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Abstract: A spin crossover in binuclear molecule is investigated using an Ising-type model, including the intramolecular
vibrations. The spin transition curve of [Fe(bt)(NCS),],bpym complex which presents a two-step transition plateau is well
described by the above model. We show that the equilibrium low-spin/high-spin temperature 7.4 is independent of the
vibration frequencies of the intermediate state (HS-LS or LS-HS) wpgs. In addition, a large values of LS-LS state
vibration frequencies wps lead to an evident two-step transition plateau.
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1. Introduction

Multifunctional molecular materials have been the object
of intensive research and offer promising opportunities for
applications in information processing, sensors and/or
displays devices [1, 2]. In this field, the molecular magnetic
materials are the most important class of these materials in
general and spin-crossover (SC) compounds in particular
[3-5]. Theoretically, several simple models have been
introduced to study these materials, among them, a variety
of Ising models adapted from the well-known Ising one,
such as Ising-like model to describe spin-crossover systems
[6], mixed Ising model for mixed spin systems [7—11] and
frustrated Ising model for spin glasses [12]. The spin-
crossover compounds have been described as molecular
bistable between a low-spin ground state and a long-living
high-spin excited state. The transition between these two
states can be achieved by external stimulus, like pressure,
magnetic field, light or temperature, and this stability of the
two spin states makes the spin-crossover molecules of great
importance and a great potential in technological applica-
tions [1, 4, 5]. From experimental point of view, a wide
range of two-step spin-crossover molecules have been
synthesized and studied [13]; however, few theoretical
models were able to describe the two-step spin-crossover
mechanism. A first approach was to use the Ising-like
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model with two sublattices, and this model is used to
describe two-step spin crossover observed in some spin
transition molecules [6]. In this model, the authors consider
two sublattices in the mean field approximation, where the
intra-sublattice exchanges are “ferromagnetic,” while the
inter-sublattices are “antiferromagnetic.” The later cou-
pling is responsible for the two-step of the spin transition.
This unusual behavior of two-step spin transition was also
observed in some binuclear compounds [14, 15], where
their description was carried out by an extension of the
previous model with a rigorous treatment of the term which
represents intramolecular interactions (between the metal
centers) [16].

The calorimetric measurements by Sorai and Seki [17]
reveal the importance of the molecular vibrations in spin
crossover. Indeed, the purely electronic models of the
phenomenon lead to an underestimation of entropy change
across the transition compared to those deduced from
experimental measurements. This disagreement has been
attributed to the effects of vibrations. When we add the
vibrations to the pure electronic model, one can get an
entropic change closer to the experimental values. Such
model is developed for mononuclear molecules [18], the
electro-vibrational Ising-type model, and gives results in
excellent agreement with the experimental data, in partic-
ular the change of the entropy after the spin transition. In
addition, it allows reproducing the curves of the spin
transition for mononuclear molecules. Later on, the
molecular vibrations are introduced in the Ising-type model
for spin crossover in binuclear molecules but for the
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purpose to study the vibration-driven spin transition (equi-
energy case) [19]: a situation where it allows the assess-
ment of the conditions under which cooperative exchange
interactions and the ligand field are weak enough to favor a
vibration-driven mechanism for the thermal transition. On
other hand, the spin-crossover phenomenon in solid state
gives rise to a large variety of behaviors, the origin of this
diversity is the cooperative nature of the couplings between
molecules, which finds its origin in the lattice dynamics,
and this leads to the so-called elastic models. These models
take in consideration the vibrations by introducing the
coupling between the electronic spin states of the molecule
and the lattice crystalline properties [20-22]. In the present
paper, we demonstrate the role of vibrations in the spin
crossover in binuclear molecules in a general manner.
Therefore, the introduction of the vibrations in the model
leads to the appearance of vibrational degeneracies in the
partition function. Such degeneracies are so important in
almost cases and lead to considerable contribution to the
entropy change after transition compared to that of the pure
electronic one. These additional degeneracies have also
effects on equilibrium temperature and the shape of the
transition curves. They permute to determine reasonable
and justified values to the parameters of the model, by
fitting the theoretical curves of the calculated spin transi-
tion to the experimental ones. So, after introducing the
model, we used it to describe the spin crossover of the
compound [Fe(bt)(NCS),],bpym, which is the subject of
several experimental studies [14, 15].

