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Abstract: The spin-crossover (SCO) phenomenon is related to the ability of a transition metal
to change its spin state vs. a given perturbation. For an iron(I) SCO complexes the reversible
changes involve the diamagnetic low-spin (S = 0) and the paramagnetic high-spin (HS S = 2)
states [1,2,3]. In this contribution we simulate the HS Fraction (nys) for different set values of
temperature and pressure for a device using two SCO complexes with weak elastic
interactions. We improve the calculation given by Linares et al. [4], taking also into account
different volume (Vys, Vis) changes of the SCO. We perform all the calculation in the frame
work of an Ising-like model solved in the mean-field approximation. The two SCO show in the
case of "weak elastic interactions", gradual spin transitions such that both temperature and
pressure values can be obtained from the optical observation in the light of calculations
discussed in this article.

1. Introduction

The increasing demand regarding safety and security rules require applications that involve advanced
sensors with higher sensitivity, better technical specifications, lower dimensions and low energy
consumption. A special class of sensors is represented by temperature and pressure solid state sensors
that allow direct or remote detection. This kind of sensing devices can be realized by developing new
multifunctional materials exhibiting appropriate properties that can be controlled at the atomic or
molecular level. Interesting properties that could be used in these applications are exhibited by spin
crossover (SCO) molecular materials '**1. The SCO phenomenon is a molecular process which
combines an electronic transformation and atomic displacements in the coordination sphere of a
central metal ion 3d*-3d’. Thus, the SCO usually occurs between a diamagnetic low-spin (LS) state
and a paramagnetic high-spin (HS) state, which can be triggered by various external perturbations
such as temperature, pressure, light or magnetic field. In the course of the SCO phenomenon, the
physical properties (magnetic, optical, electrical, vibrational, etc.) of the material change dramatically
and the process can be followed by various detection techniques (magnetic, optical, electrical, etc.)™
"2l In this work we show that SCO compounds can be used as a visual detector of strong mechanical
contact pressure and temperature. This result is based on the thermal dependence of the optical
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reflectivity measurements, a correlation of the optical SCO properties with the pressure contact and

temperature highlighted thanks to an Ising-like model. These results provide the basis for the

construction of a thermal and pressure sensor.

2. Model and principle of calculation
For the complete understanding of our phenomena, we use both experimental and theoretical results in
order to determine the way SCO materials are influenced by external factors. We proceed from the
knowledge of the temperature and pressure influence on the SCO behavior, as studied in the frame of the
Ising-Like model. The mean field approximation is applied to solve the Hamiltonian of the interacting
spins. The Ising-Like model proposed by Wajnsflasz and Pick!">' uses a fictitious spin operator ¢ which
can take the value +1 or -1 to specify respectively the HS and LS state with degeneracies gys for the HS
and g5 for the LS state. Linares ef al.">'" proposed an explicit extension of this model by introducing
short- and long-range interactions, termed J and G respectively in the model. As a result, the Hamiltonian
is written in the following form:

_ A+ ap;Tln(g)Zai _]Zgl.gj - G(O’)ZO'L'

J
Where A represents the difference between the energy of the HS and that of the LS states, > (I,j) is the
sum over nearest neighbors, g = gus/g; s is the degeneracy ratio and ap is the pressure operator. The term

(o) is the average value of ¢ which can also be expressed in terms of the fraction of HS species by:
(o) +1

Nps =
Then we can develop our Hamiltonian by considering for each particle, the o; having the same value (o),
such that },; 0; = q{o), where q is the number of nearest neighbors.

A Tl —2G
. +ap — rzz(g) (cf)z —M@Zm

After collecting together the terms factorized by Y; g; in order to simplify the equation, then the
Hamiltonian is expressed as:

A+ ap —Tin(g) — 2G(o) — 2]q(0)
2
A+ ap —Tin(g) — 2I'{o)
2

i
Where finally I' = G + Jq is introduced for simplification and represents both the short- and long-range
interactions.

