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I. Introductlon 

Spin-state transitions in various complexes of the 
transition-metal ions have received considerable at- 
tention .within the last few years.'+ These transitions 
are encountered for metal ions characterized by the 
electronic configurations 3d4, 3d6, 3d6, and 3d7 in oc- 
tahedral symmetry, if the cubic crystal-field splitting 
A = lODq and the Hund's rule exchange energy P are 
comparable in magnitude. For lower than octahedral 
symmetry, spin transitions have been found, in addi- 
tion, for the configuration 3d8. In the particular case 
of Fe2+(3d6) in octahedral symmetry, the relevant states 
are low spin lAl(ks), a singlet, and high spin 6Tz(k4e2), 
with 15-fold degeneracy. The "crossoverw condition 
then results as6 

lODq = 2.195B + 3.708C (1) 

where B and C are the Racah parameters of interelec- 
tronic repulsion. The quantity lODq at the crossover 
has been estimated to about 12 OOO ~ m - ' . ~  In most real 
situations, the 15 levels of the 6T2 state are split by 
spin-orbit interaction and lower symmetry crystal fields. 
The essential features of the high-spin(bT2) == low- 
spin('Al) transition are not significantly altmed, if the 
effective symmetry is lower than octahedral. The cubic 
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designation of the states sTz and 'Al will be therefore 
retained if 3d6 ions are concerned, whereas a spin 
transition without reference to a particular configura- 
tion will be denoted as HS 

In dilute solution, where the molecules are effectively 
isolated, in general an equilibrium between the LS and 
HS states is established. The interconversion process 
is dynamic in nature and may be characterized by 

LS transition. 

k 

k-1 

The rate constants for the process have been deter- 
mined for a number of systems. For iron(I1) complexes, 
in particular, the values obtained for kl  and k-l vary 
between 4 X lo6 and 2 X lo' s-'.~ 

In solid systems, thermally driven transitions between 
LS and HS states are observed, the behavior being 
modified, to different extents, by interactions within 
the lattice. There are two different types of spin 
transition which may be distinguished: (i) discontinu- 
o w  (abrupt) transitions which occur a t  a well defined 
transition temperature ( T,); (ii) continuous (gradual) 
transitions which $&e place over an extended range of 
temperature (T, defined by the temperature where the 
HS fraction ~ H S  = 0.50). 

In order to provide an interpretation of spin-state 
transitions, a number of theoretical models has been 
conceived, reference being given here only to a 
These studies seem to account rather well for the gen- 
eral observation that both discontinuous and continuous 
type of transition are encountered. In any particular 
model, the type of transition is determined by the 
specific numerical values which are assumed for certain 
parameters. Thus, in an Ising-type model,1° an inter- 
action term is introduced such that the energy of the 
HS and LS states of a given ion depends on the spin 
state of neighboring ions. For the Fe2+(3ds) ion, e.g., 
the characteristic parameter is J/kT,  where J is the 
interaction constant for the sT2 ions and T, is the 
transition temperature. A gradual transition then re- 
sults for J/kT,  < 2.0, whereas abrupt transitions are 
obtained if J/kT,  2 2.0 (orbital splitting parameter Al 
= A2 = 500 cm-l, spin-orbit coupling constant h = -100 
cm-' and T, = 150 K assumedlO). The results of the 
experimental studies are difficult to reconcile with this 
type of model. Thus, X-ray diffraction investigations 
clearly show the presence of two different phases for 
discontinuous transitions, whereas a single phase is in- 
dicated for continuous transitions (cf. section I11 for 
details). Obviously, it is not easy to account for the 
observation by the adjustment of a single model pa- 
rameter. 

In this situation, it seems profitable to present a short 
account of our current understanding of spin-state 

LS & HS (2) 
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transitions. The emphasis is on the most completely 
investigated spin transition complexes of iron(I1). In- 
clusive of the tabulated data, the review is compre- 
hensive with respect to those iron(I1) crossover systems 
which have been investigated by multiple-temperature 
single-crystal X-ray diffraction or the high-resolution 
X-ray powder diffraction method. I t  is only in these 
cases that a reliable differentiation hetween the two 
types of transition, Le., discontinuous and continuous, 
can he achieved. 

Spin-state transitions have been reported for certain 
solids such as perov~kites, '~J~ and clustersl' as well as 
for various biological It is expected that 
the interpretation of spin-state transitions in these 
systems will follow closely the arguments outlined in 
this report. 

