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A new model for the first-order transitions between the low-spin and high-spin phases of molecular crystals of some transition 
metal complexes is proposed. Tbe abrupt spin transitions (or those exhibiting thermal hysteresis) are attributed to first-order 
transitions between the different crystal phases with the sublattice order. The necessary conditions for these transitions to take 
place are formulated in terms of intramolecular parameters of the spin transition and intermolecular interactions. 

1. Introduction 

The transitions between low-spin low-temperature 
states and high-spin high-temperature states, ob- 
served in a series of transition metal complexes 
(TMC), have attracted attention during the last two 
decades (for recent reviews see refs. [ 1,2 ] ) . The spin 
transitions in iron (II) TMC are probably the most 
extensively studied and they may exhibit a cooper- 
ative character. 

The theoretical description of the spin transition 
is based on the model proposed by Slichter and 
Drickamer (SD) [ 3,4] which includes intermolec- 
ular interactions phenomenologically. This ap- 
proach, however, faces serious problems, since it re- 
quires rather strong interactions favoring the 
formation of pairs of molecules of the same spin in 
order to model the cooperativity effects observed ex- 
perimentally. However, no convincing reasons ex- 
plaining why the average attraction between isomers 
of the same spin should be stronger than that of dif- 
ferent spins have ever been proposed. It is most likely 
that the interaction has the opposite sign to that re- 
quired by the SD model (see below) and thus the 
approach [ 3,4] generally does not apply to the anal- 
ysis of spin transitions in molecular crystals. Here we 
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propose an alternative model for the cooperative spin 
transitions based on the idea of sublattice order. This 
model also manifests a first-order phase transition 
but seems to be free from the shortcomings of the SD 
model. 

2. Spin transitions and interaction parameters 

The spin transitions are characterized experimen- 
tally by the molar fraction x of molecules in the high- 
spin state. The x(T) curves measured in dilute so- 
lutions (both liquid and solid) are smooth. For a se- 
ries of Fe (II) complexes with bulky organic ligands 
the x(T) curves in the crystal phase may be either 
smooth or abrupt or even exhibit a hysteresis, i.e. the 
transition between the spin states happens at differ- 
ent temperatures upon cooling and upon heating. 
These features of the x(T) curves together with the 
specific heat measurements [ 51 demonstrate that 
abrupt spin transitions are first-order phase 
transitions. 

SD [ 3,4] applied the regular solution model (see, 
for example, refs. [6-S 3 ) to the particular case of 
the spin transitions in solids. According to refs. [ 3,4] 
the free energy of the crystal undergoing the spin 
transition is given by 

g= (Ah- TA.s)x+Tx( 1 -x) + Ts& , (1) 
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where the mixing entropy is given by 

Ah and As are the enthalpy and the entropy differ- 
ences between the high- and the low-spin isomers. 
According to refs. [ 6-81 (see also ref. [ 9] for the 
discussion of this problem in the specific context of 
spin transitions) the phenomenological parameter r 
is directly related to the microscopic interaction 
energies of the spin isomers occupying the neighbour 
sites, 

r=+e, e=&ir_-f(&I_+&iH) 3 (2) 

where z is the number of neighbours of any given 
molecule; EHL, ELL, and EHH are the energies of the 
intermolecular interaction in the respective pairs of 
spin isomers. 

The analysis of eq. ( 1) led SD [ 3,4] to the con- 
clusion that the spin transition is of the first order 
when ris greater than 2&T, (T,=Ah/A.s). The in- 
teraction thus must be positive and of the order of 
several hundreds of kelvin, Much effort has been de- 
voted in order to find out what kind of intermolec- 
ular interactions would be capable of giving such large 
r values [ lo- 17 1. However, no convincing origin of 
the cooperative (in terms of ref. [ 91) interaction has 
ever been proposed. The spin-vibration (or Jahn- 
Teller) interaction [ lo- 12 ] which is very important 
as the intimate mechanism of the spin transition on 
the level of separate molecules does not treat prop- 
erly the intermolecular coupling. 

An effective interaction due to the image pressure 
between spin active molecules treated as defects 
embedded in an elastic medium has been proposed 
in refs. [ 13-171. It seems, however, that this ap- 
proach is not valid in the case of a high concentra- 
tion of spin active molecules (when the cooperative 
effects only take place). In this case the only elastic 
medium is the crystal itself formed by the molecules 
undergoing the transition. The formulae proposed in 
refs. [ 13- 17 ] obviously become invalid when the to- 
tal volume occupied by defects is comparable to the 
volume of the crystal [ 18 1. 

To summarize, we do not see any reliable mech- 
anism which could provide the positive value of e as 
required by the SD model. The reason for this ob- 
vious failure is that the interaction parameter E is 
most likely to be negative. Indeed, TMC with bulky 
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organic ligands capable of undergoing spin transi- 
tions are held in the crystals by van der Waals in- 
teractions. For describing the intermolecular forces 
the TMC molecules can be viewed as spheres whose 
interaction depends on the distance r between their 
surfaces. In the harmonic approximation the inter- 
action energy for two low-spin molecules is: 
Err+ fk(r-d)* (d is the equilibrium distance be- 
tween the spheric surfaces). The equilibrium dis- 
tance between the centers of two low-spin isomers of 
radius RL is aL=2RL+d. When the transition hap- 
pens the distance between the iron atom and the do- 
nor nitrogen atoms of the ligands increases. For the 
surrounding molecules the transition results in a cor- 
responding increase 8RHL of the radius of the sphere. 
The interaction energies in the pairs of molecules with 
the centers fmed at the distance aL now become 

E HL =ELL + ikSR&, , 

EHH=ELL+2k6R&. . 

