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Dynamical model for spin-crossover solids. 1l. Static and dynamic effects
of light in the mean-field approach

Kamel Boukheddadeh,Isidor Shteto, Benoit Fo, and Franeis Varret
Laboratoire de Magrisme et d’Optique, CNRSJniversitede Versailles/St. Quentin en Yvelines, 45 Avenue des Etats Unis,
F78035 Versailles Cedex, France
(Received 25 June 1999; revised manuscript received 7 Augus) 2000

We have introduced a photoexcitation contribution in the dynamical model we previously pre&ssged
previous paper as an additional term in the rate transition, in order to reproduce the light induced thermal
hysteresis effect, experimentally observed in the spin-crossover materials. The set of motion equations gov-
erning the evolution of the high-spifHS) fraction of cooperative spin-crossover systems under light, is
obtained. The mean-field treatment leads to a macroscopic master equation previously given on a phenomeno-
logical basis. With both the HS LS (low-spin) and LS— HS transition rates terms, a model of general use
is derived. This model describes the static and dynamic properties under light. We have investigated this model
analytically, as far as possible. The properties under light involve two instabilities different in nature: the
high-temperature instability, chiefly entropy driven, and the low-temperature one, light induced. We have
determined the conditions for these instabilities to occur, and have examined their possible collapse. The
described phenomena are discussed with respect to the available data on the photoinduced bistable regime:
thermal hysteresis loops, optical hysteresis loops, and transient regimes. The kinetic dependence of the photo-
induced hysteresis loops is calculated.

[. INTRODUCTION the dynamic broadening of quadrupolar lifésr by pulsed
laser excitatior.

In a previous work, we proposed a stochastic dynamics Recent experimertS have shown the possible occur-
suitable for the spin-crossover phenomenon: an Arrheniusence of an instability of the steady state generated by a
type dynamical choice enabled us reproducing successfullgonstant photoexcitation at moderate temperature. First, a
the sigmoidal HS-LS relaxation curves experimentally ob- thermal hysteresis loop has been shown by Kehal,* and
served with cooperative systef€oherently, the mean-field termed light induced thermal hysteregisiTH). Indepen-
analysis of the proposed dynamics, established a macralently, thermal and optical hysteresis loops were observed
scopic equation formally similar to the phenomenologicalby Varretet al,® and their cooperative origin demonstrated
one previously proposed in Ref. 3. experimentally. The optical hysteresis loop, recorded at con-

Recent experiments have been made on the steady statestént temperature as a function of the beam intensity, was
spin-crossover systems under a permanent fighthen the  accordingly termed light induced optical hystere@itOH).
thermally activated relaxation competes with the photoexciThe instability was explained by the competition between a
tation process. It is recalled that spin transition compléxessingle-molecule photoexcitation process and a cooperative
are “thermally bistable” systems, which undergo fluctua- thermal relaxation process. The data were well reproduced
tions (switching, crossoverbetween two molecular spin by a phenomenological macroscopic master equatidin-
states, denoted LHow-spin and HS (high spin, and an cluding a linear excitation term and the nonlinear coopera-
entropy-driven spin conversion. At the solid state, under thdive relaxation term previously proposed by tizh, Hauser,
effect of intermolecular interactions, the thermal spin-and Spiering for explaining the sigmoidal shape of the re-
crossover may occur cooperatively; the system undergoeslaxation curves of cooperative systems.
first-order transition, usually associated with a thermal hys- Obviously, investigating the steady states under light is
teresis, which is termed the spin transition. At low temperabut an indirect method studying relaxation. The relaxation
ture, the system can be photoexcited through single-moleculgrocess is merely measured through the photoexcitation pro-
processes by photons of the suited wavelefigihe meta- cess it competes with. The indirect method may provide
stable state, thus populated, has a long lifetime at low temsome advantages, for example a better control of the initial
perature. Therefore the photoexcitation process historftallystate of the system, or an artificial lengthening of the lifetime
has been termed light induced excited spin state trappingf the metastable state. Also, the problems encountered for
(LIESST). The LIESST phenomenon has made possible th@revious studies, e.g., the role of the short-range
low-temperature T<80 K) investigation of the HS:LS interactiond! and the kinetics of the building-up of the cor-
relaxation® after photoexcitation at low temperature, the relations, will occur as well for the steady states under per-
sample is rapidly warmed up to the desired temperature, anehanent light. In this new field of research, the occurrence of
relaxation is observed in the dark by magnetic measuredemixtion under permanent ligfitseems to be the most fas-
ments. High-temperature measurements of the-H1S re-  cinating aspect.
laxation are provided by NMgsbauer spectroscopy, through  The goal of the present work is to describe the dynamical
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equations, in the general terms developed in our former
work ! including a photoexcitation term. We present here the
mean-field analysis of the model, by analytical means as far
as possible, in order to outline the sensible investigations to
be made under permanent light. Further developments in-
cluding the effects of correlations will be presented sepa-
rately.

