniform state in which all the HS states are uniformly
populated with a probability p and all the LS states are uniformly populated with a probability ¢:

P1 p
Prws f = f P (33)

q1 q

qLs q

In this case, the eigenvalue equation with the eigenvalue X is given by

pla+ (nus — 1)B) + qnusy’ = Ap,  q(o’ + (nus — 1)B') + pnusy = Aq. (34)

Substituting (30) and (31), we have the relations:

p(1 —nrsy) +qnisy = Ap,  q(1 —nusy') + pnusy = Ag. (35)
Thus, the A is given by
L-msy=A sy =0— A—1)(A— (1 —npgy —nusy)) =0. (36)
NHSY 1—npgy — A

The eigenvalues are

1 1 At
=1 M=1—-nigy—nusy =1- nLSfeD/kBTAt — nHSfeiD/kBTAt =1-— (aneD/kBT + aneiD/kBT) .
< < .S

(37)
The eigenvalue )\g is for equilibrium state and the eigenvalue A; gives the relaxation time.
1 In )\1
M) =TT t=nAt o - =~
(A1) e , nAt, = — At (38)



1 At 1
=——1In (1 - — (aneD/kBT + nHSe_D/kBT)> ~ (aneD/kBT + nHSe_D/kBT> . (39)
At TX X
The ration of p and ¢ for the case of \yj = 1 is given by
/
—pnrsy 4+ qnisy =0 = p = %q —p:q=nnse /T ngel/teT (40)

This gives the equilibrium state which corresponds to the canonical distribution.
The ration of p and ¢ for the case of A =1 — npgy — nggy is given by
nLs
pnus +qnis =0 —=p=——-4. (41)
nHS
The sum of all the components of Py is zero (pnus + gnrs = 0), which indicates that its eigenstate gives a relaxation
mode giving a deviation from the equilibrium state.
Next, we obtain non-uniform eigenstates which are orthogonal to the uniform eigenstates obtained above. Then,
we consider states satisfying the following relations:

NnHs n=ngs-+nLs

i=1 j=nus+1
i.e., eigenvectors of the forms:
D1 0
D2 0
Pnus |, and 0 . (43)
0 a1
0 Gnis

The operation for the upper part (of HS states) is given by

a f - B P1 P1
g .- B ]7.2 —(a-p) P.2 ’ (44)
where we used the condition Y 'y p; = 0. Thus, the eigenvalues are (nys — 1)-fold degenerate to be
A=a—f=1-nusf —nrsy. (45)

Similarly, from the lower part, we find (nys — 1)-fold degenerate eigenvalues:
A= Oé/ - 5/ =1- anﬁl - an’}/. (46)
Because uniformizations within HS states or within LS states are expected to be fast, i.e., we assume these eigenvalues

for non-uniform cases are small. Therefore, the relaxation process the uniform modes with slow relaxation time plays
important role.

2. Timescales of the Ising-like model

In this case that the system has only two states (o = £1), the time evolution matrix is given by

_ (1 —whso1sAt  wrsusAt DHS
P(t+At) = LP(t) = ( wps—LsAl 1 —wps,usAl pLs )’ 7)
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where

leﬂ(D—kBTlng/z) = 1\/T65D = ;ane’BDv
70 o\ yg To/MHSNLS
1

1 1
WLssHS = e B(D—kpTIng/2) _ 7\/§6—5D — 7”HS€_6D~ (48)
0

70 To/MHSTLS

WHS—LS

The eigenvalues are obtained by

1 — wusLsAt — A wrsusAt _ _
wHS*}LSAt 1— U/LSHHSAt Y 0— ()\ 1)()\ (1 WHS—LS U/LS%HS)) =0. (49)
as
)\Bsingflike _ 1’ )\Ilsingflike - 1— wHS—)LSAt o wLS—)HSAt~ (50)
The relaxation time is given by
Ising—like
Ising —like _ Ising —like 1 ln )\
(AfmET ey = et , t=nAt,— TTeme ke 1At ~ wygs—Ls + WLs—Hs- (51)
Comparing 7 for the degenerate model and r'sine~like j e
1 1 1 1
_ BD —BD — 8D —BD
— = — (nrse”” + nyse , - — = nrse’ "~ + nuse , 52
T o7x ( LS HS ) plsing—like — 7 /prcnrs ( LS HS ) (52)

we find that the relaxation times of the Ising-like model and the degeneracy model have the same dependencies on
the temperature. Here 7x is a typical time of contacts for each microscopic state s; with the thermal bath, while
rlsing=like ig 5 typical time of contacts for one of HS state and LS state o; with the thermal bath. For the overall
timescale, they are different by the factor 7\/nusnis/7x. But this factor is constant throughout the process and the
difference does not affect temperature dependence of the relaxation process. Therefore, we conclude that both models
have the same dynamics, and the use of the Ising-like model is verified to study the original degenerate model.