2. Ising-type model with vibrations for binuclear
molecules

A binuclear spin conversion compounds are molecules
containing two metallic centers which can assume two spin
states either a low or high spin. The spin state is controlled
by the ligand surrounding the metallic center.

Within the electro-vibrational model which describes
the two-step spin transition in symmetric binuclear mole-
cules where the two metallic centers can be in two different
spin states and therefore define two different sublattices (A)
and (B), we treat the intermolecular interactions in the
context of the mean field approximation, while the
intramolecular term is treated exactly. The vibrations of
each molecule are represented by p unidimensional har-
monics oscillators. The Hamiltonian associated with a
single molecule is written [19]:

H, = (GA+(TB)+J((TA<(TA> —|—(TB<(TB>)

N\l>

P
+J’(G’A <op > +0op<0y > ) + Japoa0op + ZVIbHrg>
=

(1)

where g4 and o are the two fictitious spin operators equal
to +1 in the HS state and —1 in the LS state. J = Jyy =
Jsp <0 is the intra-sublattice interactions, J' = Jg};‘”m"l <0
is the inter-sublattice interactions for metallic centers
belonging to different molecules, and Jsp >0 is the
intramolecular interactions.

Zf:] Vin,SP is the sub-Hamiltonian representing all the
intramolecular vibrations, where "in,Ep
harmonic oscillator (j) of frequencies:
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where nj = 1,2,3, .. ..

The total Hamiltonian of a system of N molecules, if we
consider all molecules which have the same modes of
vibrations, is:

N
H= ZHm
m=1

E(GA+O'B) +J(O’A<O'A >

N )4
— vib
_zl: +op<op > )+J (0a<op > +NZ Hy)
=

+op <0y > ) + Jagoa0p
(4)

The Hamiltonian H,, has the following eigenvalues:
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The previous eigenvalues are g7, grsgns and ggg times
degenerate, respectively, where grs and gps are the
(electronic) degeneracies of the (LS) and (HS) states,
respectively.

Within the canonical ensemble and for N identical
particles, the partition function is given by:

7 — (Zm>N7 Zm = %exp(fﬂEhn) (6)

where § = 1/(kgT), kg is the Boltzmann constant, and T is
the temperature.

Z, 1is the partition function of molecule (m), and r,
represents all possible states of the molecule:

Zy = gisexp{+B(A+ (J +J)m — Iap)} 255
+ gusgus exp{+B((J — J')n + Jap) } it )
+ gusgLs exp{—B((J — J)n — Jap) } Bz
+ s XP{—B(A + (J + T )m + Jap) } 2R

where

Z\EJES — Zexp{ /)’Z (nj +§)thLS} = ﬁM

=0 i1 1 —exp(— ﬁthLS)

%TZ%%/§3(+%M%}ﬁJﬂLﬂﬂ&L
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(8)
We obtain Z,, in its final form:
Zy, = exp(—BJan) (25 81 s exp{+B[A + (J + " )m]}
+ Zipo2g1sgus exp{2BJap} cosh{B(J — T')n}  (9)
+ 25 ghs exp{—BlA + (J + " )m]}]

with m = (04) + (o) and n = (64) — (o), where

:ﬁ exp(— ﬂzthHS)

p
o .
Zip = [ Zan (o
i=1

1 (10)
2sinh (%5 hwﬁf))

with o = LLS, LHS or HHS being the contributions of the
vibrations of states (LLS), (LHS) and (HHS), respectively,
in the partition function of the system.