The report is organized as follows. In Sec. Il, the static
and dynamic properties of the Ising-like network are briefly
recalled. In Sec. lll, the photoexcitation process is introduce
in the master equation. In Sec. IV, the low-temperature
(light-induced instability is described and investigated ana-
lytically. In Sec. V, the coexistence of the low-temperature

(light-induced and high-temperaturgentropy-driven insta- The photoexcitation of spin-crossover systems was shown
bilities is _exammed. In Sec. VI, the kinetic effects mherer_\t t_oby pulsed laser experimefitand popularized by the low-
all experimental measurements under permanent irradiatiohherature direct and reverse processes, termed light in-
are calculated. I.n Sec. VII, some typical experimental dat?juced excited spin state trappilESST).2° It is based on a
are analyzed using the present model. Franck-Condon optical absorptiofmetallic d-d band or
metal-to-ligand charge transfer bandollowed by a radia-
tionless nonadiabatic relaxation toward the excitateta-
stablg spin state. The features of this nonadiabatic relaxation
are central with respect to the properties of the photoexcited
tem.
Historically, these problems have been addressed first in
the fields of photochemical reactions of soffiand light-
induced ordering of alloy$: Recently, cooperative photo-
excitation processes, termed the DOMINO effect, have been
evidenced at the neutral-to-ionic transitin?* and their
modelization, accounting for the lattice dynamics, is being
whereJ>0 is the intermolecular “ferromagneticlike” cou- worked out?>2®
pling between spin-crossover molecules, artte fictitious As for the spin-crossover systems, for a long time there
spin with eigenvalues-1, —1 associated with the two spin was no evidence for a cooperative character of the photoex-
states HS, LS, respectivel is the ligand field splitting, citation process in itself. But, recent experiments under
i.e., the energy differencE(HS)—E(LS) of isolated mol- pulsed laser excitatihhave given a first one of the onset of
eculesg the degeneracy ratio between the HS and LS stategooperative photoexcitation.
andk the Boltzmann constant. Here we do not aim at addressing a general problem ac-

As it has been shown in Ref. 1, in the mean-field approxi-counting for the interaction between the structural distortions
mation, this model has an analytical solution and leads to and the photoexcitation process. Alternatively, we propose,
thermal first-order transition if the thermodynamical equilib-for the effect of light, a phenomenological approach of the
rium temperatureT,,=2A/Ing is smaller than the order- photoexcitation process, neglecting the photoinduced local
disorder temperaturé-=qJ, with g the coordination num- stresses and distortions.
ber of the spin-crossover units. For further details on the The rigorous resolution of the photoexcitation phenom-
static analysis of the lIsing-like Hamiltonian, the readerenon would require the knowledge of the total Hamiltonian,
should refer to the pioneering paper of Wajnsflasz andncluding the electromagnetic field, based on the actual in-
Pick 1213 teractions of light with matter. Since the interactions are not

The dynamics of the model, introduced in Ref. 1 follow- precisely known in the present case, and for putting the
ing the stochastic approach of Glauliér was studied with model in the most general terms, we propose a phenomeno-
an appropriate Arrhenius-like dynamics, and led us to obtainlpgical dynamics under irradiation just based on the Ising-
in the mean-field approacfi,the following evolution equa- like model, in the same way to the competing dynamics be-
tion on the high spin fractiomyg: tween Glauber spin-flip and spin-exchange Kawasaki
processes, studied in the literatGfelherefore, the proposed
rate transition expression is obtained by a modification of the
HS—LS transition probabilities.

The total rate transition for thigh spin to flip froms; to
—s;j is written as the sum of two transition probabilities as-
sociated with two events, of thermal and of optical origin.
WhereEg is the intramolecular energy barrier correspondingThe mutually excluding character of these events, and the

(0) kT
AE 4=—-Ey’—A—-qJ+ 7'”(9),

kT
AEy =E®-A—qJ+ —In(g). (2.3
We recall that Eq(2.2), reproduces exactly at low tempera-
ture the empirical equation proposed by Hauseall”*®
escribing the sigmoidal shape of the experimental relax-
tion curves of the high spin fraction after photoexcitation.

IIl. PHOTOEXCITATION

Il. STATIC AND DYNAMIC ANALYSIS OF THE
ISING-LIKE MODEL (ADAPTED FROM REF. [1])

The phenomenological Ising-like Hamiltonian suited to
describe the static properties of spin-crossover systems |
written as

kT
H= A—Tlng Si, (2.1

—J<Z> sisj+2
i,] i

dnys

2
It T_[(l_nHS)e*BAELHEZBqJnHS
0

—npge PAFHLeT2AWNs] (2.2

to the saddle point energy in the configurational diagram
the systemAE, ., andAE,,, are effective barrieréncluding

the intramolecular onebetween LS and HS states, arglis

a scale time factor. They are given by

stochastic treatment given to the total transition probability
are based on some assumptions which need to be developed,
as follows.

First of all, the main assumption lies in the absence of
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coupling between the thermal and optical processes. This (ii) On the choice of the correct dynamids.addition to
requires the photon flux should not sizably warm up the systhe present Arrhenius-like dynamics, we have considered the
tem. Second, the effect of stimulated transitions is disregenuine Glauber dynamics and the time-dependent
garded here. Also, the time scales of the thermal and opticdbinzburg-LandauyTDGL) dynamics. The Glauber dynamic
processes are very differefit®® since the thermal fluctua- leads to transition probabilities and mean-field motion equa-
tions are assumed to follow adiabatically the photon fluxtions which apparently little differ from the present
(quasicontinuous flux The latter assumption compares to Arrhenius-like dynamics
the Born-Oppenheimer approximation which “decouples”
the (slow) motions of the nuclei and théast motions of the
electrons. In other words, the photoexcitation process is con- WG(SI)_ Z(1=s; tanhBE; )+ (1 s) (34
sidered as instantaneous, with respect to the thermodynami-
cal relaxation times. If this was not the case, the adiabatiand
and Markovian character of the process would be lost.