B. Considerations on dynamical effects on the spin conversions

In Sec. ITC 2, we considered the two-temperature model to explain the two-step evolution of spin conversions in the
rapid uniformization of lattice temperature. We may have a question what the essential role of the two temperatures
is, and what physical meaning of the spin temperature is. The answer should be in the timescales of microscopic
processes, e.g., energy transfer and spin conversion, and so on.

The two-temperature model suggests the importance of the timescales of processes. Here, we explore some mech-
anisms which make the elastic step in a rapid uniformization of the temperature in a single-temperature model by
modifying the transition probability considering dynamical effects on the spin conversion.

As we discuss above, the dynamics of the spin conversion is not simply given by thermal process which is given by
MC simulation with the detailed balance, and we need to consider properies of direct mechanical process. In principle,
the latter cannot be taken into account in MC. But below, we try to argue modelings with modifying the transition
probability.

Here, we consider the timescales of thermal process and mechanical process. Because of the degeneracy, spin states
change not only due to mechanical force (the pressure), but also due to the entropic force due to the difference of
degeneracies g. When the mechanical deformation is small, spin conversion takes place as thermal process (Fig. 13(a)),
which may be called entropy-driven conversion. Figure 13(a) schematically shows that the effective energy of HS part
is lowered by the entropy effect D — kg7 ln g/2 although the energy of HS part itself is higher by D. On the other
hand, when the mechanical deformation is large, spin conversion takes place by a mechanical force, e.g., the pressure
(Fig. 13(b)), which may be called mechanical-driven conversion. Figure 13(b) schematically shows that HS state is
forced to convert to LS state due to large pressure. In this process, heat emission takes place in a short time and the
local heat bath may not absorb it immediately.
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(a)

FIG. 13: (a) Spin conversion caused by the degeneracy difference (entropy-driven conversion), (b) Spin conversion caused by
mechanical force (mechanical-driven conversion).

1.  Timescales of thermal process and mechanical process

We expect the relaxation time for the entropy driven process to be longer than that of mechanical driven processes
because the entropic force becomes relevant after many contacts of the heat bath to recognize the degeneracy difference.
Although such an effect is difficult to be expressed by a transition probability satisfying the detailed balance, we dare
to introduce dependence of the relaxation time as a function of mechanical energy to take into account such aspect
approximately and try to find two-step conversion within a single temperature model with fast uniformization of
lattice temperature. For example, we may introduce dependence of the relaxation time as a function of mechanical
energy.

1 atanh(EEI‘go)—i—b
= = 53
T0 Cl+b ’ ( )

where Ej is the total energy and Eyp is the mechanical part. a and b are control parameters. By tuning parameters,
we may have two steps (not shown), but this choice of transition probability violates the detailed balance. Thus, in
principle, the difference of dynamics must be taken into account by a mechanical way but not by the form of transfer
probability, which should be an important subject in the future. Some trials of such treatments will be discussed
later.

2. timescales of heat absorption to the local bath in mechanical spin-conversion process

Next, we consider the timescale of heat flow to the thermal bath in spin conversion. In the master equation
approach, the transitions occur in contact with the thermal bath. There, the change of energy in the transition is
assumed to be absorbed to the thermal bath immediately. This assumption is good when the bath is very large where
exchanges of the energy are done immediately and the temperature of the bath does not change.

However, when we consider the local temperature, the local bath which consists of various modes of a molecule
is not so large. Then, it is expected to take some time before the emitted energy is absorbed in the bath. Due
to the emitted energy, the local temperature would change in a short time. As a typical case, let us consider the
process where the photo-irradiated excited spin is pushed back to LS state due to the high pressure (Fig. 13(b)).
In this process, the energy (i.e., heat) is emitted to the local environment (Fig. 14(a)). Therefore, the local lattice
temperature increases. We try to reproduce the two-step spin conversion to take the heating due to the emission
within the single temperature model with fast uniformization of the temperature.

It is found that, if we take into account temperature increase due to the emission, we can reproduce two steps
in a single-temperature model with tuned parameters (at ¢ = 700 and 13000 in Fig. 14(b)). When A is large, the
temperature profile becomes homogeneous in an early stage even in the single-temperature model. In Fig. 14(c), the
temperature profile at t = 200 is depicted.

In this section, we explored possible mechanisms to realize two steps in a single-temperature model taking into
account some dynamical mechanisms, and we reproduce two-steps in a single temperature by considering additional
effects at photo-excited sites. These results could lead to the hypothesis that the spin-temperature in the two-
temperature model may represent the difference types of spin conversion (i.e., mechanical or thermal), or heat emission
at the spin-conversion of irradiated molecule. However, more systematic investigations on dynamical effects are
necessary.
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FIG. 14: (a) Heat emission in the process of compression by the pressure. (b) Two steps in a single-temperature model with
tuned parameters taking into account the temperature increases due to compression. Example of two steps in a two-temperature
model with rgz/r, = 1.1, A = 0.02 and x = 0.00005 in a two-dimensional system with 60 x 60 sites. the notations are the
same in Fig. 9. Temperature increase by heat emission is 100K. (c) temperature profile at ¢ = 200. The temperature of the
irradiated site is Tex = 400K, and the probability of irradiated sites is p = 0.23.

