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Abstract. To investigate the spin state switching mechanism in spin crossover (SCO) nanoparticles, a
special attention is given to three-step thermally induced SCO behavior in 1D chains. An additional term
is included in the standard Ising-like Hamiltonian to account for the border interaction between SCO
molecules and its local environment. It is shown that this additional interaction, together with the short
range interaction, drives the multi-steps thermal hysteretic behavior in 1D SCO systems. The relation
between a polymeric matrix and this particular multi-step SCO phenomenon is discussed accordingly.
Finally, the environmental influence on the SCO system’s size is analyzed as well.

1 Introduction

The last years have brought new directions regarding the
study of FeII spin crossover (SCO) complexes, one of these
being the synthesis of switchable nanoparticles [1]. Inves-
tigating these materials at a reduced scale became a pri-
ority, urged by the necessity to assess their potential use
as active elements in potential nanoelectronic and spin-
tronic devices. Besides the expected applications of SCO
nanomaterials, their fascinating switching phenomenon
under various stimuli (temperature, pressure, magnetic
field, light irradiation) [2,3] has drawn a considerable in-
terest over the years from both physicists and chemists
communities [4,5]. Indeed, in the last years several out-
standing achievements have been reported with regards
to the synthesis of SCO materials in various forms, such
as: nanoparticles with different shapes and aspect ratio,
SCO composites systems, SCO nanoparticles embedded
in various matrix (polymeric matrix, silica matrix, MCM-
41, etc.) or host-guest SCO structures [6–12].

The role of cooperativity in SCO materials has at-
tracted great interest from unusual observations revealed
experimentally [13–29]. The origin of cooperativity is as-
signed to elastic interactions between neighboring switch-
ing molecules and as a function of the interaction strength
among molecules and/or of the lattice architecture, the
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spin transition (ST) curve can display a variety of shapes
which can be gradual, abrupt, or stepwise [3]. Increas-
ing the strength of these interactions, the cooperative
phenomena between the spin state changing molecules
can lead to a hysteretic behavior. Therefore, the cou-
pling strength between the SCO molecules and between
the SCO and the environment play an important role on
the ST behavior. In the last years a special attention has
been paid to the two-step behavior which was attributed
to a synergistic effect between intra-molecular interactions
favouring the mixed-spin state and intermolecular interac-
tions favouring like-spin species domains. In the last five
years, several coordination complexes have been shown to
present a ST occurring in three steps [17–19]. Although
the origin of the two-step behavior is rather clear, the ori-
gin of the three-step behavior is far from being fully under-
stood. However, there is clear evidence that this stepwise
behavior should be governed by both matrix (i.e. surface
effect) and long-range interaction effects.

In this paper, we present a theoretical study on the
physical origin of the three-step behavior in 1D SCO sys-
tems based on an Ising-like model [20,29,30]. Although
this behavior has been experimentally observed in 2D and
3D SCO systems [17–19] and not yet for 1D systems, the
physical interpretation from the analysis of the simula-
tions performed on the 1D system can be extended to 2D
and 3D SCO systems, and therefore be of interest for com-
parison to experiments.
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The Ising-like model with short-range (J) and long-
range interactions (G) [20], presented in Section 2, has
been used in several studies to reproduce different exper-
imental behaviors such as a one-step transition [20–22]
or a two-step [23] transition, with or without hystere-
sis. The two step SCO curve was attributed to the in-
terplay between an antiferromagnetic (AF) short-range
interaction and a ferromagnetic (F) long-range interac-
tion. Example of two-step transition has been also re-
ported as a consequence of binuclear molecules [28] or
two-sublattices [2,29].