We restrict here the description to the LE$S optical dm\¢ 1
process, corresponding to the monochromatic irradiation of Gi) =7\ ~m+tanhs
spin-crossover solids with green ligfdf course, accounting

kT
qJm—A+ 7Ing)

for both the direct and reverse red light optical processes +loo(1—m). (3.5
should be straightforwajdWithin the choice of the dynam-

ics already explicit, the total(thermal + optica) transition The TDGL dynamics is a macroscopic dynamics suited to
probability is written systems the free energy of whidh(m) has a double-well

dependence with respect to the order parameter. The motion

1 equation is written as
W(sj)= 2—7[(coshﬂE s; Sinh BE; )]+ (1 Sj),

TDGL
(3.0 dm = __A S, '0_"
_ dt 2rom 2 7M. 38
with  Ej=-JS;5+[A—(kT/2)Ing] and  Lh=(1
e , ) - o
To)e PEa’. 14 is the intensity of the incident irradiatio; Accounting for the free-energy expression of the Ising-

the absorption cross section, based on the actual quantuliRe system
mechanical data of the photoexcitation process,

The temporal evolution of the averag{esj) obtained 1 KT
through the master equatibrand the transition rat¢Eq. F(m):iq\]mz—len{ 29 COShB(qu—A+7|n 9)}
(3.1)], writes d(s;)/dt= —2(s;W(s;)); which gives

(3.7
d(s;) The motion equation is written
dt] =loo(1—(s;))+ = ( (sj coshBE;)+(sinhBE;)). q
(3.2 dm| ¢t AgJ kT
—_ = —m+ tanhg qu—A+—Ing
In the mean-field approximation previously defined, and
assuming the spatial invariance of the lattice, the evolution +1lgo(1—m). (3.8
equation is expressed in terms of the HS fractipR (=1
+(s)/2), as follows: Unfortunately, the low-temperature behavior generated by
Egs.(3.5 and(3.8) does not yield the light-induced bistabil-
2 BAE, 12800 ity. Accordingly, both of the Glauber and TDGL dynamics
dt =2loo(1=nyug) + (1= Ny @EHeTHTHS did not yield the self-accelerated character of the relaxation
in the dark! The same work was also made with the Me-
2 tropolis dynamics and led to the same conclusion.
—BAE —2B9J
e BAEL g~ 28dNys 3.3 (iii ) It is worth quoting a previous work using Monte

Carlo simulations, aiming to explain the photoinduced be-

This is exactly, completed by the ESHS relaxation term, havior of Fe-Co Prussian blue analog: this is a diamagnetic
the phenomenological equation already used in Ref. 5. in the dark, and turns to a ferrimagnet after illuminatfori

Remarks(i) On the optical process he optical probabil- The intuitous analogy between spin-crossover solids and this
ity has been written here as a single-site process, i.e., therussian blue analo¢poth are photoexcitable solidsvas
possible cooperative aspects, such as the “domino efféct,” recently ascertained by the observation of cooperative relax-
have been disregarded. To account for cooperative effectation (sigmoidal time dependencef the photoexcited state
we must introduce the lattice relaxation associated with thén the latter compound® Therefore a common approach
local excitation. In this case, the global structural changeshould apply, and the basic assumption of Ref. 31, treating
occurs only when the intersite interaction is short-ranged anthe effect of the light as a renormalization of the magnetic
moderately strong® In our problem, the cross section should anisotropy and temperature, reveals to be unappropriate: it
be written as a function of the microscopic configurationindeed leads to a simple light induced shift of the phase
(s1,S5, . ..Si, - ..,Sy) Of the system and the state of the diagram, at variance from the complex behavior exhibited by
lattice. the spin crossover solidand analyzed in the present wark
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IV. THE LOW-TEMPERATURE REGIME AND THE T T
LIGHT-INDUCED INSTABILITY

It is known now that under continuous irradiation, the
steady states of the spin-crossover system may exhibit hys-
teresis loops, either thermé&t LITH, at constant intensity
or optical (= LIOH, at constant temperatuteThese hyster-
etic effects will be described here by analytical means, in a
mean-field approach, i.e., in absence of correlations and ther-
mal fluctuations. Future work will be devoted to further ap-
proaches.

We start with the study of the steady stai@ynamic
equilibrium) of the system at low temperature, for which the
thermal L$>HS relaxation is hindered by a large energy
barrier[refer to the expression given farE, |, in Eq. (2.3)]. 33 L L
The general situation for which both relaxation processes are 0.3 0.7
efficient will be analyzed in Sec. V, and time-dependent ef- Nhs
fects will be analyzed in Sec. VI.

The low-temperature evolution equation is written

29 | 1

Dynamic potential U(nyg)

FIG. 1. The dynamic potential associated with a bistable situa-
tion of the system under permanent irradiation. Parameter value are
dnys 2 qJ=220 K, A=500 K, g=150, l,079=3x10"°, E{Y=900 K,
——==2ly0(1—nNyg) — — Ny PAEHLE™28%IMks, andT=70 K. The steady states of the system correspond to the two

dt o @) minima of the curve.