IV. SUMMARY AND DISCUSSION

In this paper, theoretical models for spin crossover phenomena were reviewed. Characteristics of spin crossover
systems are the difference of the degeneracy of the LS and HS states, i.e., ngys and npg, and the elastic interaction
due to the difference of local lattice structure, e.g., the volume of molecules. The former is treated by the Ising-like
model [2-4], and the latter is treated by several models taking the elastic energy due to lattice deformation [6-9].
Moreover, to explain the dynamical aspects of ordering processes, such as the two-stage ordering after photo-irradiation
(elastic step and thermal step) [19, 20], mechanism of heat (energy) conduction is important. For this point, single-
temperature model and the two-temperature model have been introduced. The conventional single-temperature
model studied in Sec III C-1 cannot reproduce the two-step transition in a rapid uniformization of temperature
found experimentally [22], and the concept of the spin-temperature which is a part of the energy responsible to the
spin conversion has been introduced. This two-temperature model succeeded to reproduce the two steps in rapid
uniformization of the lattice temperature [21]. The idea of the spin temperature suggests the importance of the
timescale of the processes. In the present paper, we studied timescales of the original degenerate model and the Ising-
like model. It was found that the relaxation time of both models have the same temperature dependence although
the overall factor is different. Thus, it is verified to use the Ising-like model to study dynamics. Moreover, we try to
realize the two steps, i.e., the elastic step besides the thermal step in rapid uniformization of the temperature in a
single temperature model. We considered some modifications of transition probability, taking into account effects due
to the difference of thermal and entropic forces and of local heat emission in the spin-conversion by pressure. It was
found that the elastic step appears in such modifications.

For real time phenomena, more investigations of time dependent processes are necessary, which will be important
for fast manipulation of spin states by ultrafast pulses. As for the discussion on the timescales related to the thermal
exchange between the molecule and its local heat bath, concrete information of intramolecular and intermolecular
vibrations and ligand distortions is inevitable. Such microscopic details depend on materials. In the present work, we
only discussed the importance of timescales, and the details will be postponed to future studies. Moreover, the present
paper does not refer to the microscopic processes of irradiation where the interaction between the electromagnetic
field and the spins is important. Such processes are relevant also for general manipulation of quantum systems. Most
of works focus on control of spin state [36], but the dynamics with abrupt strong pumping such as the present case of
irradiation should be an important issue for the future studies.

Acknowledgments

We would like to thank all the collaborators. The present work was partially supported by JSPS KAKENHI Grant
Number JP18K03444. During the preparation of the present paper, one of the authors, our great collaborator and



18

friend, Cristian Enachescu passed away. We would like to express our gratitude for his essential contribution to this

paper and his great achievements in the field of spin transition materials.

Computational Details
Part A: Ising-like model with interaction

The partition function for the system with interactions is given by

7 = Z eB(JEi,- Sisj_Dlezl Si)_

all the states of s;
We express the Boltzmann factor for each state of {s;} by {o;}:
eﬁ(J Zij Sisj_DEzNzl Si) — eB(JZij ‘Tin_DZzNzl Ui)
Taking the degeneracy of s;, the partition function is given by
N N
T | O )
all the states of o; 1%
where n;(0;) is ngs when o; = 1 and npg when o; = —1, which is expressed as

nus for o;=1
nyg for o; = —1

_ foiln PHS
n;(0;) = \/nuSNLSE Ls =

Then, the partition function is given by

N 1y ™HS N )
7 = E eﬂ(‘]zij oioj—D 3L, Ui) /nHSnLS)Nez In 578 im0

{Ui::tl}

N

= ()Y Y LS nert(cPeikeTin ) S )

{G’i::tl}

Thus, the model is regarded as an Ising model with the effective temperature dependent field:

1
Hug = —D + ~kpT1n 8
2 nrs

(55)

(56)

(58)

(59)

For a ferromagnetic model which has a critical temperature T, the system exhibits a first-order phase transition
as function of the magnetic field H below the critical point. Thus, the present model exhibits a first order phase

transition at Heg = 0 if

2D

In Rus
nLs

kgTy = < kgTe.

Thus, the phase transition occurs when

1
D < ~kpToln 288
2 nLS

(60)

(61)

Here we do not use any approximation, e.g., the mean-field approximation, and the condition of the first-order phase

transition holds generally.
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FIG. 15: Plot of a (blue solid line) and vol (black dotted line) vs nus.

9 2

Part B: Relations ”a” and “vol” vs. ”ngs

In Fig. 15, we plot a (blue solid line) and vol (black dotted line) vs. nyg. The arrows shows the movements in time.
At an early time, nyg shows the elastic step and changes nonmonotonically, while ”a” and “vol” change monotonically.
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