Substituting these values in eq. (2) affords, 

e= -fkGR;L<O t (3) 

Within the proposed model the microscopic elastic- 
ity parameter k can be related to the bulk modulus 
K 3KaL=k. The variation of a upon the transition 
Aa= 26RuL and AVf V= 3Aala, so finally we have a 
relation between E and the molecular crystal 
parameters, 

E= -Kl’(AI’/V)2/242, (4) 

where V is the unit cell volume, AV is the volume 
effect of the transition, and 2 is the number of mol- 
ecules in the unit cell. Substituting the available data 
[ 1,191 on spin transitions and the elastic properties 
of the corresponding crystals results in an e value of 
- 60 K for the [Fe(bipy)2(NCS)z] compound. This 
value (when multiplied by the proper number of 
nearest neighbours) gives the correct order of mag- 
nitude for the interaction constant r, but with the 
opposite sign. 

The above result has probably been known for a 
long time, but it obviously cannot be reconciled with 
the requirements imposed by the SD modeI. This 
difficulty cannot be overcome within its framework 
since the experimentally observed first-order tran- 
sitions are possible in the model [ 3,4] (eq. ( 1) ) only 
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if the interaction parameter r (or E) is positive. The 
interactions with negative values of r have been 
called anticooperative [20] and are thought to lead 
to smoother x( T) curves than those obtained in the 
dilute solutions. In section 3 we shall construct a the- 
ory of the cooperative spin transitions for negative 
e values. 

3. Sublattice order and spin transitions 

Let us consider the TMC crystal undergoing the 
spin transition as a mixture of two spin isomers. It 
is known (see, for example, ref. [B ] ) that binary 
mixtures may undergo sublattice ordering transi- 
tions when c is negative. We assume that the crystal 
lattice can be divided into two sublattices (A and B). 
The ratio of the numbers of sites in the sublattices 
s =NB/NA > 1. Following ref. [ 2 11 we define the or- 
der parameter 8 which describes the excess of the 
high-spin isomer in the sublattice A with respect to 
its average fraction X, 

x*=x(l+se), x,=x(1-8). 

The free energy of the crystal is then given by 

g(T,x,e)=g,(T,x)+~(T,x,e) I (5) 

where 

go( T, x) = (Ah- T&)x 

+k,T[xlnx+ (1 -x) ln( 1 -x)] 

-~z]e]x(l--x) (6) 

is the regular solution free energy eq. ( 1 ), but with 
the negative interaction parameter e= - I c I and the 
term 

~(T,x,e)=kgT(l+~)-~{~(l+~e)ln(l+se) 

t(i-x)(1--pe) ln(l -vse) 

ts[X(l-e)ln(l-0) 

t(l-X)(lty8)ln(l+yt9)]} 

+zz,,l~]X*e*, (7) 

where v=x/ ( 1 -x), describes the sublattice order. 
( z,~ is the number of neighbours of a given site, which 
are situated in the different sublattices divided by 
the total number of neighbours z.) 

The regular solution free energy g,( T,, x) has a 
unique minimum x= h [ 3,4,6-8 1. After introducing 
the new variable x= i+< one can see that at T= T, 
the total free energy eq. (5) remains unchanged un- 
der the transformation 

e= -5, et= -ye 

(y’=y-*, etc.) . 

The point B= 0 (corresponding to the disordered 
phase of the crystal characterized by the random dis- 
tribution of the high- and low-spin isomers in the lat- 

tice) is always a stationary point of Ag( T, i, 0) 
(minimum or a saddIe). If the temperature is low 
enough T-c T,,= zzeff 16 I /4kB the disordered phase 
becomes unstable and the free energy eq. (5 ) has a 
minimum (&, &#O), corresponding to the sublat- 
tice order. It can be shown numerically and also by 
analysis of the Landau expansion [ 2 1 ] of g( T, r, e) 
that &#O if e,# 0. It is easy to see that if the critical 
temperature T, is lower than the ordering tempera- 

ture To the symmetry of g(T,, l, 0) ensures the ex- 
istence of another phase (c: = - &, 0: = -ye,) with 
equal free energy g( T,, &, 0:) =g( T,, &, 0,). When 
T# T, the term linear in 5 and T-T, reappears in 
g( T, t, 0) and the degeneracy of the two minima is 
lifted. Therefore in the vicinity of T, the free energy 
eq. ( 5) has two minima which are degenerate at 
T= T,. This is precisely the definition of a first-order 
phase transition [ 221. At T, the ordered phase with 
lower content of high-spin isomer (C;b = -L-c 0) be- 
comes less stable than the ordered phase with higher 
content of high-spin isomer (C>O). The two order 
parameters experience the discontinuous change from 
-& to $; and from -JJ,& to 0,, respectively, which 
can be accompanied by the hysteresis effects char- 
acteristic for first-order transitions. 

4. Conclusion 

The physical picture of the spin transitions in mo- 
lecular crystals can finally be presented as follows. 
The low- and high-spin isomers of a transition metal 
complex form a solid solution. The interaction be- 
tween the molecules undergoing the transition does 
not favor the formation of pairs of isomers with the 
same spin. On the contrary, the intermolecular in- 
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teraction is anticooperative using the terminology 
proposed in ref. [ 20 1, The solid solution of the spin 
isomers undergoes a sublattice ordering transition. 
Below r, there exist two ordered phases having dif- 
ferent equilibrium fractions of the high-spin isomer. 
Below T, the ordered phase with the lower content 
of the high-spin isomer is more stable; above T, that 
with the higher content of the high-spin isomer is 
more stable. The spin transition observed at T, is the 
first-order transition between these two phases. It al- 
ways takes place when the critical temperature T, 
controlled by the molecular transition parameters Ah 
and A,s is lower than the ordering temperature To 
which is controlled by the intermolecular “anticoop- 
erative” interaction. 
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