This equation, already given in Ref. 5 might describe, as We illustrate the bistable character associated with the
well, a chemical reaction far from equilibrium. Indeed double-well dynamic potential shown above, by the time de-
chemical reactions may exhibit spectacular features, such gndence curves of the system. As shown in Fig. 2, the evo-
spacial patterns in shape of rings, spirals, which spontandution of the system is governed by the initial state, i.e.,
ously develop in an initially homogeneous medium, associbistability occurs as a “memory effect” in the system. Of
ated with transient compositional fluctuatiofigurbulent re-  course, bistability, hysteresis and memory effects are tightly
gimes. Such fascinating features originate from the nonlineafelated altogether.

characters of the evolution equations. Analytically, the steady states shown in Fig. 2 can be
derived by settingdn,s/dt=0, i.e., JU/dnys=0 (the dy-
A. The dynamic potential namic potential is minimizedwhich leads to the state equa-

The concept of dynamical potential, related with the Lya—tIon of the steady stat@g(T.!).

punov function, at one variablen(s here has been intro-
duced by Tomitaet al® for studying the relaxation of the
metastable states of an Ising system. We use it here for vi-
sualizing the stability properties of the steady states under

permanent irradiation. The principle is the following: the flux The numerical resolution of theys-self-consistent equa-

dnys/dt expressed by the evolution equation, is considereqion can be avoided, by expressifigs a function ofis and

33 proportional Fola ddrivin%lforc;? which iﬁ the derivati\(/je of a1, The optical hysteresis loop is obtained straightforwardly as
ynamic potential denoted. This actually corresponds to a function ofnyg. The behavior of the steady states is now

the 1D mqtlon'of a material pglnt with viscous frlct|pn "’F”d analyzed in detail in the coming sections.
negligible inertia, in the potentidl. The motion equation is

1
IoU'(l_ an): T_nHSei’BAEHLeizﬂqJnHS. (44)
0

written: 1
dnys au
— = . . 0.8 -
dt dNys (4.2
Accordingly, we calculate the dynamic potential associ- ni 0.6 |
ated with the expression of the fljiEq. (4.1)], as s 04 |
2
Nhs 1
U(an,T,Io):_Zlo(T Nps— 7>_We 2B9Inys 0.2 \ —
1 o BAELL 0 1 1 1
e —— |- 4.3 0 4000 8000 12000
HS® 28qJ To ' Reduced time £/79

We show in Fig 1 a double-well potential, typical for a  FIG. 2. Time dependence of the high-spin fraction in the case of
bistable situation, calculated for suited values of the modeiight-induced bistability conditions. The different curves result from

parametersT=70 K, oly7o=1X510%). different initial conditions. Parameter values are those of Fig. 1.
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This set of equations is solved by expressaigf?4’™s in
------- the second one, and then substituting it in the first one. The
nys second degree equation is obtained:

g

(1-npg)(1—anyg) +nys=0, (4.7
where
a=2pqJ. (4.9

Such an equation has acceptable solutionsdfor4d only.
This is the Prigogine condition, previously expressed for the
similar nonlinear equation associated with the cooperative
adsorption-desorption process of molecules on a sufface.

1. Light-induced equilibrium temperature

Nhg The state equatiof4.4) of the steady states enables ex-

) . . pressing temperature as a function of the other variables as
FIG. 3. The graphical resolution of the state equation of the

steady states E@4.6), for the same parameters as Figs. (eRcept 1 (1-nNye)

for 1y). f(nys) is the photoexcitation term, straight line, amthys) B= In| 140 7o\g = e

is the relaxation term. The two limiting situation&17%,17) have A+qI-EP-2qInyg Nps

been presented. 4.9

A light-induced equilibrium temperature is obtained by set-

B. The low- i ili iti . . . .
e low-temperature bistability condition ting nys=1/2 in the previous equation. It turns out that

The occurrence of low-temperature bistability is derived

from a simple graphical approac¢adapted from Ref.)5 The Teq— T
steady statefEq. (4.4)] can be obtained by intersecting the T1/2:—\/—1 (4.10
following functions 1+ Inolgre/\g
with T@=2E/kglIn(g).
f(nps) =2lg0(1—nyg), The light-induced temperature depends the degeneracy ra-

tio g and on the dimensionless intensity parametgrl ;. It
2 does not depend on the interaction paramétgust as in the
g(Nps) = — Npge ™ PABHLe=2A%Mks (4.5 “static” (i.e., entropy-inducedequilibrium temperaturd ¢,
7o =2A/kgIn(g).
According to the above expressions of the static and of
f(nys) is a straight line with a slope proportional to the the light induced equilibrium temperatures, it is suggested
applied intensityl 5. On the contraryg(nygs) has a strong that the effect of light on the steady states is equivalent to
nonlinear character, temperature dependent, with an inflexenormalizing the degeneracies and the ligand-field. This can
ion point atnys=1/(8qJ). be put in terms of a competition between “effective” degen-
The bistable situation is shown in Fig. 3. At constant tem-eracies, static and dynamic.
perature, the intensity is varied, i.e., the slope of straight line
is changed, and the number of solutions may be either one 2. Light-induced thermal hysteresis (LITH) loops

(monostable situatioror three(bistable situation In the lat- The existence of thermal hysteresis loops is a direct con-

ter case, two solutions are stable, separated by an unstahlgq, ence of the bistability presented in the previous section.

solution. There are, on varying inte_nsity, bifurcations_ be-rhe bistability conditione>4 can be expressed in tempera-
tween the monostable and bistable situations. These blfurc%re termsT<T%=qJ/2ks. Above T%, the system has a
C - B . L)

tions are denoted here “spinodes” and the term strictly re's%'ngle steady state, it is “monostable.” Typical bistable be-

fers to the steady states, at variance from a previous reP%haviors belowT, are illustrated by the dynamic potential

dealing with “transient” instabilities® P
The spinodes here define the limits of the bistable re-Urve 'ﬂ F|g.|1and Ey the.seé.of,{%fT) curves, computed for
gimes, i.e., of the hysteresis loops, and therefore will be inS€Veralo values, shown in =ig. . '
vestigated thoroughly. At the spinodes, the functiors.g) The behavior analogy with that of the first-order van der
’ o ! Waals theory has been outlind However, this analogy
9(nws) are equal and have equal derivatives, such that should not extend until the metastable states properties, since
this concept does not apply to the present case of an open
thermodynamic systengsubmitted to a permanent energy
flux).
The spinodal curve is the locus of the instability points in
5 the parameter spaceT{ly,nyg). These instability points
—2lgo= —e PAEnLe=2P0Ns(1 - 28qInye). (4.6) have been shown in Fig. 3, corresponding to the limiting
7o values of the slope of the straight line. Accordingly, in our