2 The model

The Ising-like model has first been introduced by
Wajnflasz and Pick [30], in which only short interactions
were considered. Later on Bousseksou et al. [29] made
a thorough analysis of this model in the mean field ap-
proach. In order to be able to reproduce hysteresis in
1D compounds, within the frame of this Ising-like model,
Linares et al. [20] have introduced, besides the short in-
teraction, also a long range one in the Hamiltonian. In
fact, by the deformation of the spin changing molecules,
an elastic coupling leads to a long range interaction and
a strong bonding between the molecules leads to a short
range interaction. Thus, the long range interaction intro-
duced in the Hamiltonian are always ferromagnetic-type
with a positive G while the short range interactions can
be either ferro or anti-ferro magnetic-type. In this work,
in order to take into account the matrix effect, we have
added an additional interaction parameter which accounts
for the SCO molecules behavior within the environment
(matrix effect), that is termed, the matrix interaction P .
This interaction is assumed to act on the molecules local-
ized at both ends of the 1D SCO system. In this case, the
system’s Hamiltonian can be written as follows:

H =
Δ − kBT ln g

2

N∑

i=1

σi − G

N∑

i=1

σi〈σ〉

− J
∑

〈i,j〉
σiσj − P

∑

{i=1;i=N}
σi, (1)

where the first term represents the temperature depen-
dent field, the second and third terms are describing the
long- and short-range interactions, respectively. The last
term describes the interaction of the SCO system with the
matrix. Δ is the energy gap between the high-spin (HS)
and low-spin (LS) states, and g is the degeneracy ratio of
the two states.

Since the ratio of HS state nHS as a function of the
pseudo-spin variable can be expressed by

nHS = (1 + 〈σ〉)/2 (2)

and appears self-dependent of 〈σ〉, we propose an analyti-
cal treatment using a new expression of nHS based on the
bisection technique.

Thus, the system’s Hamiltonian could be expressed as
a function of the dimensionless macroscopic variables:

m =
∑

j=1,N

σj (3)

s =
∑

〈i,j〉 σiσj (4)

and
c = 〈σ1 + σN 〉 (5)

(herein σ1 and σN represent the spin operator associated
to the first and the last molecule in the molecular chain):

H =
(

Δ − kBT ln g

2
− G 〈σ〉

)
m − Js − Pc. (6)

The canonical expression of 〈σ〉 can be constructed in
terms of the above dimensionless quantities:

〈σ〉 =
∑

j=1,NL

mj

N d(mjsjcj) exp
(
− 1

kBT (−hfmj−Jsj−Pcj)
)

∑
j=1,NL

d(mjsjcj) exp
(
− 1

kBT (−hfmj − Jsj − Pcj)
) ,

(7)

where d(m,s, c) is the number of configurations for a given
set of values, NL is the number of distinct configurations
of states 〈m, s, c〉 and where

hf = −
(

Δ − kBT ln g

2
− G 〈σ〉

)
. (8)

Since d(m,s, c) is the degeneracy of each state 〈m, s, c〉, we
are able to generate all the system configurations build-
ing by this way, the states distributions of the molecular
system.

3 Results and discussion

Upon considering open boundary conditions and follow-
ing and applying numeric calculation to equation (7) as
bisection technique, the curves from Figures 1 and 2 were
obtained where nHS resulting from equation (2). Moreover
we discuss in the rest of the paper some simulations re-
garding the behavior of a 1D system using the values of pa-
rameters Δ, ln(g) in the range of those of SCO compounds.

From a previous numerical study [31,32] it was shown
that a stepwise behavior could be obtained in 3D SCO
systems by taking into account negative short-range inter-
actions (anti-ferromagnetic-like interactions) and positive
long-range interactions (ferromagnetic-like interactions).
Following similar conditions, it is further considered in
this work, that the coupling between the matrix and the
edge molecules is ferromagnetic-like (positive).