H =

H =

As usual, if we have an Hamiltonian of the form H = —ho; , then after some transformations we can
obtain (o), by solving the following equation () = tanh (8h)
So in our case if we consider that:
A+ ap —Tin(g) — 2I'{(o)
2
1
kgT

h=—

B =

Then our equation to solve can be written as:
A+ ap —Tin(g) — 2I'(o)

(o) = tanh (—
2kyT
(o) = tanh (— 2Kz + pedV - Tzl;l(g) ~ 200V ks,

Where c is a constant, ¢ = 0.0724, when the external applied pressure, p, is expressed in MPa and the
volume variation of the molecule, 6V, is expressed in A’.
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In order to determine the two variables (T,p) from one equation, our device must include two SCO
compounds characterized by the corresponding parameters 41, 6V1, g1, I'l, < g1 >, and 42, 6V1, g2,
I'2, < 02 >, respectively (we make the difference §V'1, and §V1,in this contribution)

Then we have the following system:

Al +pcéV1—Tingl —2I'1 <ol >
< 0l >=tanh (— )

2T
A2 +pcéV2 —Ting2 — 22 < o2 >
< 02 > = tanh (- >T )
From these equations we can derive the expression of p and T:
( V2
b = Bigpg
B V2
2= Mgpr
* 5V2 5V2
M (B2 = Bigpe| — o fre - Mg
P= 5V2
k coV1. [;\2 oy L
In order to simplify the lecture of the equations we introduce the following terms:
{}\1 = Ilngl — 2tanh ! < o1 > {,81 = A1-2I1<ol>
A, = Ing2 — 2tanh™ < 02 > f, = A2-2I2<02>

P[MPa]
e 0,00

!
(b) (c)

Figure 1. (a) Simulated HS fraction as a function of temperature and pressure variation for two values of the
interaction parameter (red-//kg = 160 K and blue-/7kg = 300 K). The calculation parameters are: A/kg = 1978.6
K, In(g) = 6.906, 6V = 100 A’ [4]. (b) Simulated temperature as function of two mean spin values <o;> and
<o,>, using two SCO compounds with the same interaction parameter I'/kg = 300 K and different parameters’
values Ay/kg = 1300 k, 8V, = 93.8 A3, In(g;) = 6.01, and A,k = 1978.6 k, 8V, = 100 A®, In(g,) = 6.906,
respectively. (c¢) Simulated pressure as function of two mean spin values <o,> and <o,>, using two SCO
compounds with the same interaction parameter I'/kg = 300 K and different parameters’ values A;/kg = 1300 k,
oV, =938 A3, In(g;) =6.01, and A,/kg=1978.6k, 8V, =100 AS, In(g,) = 6.906, respectively.

Figure la gives the HS fraction vs. the variation of temperature and pressure for each complex, and
shows clearly the overlapping between the two HS fraction 2D surfaces, the overlap range
representing the solutions of the combined system from which the simultaneous graphical values of
temperature and pressure can be obtained. Fig. 1b and Fig. 1c show respectively the temperature and
pressure variation vs. < 0l > and < 02 >. As we can see, we can have several pairs of values of
< 01 > and < 02 > for one value of temperature or pressure. But the number of pairs decreases for
high temperatures in the thermal case, and for low pressure in the pressure case.
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Figure 2. Principle to measure simultaneously temperature and pressure using two SCO compounds.

3. Conclusion

In this work we have presented a novel concept for spin crossover-based sensors that allows the
concomitant detection of both temperature and pressure. This new approach is based on the use of two
complexes exhibiting gradual spin transitions that leads to the identification of a single set of (P-T)
values for a single set of optical densities of each complex. Thus, a simple colour identifier is
sufficient to detect and measure the variation of both temperature and pressure, opening new
perspectives in the multifunctional sensors field. As far as the necessary apparatus needed to monitor
temperature and pressure changes is concerned, the one proposed here is comparatively much simpler
to implement than the existing ones using sophisticated X-Ray diffractometers and apparatuses needed
for Brillouin spectroscopy. It consists of a standard laser source, a detector and an associated computer
for data analysis. Signal to noise ratio is much better with the detection of a reflected laser beam than
that of laser induced fluorescence or luminescence.
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