2
2l oo (1—npg) = —Npge PAEHLe ™ 2A0Mks,
7o
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peratures differ by a factor of 2, witfic=qJ/kg for the
static equilibrium andl'g =qJ/2kg for the steady states un-

der permanent light.
There is a critical value for the intensity, above which the

thermal hysteresis no longer occurs:

1 Y

0.8 |
1
e~ 2l(Ea=8)/a3), 4.13

7'0\/5

*
olg=

06 -

At the critical intensity value,nys=1/2 and T=Tg
=qJ/2kg. This indeed defines the light-induced critical

point in the parameter space.

04 -

nyg (steady state)

0.2+
3. Light-induced optical hysteresis (LIOH) loops
The optical curves, at constant temperature, are given by

the state equation, expressed as:

A
i
|
i
'
]
!
i
i
Il
i
!
i
[l
1
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]
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1
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1
i
Il
1
]
1
|
i
i
i
f
i
i
11
i
i
1
|
1
i
\
N

0
T(K)
FIG. 4. Light-induced steady states and thermal hysteresis 1 n
olog=— > g BAEwg 200IMs (414

(LITH) loops, with the corresponding light-induced thermal spi-
nodal curve(thick full line). The parameter values which are those 7o 1= Nys
of Figs. 1-3 excepted intensity values afgoro(X10°) . . . -

_2(E0_ . In analogy with the previously defined equilibrium tem-
_ c__ _ 2(E2-4)/q3 A ] - ! - ;
0.005,15,136.5 [0 70=(11g)e (critical valug, and perature, an equilibrium intensityl ;,, is defined so that it
yields nys=1/2. Substituting in the previous equation,

250.
previous papet? this locus had been denoted the “limiting 1r
curve of the hysteresis loops in the phase diagram.” Here we ol 1,2:—0 e—ﬁ(Eéo)—A)_ (4.15
calculate it according to the properties of the dynamic poten- \/5
tial, at the limit situation where the stable state is also an o ) _ -
inflexion point. The equations to be combined are: The equilibrium intensitysly,, as the equilibrium tem-
aZU/anﬁS=O (spinodes and 9U/an,s=0 (state equation peratl_Jre, does not dgpend c_)nlt depends on temperatur(_a,
Each of these equations define a surface in the paramet@Pd increases for increasing temperature; at the high-
space T,lo,Ny), their intersection is the spinodal curve. t€mperature limitgly, tends to the finite value
Since it is associated with the light-induced steady states,
this curve will be denoted the light-induced spinodal curve. _ -
0"1/2(Too)—7_ \/a
0

The projections along theT(nyg), and (4,nyg) planes will

be denoted the thermal light-induced spinodal curve and the
optical light-induced spinodal curve. The projection along A set of computed optical curves , with the light-induced
optical spinodal curve, is shown in Fig. 5. The lower and

(4.19

the (T,ly) plane is the phase diagram of the system.

Alternatively, the thermal or optical light spinodal curves upper values of the optical hysteresis loop are easily ex-
can be obtained by combining the state equation of theressed as
steady states and the conditions for infiniee null) slopes:
dlg/dnys=0 and dT/dnys=0. Setting to zero the second A ke (w2 )
derivative of the dynamical potential yields alo S 1+y1- 2/ € e

(4.17

These expressions illustrate the intensity threshold effect

1 [ 4
——(1t 1——). (4.11
@ previously reported the larger the coupling constady the

stronger the threshold effect.
The light-induced optical spinodal curve is obtained by

By substitutinge=28qJ, the light-induced thermal spinodal
is derived: eliminating temperature between the state equation and
#°Ulan?s=0. It is

(4.12 L.
HS  o-1(1-nyg e~ (A+E-a)/2qInyg(1-nyg)

kT
7:qJan(1_”Hs)-
olg=——
0 Tovg 17 Nus
(4.18

It is plotted in Fig. 4, together with the thermal curves
associated with the dynamic equilibrium. Both of them are
4. Phase diagram

drawn in thenys T plane. The thermal light-induced spi-

nodal curve is reminiscent of the spinodal curve of the equi-

librium state, determined in Ref. 1. However, the latter is The phase diagram inT(-1,) axes can be obtained by

generated by varying the electronic gap parameter, while theliminating nys between the state equation antlJ/anég
0; alternatively, by plottingwl yas a function ofT (for

former by varying the applied intensity, and the critical tem-
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1 ' ¢ T 1
//_/’__ 0.8
08 / >
ngs 0.6 -
[~~~ steady
state 0.4
06 - .
Ngs
steady C 0.2
state
04 _ 0 L
0 200 400 600 800
A(K)
L~
02| - FIG. 7. Light-induced steady states and pressure hysteresis
(LIPH) loops, with the corresponding light-induced pressure spi-
nodal loop (at constant intensily Parameter values are those of
0 | | | Figs. 1,2, except for theA variable and T=120, 11G=T.
0 10 20 30 40 =qJ/2kg (critical value and 90, 70, and 50 K from left to right.