The results on the influence of the SCO-matrix inter-
action strength are reported in Figure 1. By increasing the
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Fig. 1. Thermal evolution of the HS molar fraction nHS in a
1D SCO system embedded into a matrix for different matrix
interaction strength: square (P/kB = 90 K), circle (P/kB =
147 K) and triangle (P/kB = 180 K). The parameter values
are: N = 16 molecules, Δ/kB = 240 K, ln(g) = 9.5, G/kB =
120 K, and J/kB = −43 K.

value of P , the 1D SCO system goes from a complete two-
step behavior (P/kB = 90 K, with kB the Boltzmann con-
stant) to a complete three-step behavior for an interaction
strength between the matrix and the boundary molecules
given by P/kB = 147 K. Moreover, an incomplete two-step
transitionis obtained for higher values of P/kB = 180 K.
These results are to be compared to the incomplete be-
havior induced by the SCO-matrix interaction strength
that were recently reported by Stoleriu et al. [33] in the
framework of the mechano-elastic model. In their paper,
it was concluded that the nanoparticle system behavior is
affected drastically by the matrix environment upon de-
creasing the nanoparticles system’s size. Atitoaie et al. [34]
and Muraoka et al. [35] have also studied the effect of the
environment on the SCO behavior.

In the past years, particular attention was paid to
the influence of size effect in the frame of the nano-
structuration of SCO complexes [1]. Since the hysteretic
behavior of the SCO systems is strongly affected by the
decrease in the number of molecules, many studies were
reported on the critical size, under which the SCO system
losses its hysteretic properties. Rotaru et al. [36] studied a
series of nanoparticles of the surfacted [Fe(NH2trz)3]Br2 ·
3H2O (NH2trz = 4-amino-1,2,4-triazole) SCO complex,
with various mean sizes (30–110 nm) using first-order re-
versal curves (FORC). They have shown that the critical
size is around 45–50 nm. On the other hand, SCO sys-
tems with a critical size below 10 nm have been also re-
ported [6]. The size effect in SCO systems exhibiting a
three-step behavior has however not been studied so far.
For this reason, we present in the following, a study on
the size influence on 1D SCO system exhibiting a step-
wise thermal behavior.

In Figure 2, the simulated thermal behavior of the HS
fraction is shown for various numbers of molecules. We
show that, when the SCO system size consists of a high

number of interacting molecules, the thermal behavior of
the 1D SCO system, depending on the matrix interaction
strength, can exhibit both two-step and three-step ST and
both complete or incomplete transition. However, when
the system’s size is decreasing, the coupling between the
edge molecules with the matrix becomes more important
and the synergistic effect between intra-molecular inter-
actions favors the mixed-spin state configuration. Thus,
with the decrease of the system’s size, the SCO particles
embedded into a matrix can exhibit even a four-step be-
havior. As it was expected, the decrease of the system’s
size also affects the increase of the residual HS fraction,
for high values of the matrix interaction parameter. An-
other feature that was observed with the decrease of the
number of molecules, is a shift of the equilibrium temper-
ature T1/2 to low temperatures, in good agreement with
the experimental data reported in reference [7].

Because in our model the edge atoms are not blocked
in the HS state, it is difficult to give an evolution of
T1/2 as a function of all the system’s parameters (i.e. Δ,
ln(g), J , G and P ). A particular aspect which should be
noted here is the fact that different cooperative effects
at small nanoparticles sizes were obtained, in good agree-
ment with the results reported by Tokarev et al. [37] for of
[Fe(NH2trz)3](tosylate)2 nanoparticles of 3–4 nm in size.

In Figure 3 we show the case where P as well as J , the
short range interaction are 0, together with the case with
P/kB = 147 K and J/kB = −43 K. It is clear from this
figure that the multi-steps hysteresis transition originates
from the interaction of the border SCO molecules with
the local environment together with an antiferromagnetic-
type short range interaction.

The value of the parameter P , which is a “long-range
interaction” between the matrix and the SCO at the sur-
face, is of the same order with the long-range interaction
parameter G.

The role of the long-range (G) as well as the short-
range interaction on the thermal behavior are presented
in Figures 4 and 5, respectively. For a high value of the
long-range interaction, three-step hysteretic behavior can
be reproduced, however the hysteresis disappears, as we
expected, for small values of the long-range interaction.

The short-range interaction strength plays an im-
portant role on the stepwise behavior. Thus, when the
short-range interaction strength dominates the other two
interactions parameters, i.e. long-range and the matrix in-
teraction parameters, the stepwise behavior is more pro-
nounced. For a small value of short-range interaction, the
stepwise behavior can be masked by a macroscopic one-
step behavior.