The mean magnetization of the system is given by (N
identical molecules):

(o) = Tr(ae‘ﬁy)/z = (Z 66‘“’) /Z
= <ZO‘CXp(—ﬂErm)> (Zm)N_l/(Zm)N

So, the mean magnetization in the sublattice (A) is given
by:

Zyin(0), T) =

(11)

— exp{B[A + (J + J)m]}

(oa) = | ~ 2"?{35 exp(2fJap) sinh[B(J — J')n] /

vib

+ PR exp{—flA+ (+ S mi)
exp{B[A + (J +J)m]}

+2r Vﬁis exp(2fJas) cosh[B(J — J')n]

+ 2‘2“;56@{ BIA + (7 +T)ml}
(12)

For the mean magnetization of sublattice (B), we have:

—exp{B[A+ (J + J)m]}

(op) = + ZrZ‘L‘tS exp(2fJap) sinh[B(J — J')n] /

+ PEECexp{—flA+ (+ S mi}
exp{B[A + (J +J)m]}

+2 rZVL“ES exp(2fJap) cosh[B(J — J')n]

+ PR (= A+ (U + )]}

vib

where r = gus/gLs.
The high-spin fraction nyg is given by:
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2 2
rZES exp(28 Jag) cosh[B(J — J')n] 1
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(14)
if we exclude vibrations, this quantity becomes:
rexp(2BJag) cosh[B(J — J')n]
+rtexp{—plA + (J +J)m]} ] /
exp{B[A + (J +J")m]} (15)
+ 2rexp(2fJap) cosh[B(J —J")n]
+ rrexp{—BIA+ (J +J)m]}

nys =

It is the expression of nygs in the model without
vibrations [6].

3. Application
3.1. Binuclear compound [Fe(bt)(NCS),],bpym

The binuclear compound [Fe(bt)(NCS),],bpym has been a
subject of several experimental studies [14] accompanied
by some theoretical approaches [16] to explain the obtained
results. Here, we use the present model, within some
considerations on the vibration frequencies which will be
mentioned later, to obtain the variation of the fraction of
high-spin state nys as function of temperature (Fig. 1).

The parameters of the model exposed above are taken
from the experimental values used to describe the nys with
models without vibrational degrees of freedom [6]. We
consider that all the modes of vibrations for molecules in a
given spin state are characterized by only one effective
mean frequency. This is a common and sufficient approx-
imation [23, 24] to describe spin-crossover phenomena in
configurational diagram, which leads to the presence of
only three frequencies in the approach, namely wy s, wrgs
and WHHS -

Note that we have taking (guys = 3, gLs = 1) because
the total spin of the ion Fe*? in HS state is S = 2; hence,
the (electronic) degeneracy of this state is gys = 5, and for
LS state, we have S = 0 and its degeneracy g s = 1. Also,
we have the number of vibratory modes p = 15, and it is
that of a transition metal ion in an octahedral environment
[25].

High Spin Fraction Curves
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Fig. 1 Curves of the fraction nyg: experimental, adjusted without
vibrations (A =778, J = —283, J' =0, Jap = 122, r = 84) (Calc.
Nonvib.) from [16] and with vibrations (Calc. Vibr.)

A=778,J=-283,J =0, Jap =122, gus =5, g1s = 1,
<wLLS = 95, wLLs/U)LHs = 1.1517 wLLs/wHHS = 1.339, p= 15)
for the binuclear compound [Fe(bt)(NCS),],bpym

3.2. Effects of intramolecular vibrations
on the equilibrium temperature and the shape
of the transition steps

By definition, the equilibrium temperature Teq is corre-
sponding to the Teq(nus = !/2), so we have:

12 exp(2Peq Ja) cosh|[fe, (] — J')n]

2 x
+r2ZHHS exp{—ﬁeq A+ (J+ J')m}}
Zs> exp{BeglA + (J +J")m] }
= | +2rZ3" exp(2Beq Jas) cosh[B,,(J — J')n] (16)
—|—rZZ£—§lS exp{—ﬁeq A+ (J+ J')m]}
But  the condition nps(Teq) =3 means
m(Teq) = (<04 > + <o >) =0, so we obtain:
exp {2} = Bk = ((ans )2/ 248 )
(17)
Finally, we have:
= [ramn( (o) 2 /2 ) | (18
which becomes, in the approximation of high

temperatures—low frequencies (kpTeq > > hw(Li)LS):
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Fig. 2 Curves of the fraction nys calculated in the framework of the
electro-vibrational model with the values of the frequency wyrs
shown in the figure, and with:

A=778, J =283, J =0, Jup = 122, gus = 5,
81s = 17 U)LLS/(DLHS = 1151, (ULLS/(UHHS = 1:"1397 p= 15

t=a ) (e [T ol folhs) | 09

We notice that the T, is independent of the frequency of
the intermediate state (LS-HS or HS-LS) wpys, as
mentioned by Real et al. [14]. Within the same
approximation  (kpTeq > > hw(Li)LS), the  equilibrium
temperature is a function of \/wrrs/wpns for binuclear
molecules, whereas in mononuclear molecules, it is a
function of wys/wys [18].

In addition, our model aims to reproduce the two-step
spin transition curves observed in some binuclear mole-
cules (Fig. 1) and we demonstrate the effects of the
intramolecular vibrations on the shape of these spin tran-
sition steps as shown in Fig. 2.

In the following, we have set the parameters of the
model A, J, J' and J,p to the values of the adjustment of the
experimental curve nps(7) of the compound
[Fe(bt)(NCS),],bpym.

The calculated fractions of molecules in HS, nys(7T'), for
several values of the frequency @y s and for some values
of frequency ratios wrrs/wrLus and wyrs/wuns are pre-
sented in (Fig. 2).

For the values of wLLs/wLHs and wLLs/wHHs fixed to
those of the adjusted curve, and for the large values of the

High Spin Fraction Curves
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Fig. 3 Curves of the fraction nys calculated in the framework of the
electro-vibrational model with the values of the frequency wyrs
shown in the figure and for
(wLLs/wins = 1.201,1.18,1.151,1.12,1.091), respectively, and for:

A=1778, J=—283,J =0, Jap = 122, gus = 5,
8Ls = 17 wLLs/wHHs = 13397 p= 15

frequency wrrs, the two-step plateau of the transition
curves manifests clearly and the equilibrium temperature
T.q moves to the lower temperatures (Fig. 2). This is due to
the fact that the increase in wyrs with fixed ratios
orLs/oras and @pps/ouns leads to a smaller increase
in the frequencies wpys and wyys. This reduces the
vibrational energy gap between the phases (HS-HS), (LS-
HS) and (LS-LS) and leads to an increase in the separation
between the vibrational energy levels in the same spin
phase. Consequently, the population of the states in the
phases (HS—HS) and (LS-HS) shifted to low temperatures
and leads to smoother curves for the phases with high
density of vibrational states, i.e., the phases (HS-LS) and
(HS-HS) with energy levels of electronic degeneracy
gusgLs and g%ls, respectively.

On the other hand, when we also vary the ratio
oLLs/oLas, and for a selective choice of values of this
ratio, we can find all curves of the fraction nys(7T) inter-
fering in one point; it is the equilibrium temperature
(Teq = 175.5 K). In addition to this, for the great values of
wis, the first step of the transition curves (T <Teq)
becomes more steeper, while the second one (T > Teq) is
less abrupt, and this is more obvious for the smaller values
of wrLs/wLus, where wpgs values are in the order of that
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of wrrs. This leads to a degeneracy of vibrational states
associated with higher energy levels separations. This
increases the population of these states for wide tempera-
ture range around the equilibrium temperature, which
translated in second-step smoother (Fig. 3).

4. Conclusion

In this paper, we have revised and then applied the electro-
vibrational Ising-type model for binuclear spin-crossover
molecules such as [Fe(bt)(NCS),],bpym compound.

The curve of the transition is well reproduced. We
showed that for the binuclear spin-crossover molecules, the
ratio of nys(7T'), in the approximation of high temperatures—

low frequencies, is proportional to /@y s/wpps instead of
wLs/wys for mononuclear molecules. We did also produce
the plateau observed in binuclear spin-crossover curves and
showed that the equilibrium temperature Tcq moves to the
lower temperatures as function of wys and that all curves
pass by a common point corresponding to Teq.
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