Ioomo (10_5) =Ay+pAV, whereAV is the difference in molecular volume
AV=V(HS)—-V(LS)>0. Since AV is system dependent,

ng:_?' |5' Ligh_t-;]ndkl:ced steady d_statel_s handd opt:jcal hysltere_si%e shall rather investigate the role of pressure through the
(LIOH) ‘loops, with the corresponding light-induced optical spi- o japieA | in the equations developed so far.

nodal curve(thick full line). Parameter values are those of Figs. 1,2, As seen in the previous sections, the low-temperature

excepted forT =70, 90, 100, 110 K Te=0J/2ke (critical valus, light-induced instability is responsible for hysteresis loops as
and 115 K from left to right. . . . ;
a function ofT, I. It will also result in hysteresis loops as a
] ) o - function of p. Accordingly, the latter effect will be denoted
given A,J,g). It is shown in Fig. 6; in-between the dotted |ight-induced pressure hysteregisPH) loops. Such LIPH
curves is the diphasic region, which ends at the critical po'ntloops, computed for different temperature values, but equal
intensities, are reported in Fig. 7.
5. Light-induced pressure hysteresis (LIPH) loops The state equationi4.4) of the steady states is conve-

Application of pressure to spin-crossover solids usually€ntly reexpressed as
favors the low-spin state because it has the smaller volume.
In the Ising-like model the effect of pressypds easily ac-
counted for by a change in the electrofénthalpi¢ gap A

1_an)

A=E%+qJd(2n,s— 1) +kT In( looToVg -
HS

(4.19

A transition pressur@,,, (corresponding ta\,,) can be

. defined as the pressufenthalpic gap or ligand-field value
leading to the equipopulation of the two levels. It is derived
from Eq. (4.19 by settingnys=1/2. It is

110

9 A 1= E2+ KT In(1407Vg). (4.20

As for Tqp andl 4, the equilibrium pressune,,, does not
. explicitly depend upon the interaction paramelgthe rea-
son is obvious in the mean-field approximation used. On the
contrary,p1», depends tightly on the barrier ener&ﬁ, ac-
cording to the explicit dependence given in E4.20. It is
also worth remarking the linear dependencepgf with re-
spect to temperature. Such a particular dependence makes
very attractive the comparison with experimental data, which
20 | , , | are expected in the next futute.
0 9 18 o7 36 The limit pressure values, i.e., the edges of the LIPH
- loops, represented here By", are derived from the relation
ooy (107) dAlonys=0. They are rather obtained through the corre-

: S .sponding steady-sta values
FIG. 6. The phase diagram of the light-induced steady states mp g y-stattys

T(K)
70

50 |

the 4o 7, T plane, with the equilibrium line represented as a full
line[1,AT)=TyAlg)]. In betweeriT ™, T~ is the hysteretic region. ni.= 1+y1-2kT/qJ (4.21)
Parameter values as those of Figs. (e2cept forly, T). HS 2 ' '
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FIG. 8. The phase diagram of the light-induced steady states in L /
the A, T plane(pressure effegt Parameter values are those of Figs. 0 —t= 2'
1,2 (except forA, T). In betweemA ™, A~ is the hysteretic region. 0 100 00 300
The straight line stands for the equilibrium pressukg,{). T(K)
Lo . . 1 T
The light-induced spinodal curve, projected on the N ]
(A,ny9), i.e., the light-induced pressure spinodal curve, is /
then given by 0.8 J
loo KT 5 15
Azquan(l—an)m‘ \@TTO 20012 ] 5 06 i Y .
HS _tsus "l \‘\ (b)
+ES+qJd(2nus—1). (4.22) % { \
T 041 i § 1
I
The critical valueAg , below which the system will not c
exhibit the light-induced instability, is derived from Eq. 02 L i
(4.22) with nue=1/2 andT%=qd/2kg. It is /
——
* 0 q‘] 0 1 1
AZ=Eg+—In Valoo7o. (4.23 0 100 200 300
T(K)

The LIPH loops calculated for several temperature values gig. 9. The double instability of the light-induced steady states:
(see Fig. 7 show that the lower the temperature, the largefihe |ow-temperature, chiefly light-induced, and the high-
the width of the pressure loop. From the practical viewpointiemperature, chiefly entropy driven, for differdgtvalues. Param-
experiments will be easier, i.e., the observation of LIPHeter values arelJ=300 K, A=500 K, g=150, |jo7o(X 10°)=5
loops will require lower pressures, near the critical point. A(a), 50 (b).
typical pressure-temperature phase diagféon given J, g,

7ol oo values is reported in Fig. 8. can be expected for a threshold value of intensity, such that
the upper valud ™ of the light-induced loop and the lower
V. ENTROPY-DRIVEN AND PHOTO-INDUCED valueT™ _of the entropy-driven loop have joined each other_.
BISTABILITIES Above this threshold value, the curve of the steady state will

split in two parts, as shown in Fig. 10. In such a situation, the

In this section, we deal with higher temperatures such thatomplex behavior of the system is described as follows:
both the HS-LS and LS-HS relaxations have to be accountestarting from any of the extreme temperatures, the system
for, according to the complete macroscopic master equatiowill continuously follow the upper line and will not visit the
(3.3. In other words, we consider in the same model bothstates belong to the isolated, droplet-shaped part of the curve.
the low-temperature light-induced bistability, previously de-However, it can be forced to visit these states by a transient
scribed, and the high-temperature, entropy-driven bistabilityyariation of the other parametefs.g., intensity. For ex-
i.e., the usual static spin transition. We have resolved thiample, the system can be prepared at 150 K, in the dark.
equation numerically, by continuity, in order to describe thelnitially, it is in the LS state(see A in the figure By switch-
thermal behavior of the steady states. This corresponds to thieg on the light, the system will reach a steady state of
experimental situation of a system under permanent irradigarominent LS characteisee B. This is a metastable state,
tion, submitted to an ideally slow temperature sweep. The&ince for a sufficient increag€,D) or decreas¢E,F) in tem-
calculated curves of the high-spin fraction are reported irperature, the system will irreversibly switch to the promi-
Fig. 9. nently HS steady state. In other words, the system describes