4 Conclusions

This study demonstrates that the LS-HS transition trig-
gered within an Ising-like model frame refined with a
border SCO-matrix interactions, provides a qualitative
insight on the physical origin of the cooperative phe-
nomenon in 1D SCO systems embedded into a matrix.
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Fig. 2. Evolution of the HS molar frac-
tion nHS as a function of temperature, for
various numbers of molecules: (a) N =
6 molecules, (b) N = 10 molecules, (c) N =
20 molecules, (d) N = 38 molecules for
different polymeric-interactions strength:
square (P/kB = 90 K), circle (P/kB =
147 K) and triangle (P/kB = 180 K). The
computational parameters are: Δ/kB =
240 K, ln(g) = 9.5, G/kB = 120 K, and
J/kB = −43 K.
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Fig. 3. Evolution of the HS molar fraction nHS as a func-
tion of temperature, for the case: circle (P/kB = 147 K,
J/kB = −43 K) and triangle (P/kB = 0 K, J/kB = 0 K).
The computational parameters are: N = 16, Δ/kB = 240 K,
ln(g) = 9.5 and G/kB = 120 K.

The main characteristic of this work is in the considera-
tion of three types of interactions (short-range, long-range
and SCO-matrix) which are responsible for the multi-step
transitions. These strong cooperative effects which are
shown to occur even in small-sized nanoparticles systems,
confirm the results reported recently [6–8,35,37–40], that,
depending on the compounds characteristics, hysteretic
behavior is observed in such systems.
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Fig. 4. Evolution of molecules in the HS state nHS as a
function of temperature, for a 1D system N = 16 molecules,
for different long range-interactions strength: G/kB = 40 K
(triangle), G/kB = 80 K (circles), G/kB = 120 K (star).
The parameter values are Δ/kB = 240 K, ln(g) = 9.5,
J/kB = −43 K, and P/kB = 147 K.
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Fig. 5. Evolution of molecules in the HS state nHS as a
function of temperature, for a 1D system N = 16 molecules,
for different long short-interactions strength: J/kB = −43 K
(triangle), J/kB = −30 K (circle) and J/kB = −20 K (star).
The parameter values are Δ/kB = 240 K, ln(g) = 9.5,
G/kB = 120 K, and P/kB = 147 K.
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J. Dispers. Sci. Technol. 32, 1771 (2011)

9. A. Tissot, J.-F. Bardeau, E. Rivière, F. Brisset, M.-L.
Boillot, Dalton Trans. 39, 7806 (2010)

10. A. Tissot, L. Rechignat, A. Bousseksou, M.-L. Boillot, J.
Mater. Chem. 22, 3411 (2012)

11. A.D. Naik, L. Stappers, J. Snauwaert, J. Fransaer, Y.
Garcia, Small 6, 2842 (2010)

12. T. Zhao, L. Cuignet, M.M. Dirtu, M. Wolff, V. Spasojevic,
I. Boldog, A. Rotaru, Y. Garcia, C. Janiak, J. Mater.
Chem. C 2015, 7802 (2015)

13. A. Hauser, Ligand Field Theoretical Considerations,
in Spin Crossover in Transition Metal Compounds I
(Springer, 2004), p. 49

14. J. Linares, E. Codjovi, Y. Garcia, Sensors 12, 4479 (2012)
15. C.-M. Jureschi, I. Rusu, E. Codjovi, J. Linares, Y. Garcia,

A. Rotaru, Physica B 449, 47 (2014)
16. C. Jureschi, J. Linares, A. Rotaru, M. Ritti, M. Parlier,

M. Dı̂rtu, M. Wolff, Y. Garcia, Sensors 15, 2388 (2015)
17. N.F. Sciortino, K.R. Scherl-Gruenwald, G. Chastanet, G.J.

Halder, K.W. Chapman, J.-F. Letard, C.J. Kepert, Angew.
Chem. Int. Ed. 51, 10154 (2012)

18. T. Kosone, I. Tomori, C. Kanadani, T. Saito, T. Mochida,
T. Kitazawa, Dalton Trans. 39, 1719 (2010)

19. K. Nishi, H. Kondo, T. Fujinami, N. Matsumoto, S. Iijima,
M.A. Halcrow, Y. Sunatsuki, M. Kojima, Eur. J. Inorg.
Chem. 2013, 927 (2013)

20. J. Linares, H. Spiering, F. Varret, Eur. Phys. J. B 10, 271
(1999)

21. D. Chiruta, J. Linares, M. Dimian, Y. Garcia, Eur. J.
Inorg. Chem. 2013, 951 (2013)

22. D. Chiruta, J. Linares, S. Miyashita, K. Boukheddaden, J.
Appl. Phys. 115, 194309 (2014)

23. K. Boukheddaden, J. Linares, H. Spiering, F. Varret, Eur.
Phys. J. B 15, 317 (2000)

24. M.M. Dirtu, A. Rotaru, D. Gillard, J. Linares, E. Codjovi,
B. Tinant, Y. Garcia, Inorg. Chem. 48, 7838 (2009)

25. M.M. Dirtu, C. Neuhausen, A.D. Naik, A. Rotaru, L.
Spinu, Y. Garcia, Inorg. Chem. 49, 5723 (2010)

26. C. Lochenie, W. Bauer, A.P. Railliet, S. Schlamp, Y.
Garcia, B. Weber, Inorg. Chem. 53, 11563 (2014)

27. M.M. Dı̂rtu, F. Schmit, A.D. Naik, I. Rusu, A. Rotaru,
S. Rackwitz, J.A. Wolny, V. Schünemann, L. Spinu, Y.
Garcia, Chemistry 21, 5843 (2015)

28. J.A. Real, H. Bolvin, A. Bousseksou, A. Dworkin, O. Kahn,
F. Varret, J. Zarembowitch, J. Am. Chem. Soc. 114, 4650
(1992)

29. A. Bousseksou, J. Nasser, J. Linares, K. Boukheddaden,
F. Varret, J. Phys. I 2, 1381 (1992)

30. J. Wajnflasz, R. Pick, J. Phys. Colloques 32, C1 (1971)
31. D. Chiruta, J. Linares, M. Dimian, Y. Alayli, Y. Garcia,

Eur. J. Inorg. Chem. 2013, 5086 (2013)
32. D. Chiruta, J. Linares, Y. Garcia, M. Dimian, P.R. Dahoo,

Physica B 434, 134 (2014)
33. L. Stoleriu, P. Chakraborty, A. Hauser, A. Stancu, C.

Enachescu, Phys. Rev. B 84, 134102 (2011)
34. A. Atitoaie, R. Tanasa, C. Enachescu, J. Magn. Magn.

Mater. 324, 1596 (2012)
35. A. Muraoka, K. Boukheddaden, J. Linares, F. Varret,

Phys. Rev. B 84, 054119 (2011)
36. A. Rotaru, F. Varret, A. Gindulescu, J. Linares, A. Stancu,

J. Létard, T. Forestier, C. Etrillard, Eur. Phys. J. B 84,
439 (2011)

37. A. Tokarev, L. Salmon, Y. Guari, G. Molnar, A.
Bousseksou, New J. Chem. 35, 2081 (2011)

38. A. Tokarev, L. Salmon, Y. Guari, W. Nicolazzi, G. Molnar,
A. Bousseksou, Chem. Commun. 46, 8011 (2010)

39. J. Larionova, L. Salmon, Y. Guarl, A. Tokarev, K.
Molvinger, G. Molnar, A. Bousseksou, Angew. Chem. Int.
Ed. 47, 8236 (2008)

40. D. Chiruta, C.-M. Jureschi, J. Linares, Y. Garcia, A.
Rotaru, J. Appl. Phys. 115, 053523 (2014)

http://www.epj.org

	Introduction
	The model
	Results and discussion
	Conclusions
	References