It clearly appears that increasing intensity will tend to open hysteresis loops.
raise the temperature of the light-induced loop, and to lower The complete experimental investigation of such an effect
that of the entropy-driven loop. A collapse of the two loopsis a fascinating game which requires, at the present state of
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FIG. 10. The collapse of the instability loops, following Fig. 10,  FIG. 11. A typical kinetic distortion of the thermal hysteresis
with larger intensity valued:yo7o(X 10°) =60 (1, thin line), 75(2,  loops (crosses2) with respect to the dynamic equilibrium curve
thick line). The bottom parts of the curves are metastable, the togsteady states, full linel). The temperature sweep ratgd T/dt
ones are stable. =8.10 % K. The parameter values are those of Fig. 10, with

looTo(X10°)=1.5.
art, a large !mprovement in the yiglds of pho_toexcitation, or Typical computed kinetic loops are shown in Fig. 11. For
the use of h|g_h-power sources'of light. The dlscovery of r]ewthis numerical simulation, we have prepared the s stém at
qomplexes V-Vlth longer relaxa.n.on rates would prov_lde addl_high temperature in the i—|S sta(EreSpeEtive of theylight
tional experimental opportunities for these peculiar, reenintensit J: then temperature was decreased with constant
trantlike, memory effects. o ) : .

y (negative sweep rate, and increased with the sdiee, op-
posite rate. The typical kinetic features exhibited in the fig-
ure are discussed as follows.

. - S (i) The widening of the entropy-driven hysteresis loop:
Experiments aiming to obsgrve the 'I|ght mdgced Stead3410'[e the bending of branches; detailed calculations show that
states and the various hystere3|§ loops involve kinetic Parame o distortion is larger on the low-temperature side of the
eters, due to the finite time available for the measurement?o0 in aareement with the asvmmetrical behavior of the
The steady states are only approximatively reached, and hy?éla&ation gtime reported in Ref yl
teresis Ioops are expected to be distortedlarged by ki- (i) The Iargést effects occur' df course, at low tempera-
netic contnpquns. o . tures, because of the slowing down of the relaxation times of
Sch(_amatlca_lll_y, the kinetic effects can arise from_ tWOthe metastable HS state. Again the distortion of @hidH)
ways: (i) the finite (nonzerg sweep .ratedx/dt of the var- hysteresis loop is asymmetrical, in agreement with the avail-
able parametex=T,l,,p, along which the hysteresis loop able experimental dafa
?c:nntlﬂr% (IESoTZassusrtee?'r(]IIt))etpoere\,\;ﬁglr;?egr;(er,elr:r?é,r\gefgrr(aep‘;ﬁ- | (iii ) The low-temperature response of the system is tightly
lon t . ys! u ’ Xampl%overned by the thermo-optical history of the sample. On the
as a function of time, are started. In more general terms, th xample given in Fig. 11, the closed loop results from a
Lf:)irmggll?()zro-optlcal history of the system has to be ac'cooling down immediately followed by a warming up of the

We main.l investigate here the kinetic aspects related tsystem. When starting from low temperatures, different
the swee rgte Theg ailable experimental 821 orded at Qurves are obtained according to the preparation of the sys-

h WI pt ) i val 70 K) Xper id m\} h ki tem. When the process finishes at low temperature, the LITH
rather fow tempera ures<( » gIve evidence of such K- loop may remain open as observed by the experimentalists.
netic effects, in spite of the long measurement t(@w; for (iv) The maximum ofnys, in the ascending branch re-
]?elc‘tg';rgrehlr% ﬂclgccj)p?'\- tla(lesbn?lie;\;ciﬁgys;ﬁt It:e dk'gigcaﬁl;'orsylts, schematically, from the competition between a con-
tion of light, so thatI reflectil\j/it data WhiCFf: a,lreuassociated tant excitation rate, and a relaxation rate which is progres-

: gnt, . y sively increased. It occurs at the vicinity of the light-induced
with the surface properties of the samffleshould be pre- temperature equilibrium
ferred. . . N : We also investigated the kinetic distortion of the light-

Calculations accounting for the kinetic effects require re-induced optical loop<LIOH). Figure 12 corresponds to an
solving .the evolution equatiof8.3) of phe system, completed increase in intensity, followed by a decrease. As for the
by the time dependence of the considered variable, through BTH effect. the calcdlated loop is open
kinetic equation such ag=f(t), where x=T,ly,p. The ' '
resolution of the set of coupled equations has to be made VIl. COMPARISON TO EXPERIMENTS
numerically. We have performed such numerical resolutions, '

with stepwisef(t) functions, the width of the steps being  We have reported in Figs. 13 and 14, typical experimental
short with respect to the evolution time of the system. data for F& spin transition solidgafter Refs. 4,5 the HS

VI. KINETIC EFFECTS ON THE HYSTERESIS LOOPS
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0 4 8 12 FIG. 14. Experimental data for the LITH loop of

Iyoto (10-5) Fey gsC0y o5(btr)»(NCS), X H,0. The nys values (HS fraction
have been derived from optical reflectivity measuremeafser

FIG. 12. A typical kinetic distortion of the optical hysteresis Ref. 5. The solid line has been computed using @) with the
loop (crosses:2) with respect to the dynamic equilibrium curve Set of parameterd o7o(X10°)=1.0, J=171 K, g=4032, A

(steady states, full linel). The intensity sweep rateodly/dt =518 K, andE3=930 K.

=5X10*s"1. The parameters values are those of Figs. 1-8, with . . .

T=70 K P g 24 h or more for exploring the hole loop. The fits which are

' presented here as full lines account for the kinetic effects; the

degeneracy parameterdp/g, =ASR. The fitted parameters

fraction under continuous irradiation (550—600)rtmas been  gre: the intensity factokpo- and the interaction parametdr

measured upon slow temperature variations, so as to obtajfe thermal frequency factor 4/ and the activation energy

the LITH loops. . Eo values has been estimated from typical literafufeor
Obvious distortion from the ideal square shape can b sirating the kinetic effects, we have computed the static

analyzed, as a first approach, as due to the kinetic effect@urves, which we show as dotted lines.

predicted in the previous section, despite of the long time |, Fig. 13 magnetic data of Fe(PM-Big)NCS), with

usually devoted to such “quasistatic” experiments, typically pp— Bia=N— (2-Pyridylmethylene) aminobiphenfl
have been corrected for a zero field splitting effect: the val-

T T T ues obtained below 40 K on increasing temperature have
been assigned to the saturate state of the systgp~1),

and consequently they,s values on decreasing temperatures
] in the same temperature range have been renormalized. The
fitted values for the interaction parametés 191 K qualita-
tively agrees with the presence of a first-order entropy-driven
1 transition atT.,~170 K with a hysteresis of 5 K: indeed the
ratio qJ/kTeq=1.1 is slightly larger than the threshold value
] 1 (see Sec. I

In  Fig. 14, the typical optical data of
Fey gsCoy 15btr)»(NCS),XH,O (after Ref. 5 have been
taken, in order to minimize the effect of bulk absorption of
light.# This effect was minimized in the previous example by

A
A
©
o]

———
'~ ~——
s TE R

0.8

0.6

Nys

0.4

0.2 [Experiment ©
Static ==-----
Dynamic the recourse to a very thin sample. The fitted values of the
interaction parametel]=171 K, is consistent with the oc-

100 currence of a first-order transition at 110 K with a wide hys-
teresis loop (10 K the ratioqJ/kTe=1.55 is in large ex-
FIG. 13. Experimental data for the LITH loop of Fel cess of the_ threshpld value 1: In this case, the kinetic effect
—BiA),(NCS),--- (Ref. 4. The nys values(HS fraction have N the cooling regime is particularly large, because of the
been derived from the magnetization data of Ref. 4, after zero-fieldlOWing down of relaxation at low temperature. We discuss
splitting correction(see text The solid line has been computed NOW the remaining discrepancies between the model and the
using Eq. (4.1) with the following parameter values: €xperimental curves. An obvious effect of bulk absorption of
looTo(X10°)=1.0, J=191 K, g=1408, A=595 K, and E2  light is to introduce an intensity distribution, such that the
=1064 K. The dotted line is the quasi-static cufseationary solu- response of the system is the superimposition of LITH loops
tion, dnys/dt=0) computed using Eq4.9 with the same set of with light-induced equilibrium temperature actually spread
over several K; with the larger effect on the low-temperature

parameters.

0 1
10 20 30 40 50 60 70 80 90
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side of the loop. Thus the asymmetrical distortion of the The phase diagram of the system has been determined
LITH loop can be explained. analytically, i.e., the conditions for the light-induced loops to
It seems worth remarking that the agreement betweenccur have been expressed. The possible collapse between
model and experiments is surprisingly good for the LITHthe low-temperaturglight-induced and high-temperature
loops, in view of the discrepancies which have been ob{entropy-driven instabilities has been considered and results
served for the sigmoidal relaxation curvesee Ref. 1, for in open hysteresis loops at finite temperatures.
example, and which have been attributed to the onset of The effects of the measurement time, i.e., the kinetic dis-
correlations. A tentative explanation might lie in the randomtortions with respect to the steady states properties, have
effect of light, which continuously tends to destroy the been determined by numerical resolution of the master equa-
correlationg*! tion; the computed curves qualitatively agree with the few
available experimental data. Further work, treating the mas-
VIIl. CONCLUSION ter equation beyond the mean-field approximation, is in

) ) progress, aiming at establishing the role of correlafibasd
We have investigated the effect of a permanent photogjjytion in the system.

excitation on spin transition systems. The excitation has been
accounted for by introducing an adapted rate transition in the
detailed balance equation. The resulting master equation,
which governs the dynamics of the system, has been estab- The authors would like to thank Dr. J. Hodges for reading
lished and expressed in terms of the average high-spin frathe manuscript, Professor J. Lingy®r. J. F. Léard, and Mr.
tion. The state equation of the steady stathmamic equi- A. Goujon for communicating their experimental data.
librium) has been derived and leads to instabilities, as MOV is supported by CNRS, as "Unit#lixte de Recher-
function of temperature, intensity and pressure. The correeche” (UMR Grant No. 863% The CEE financial support
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