I I .  7Bermodynamic Aspects 

I t  may he useful to consider the basic facts of the 
thermodynamics of phase transitions. The relative 
stability of two different phases is determined by the 
difference in the Gibbs free energy 

G = H - T S  (3) 
where H = U + pV is the enthalpy and U the internal 
energy of the system. A t  low temperatures, and pro- 
vided the entropy S is finite, the contribution of the 
term TS to the free energy of a phase is negligible. 
Consequently, the condition of stability is decided by 
the difference in energy of the phases, the more stable 
state being the state of lower energy. In HS e LS 
transitions, this is, in general, the LS At the 
transition temperature T,, the free energies of the two 
phases are equal, AG = GHs - GLS = 0 and thus AH = 
TAS. At sufficiently high temperatures, the term TS 
in eq 3 will dominate and the stable phase will he that 
of greater entropy. In general, the high-temperature 
phase also shows a higher disorder than the low-tem- 
perature phase. The increase in entropy A S  in a HS 
+ LS transition may he related to disorder as follows. 
The total increase in entropy consists of electronic and 
vibrational contributions 

A s  = + ASvib,"o -t ASvib.lat (4) 

where we have separated A&, into contributions from 
intramolecular vibrations ASvib.mol and those of inter- 
molecular or lattice vibrations AS,+,lat. Rotational en- 
tropy AS& and configurational entropy AS,, need not 
be considered for HS + LS transitions, the latter being 
of importance only in situations where orientational 

may contain contributions from both spin and orbital 
degeneracy. In the cases of interest, however, orbital 
degeneracy is most often removed and thus 

(5 )  

where wHs and wLS are the number of spin configura- 
tions (Le., spin multiplicity) for the HS and LS state, 
respectively. Thus, for compounds of iron(I1) where the 
spin states involved are high-spin 5Tz and low-spin 'Al, 
ASJpin = R In 5 = 13.4 J K-' mol-'. Measured values 
of the entropy change at  HS + LS transitions for 
complexes of iron(I1) vary between about 48 and 86 J 
K-l mol-', cf. Table This is considerably more 
than the value expected for a change in spin state alone. 

disorder of a molecular subunit is encountered.22,21 A S  el 

AS., = ASJP'" = R In (wHs/wLS)  
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TABLE I. Results of Calorimetric and DSC Measurements on Solid Spin Transition Complexes of Iron(I1) 
compounda Tc, K AH, kJ mol-' AS, J K-' mol-' method ref 

[Fe(phen)~(NCS)~l 176.29 8.60 f 0.14 48.18 f 0.11 cal 24 
[Fe(phen)z(NCSe)zl 231.26 11.60 f 0.44 51.22 f 2.33 Cal 24 
[ F ~ ( ~ P Y ) ~ ( N C S ) ~ I  212 10.1 f 0.5 48 f 4 DSC 26 
[Fe(phy)zl (ClO& 244.6 15.7 f 1 64 & 4 DSC 25 
[Fe(phy)zl (BF& 282 24.2 f 1 86 f 5 DSC 25 

Ligand abbreviations: phen = 1,lO-phenanthroline, bpy = 2,2'-bipyridine, phy = l,lO-phenanthroline-2-carbaldehyde phenylhydrazone. 

The difference has been attributed to the vibrational 
entropy term AS,,, which is always large if the transi- 
tion is associated with a sizable change in volume. For 
HS * LS transitions, such a volume change has been 
clearly established on the basis of X-ray diffra~tion.~-~O 
A detailed analysis of the vibrational contributions AS,, 
has been provided for the spin transition in [Fe- 
(~hen)~(NCS)~ l  and [ F e ( ~ h e n ) ~ ( N C S e ) ~ ] . ~  According 
to this study, about 50% of the vibrational entropy is 
due to metal-ligand stretching vibrations, another large 
contribution being assigned to the N-Fe-N deforma- 
tions, whereas the contribution by lattice vibrations is 
considered as minor. It is evident that the driving force 
of a spin transition from the LS to the HS state is the 
gain in entropy which is provided in part by the change 
in total spin and by another part by the associated 
change in molecular configuration. 

The thermodynamic classification of phase transitions 
may be based on the behavior of the Gibbs free energy 
and its derivatives. At  the transition temperature, G 
itself remains continuous, since the two phases must 
have the same free energy. According to eq 3, it is 

= Vdp - SdT (6) 

The first derivatives of G with respect to temperature 
T and pressure p thus are 

dG = dU + pdV + Vdp - TdS - SdT 

( g)p  = -s 

(E),=. (7) 

The second derivatives are readily obtained as 

Here, C, is the heat capacity at constant pressure, a the 
isothermal expansivity and @ the isothermal compres- 
sibility. According to Ehrenfest?' a transition is said 
to be of the same order as the derivative of G which 
shows a discontinuous change at  the transition tem- 
perature. Thus, a transition is first order if a discon- 
tinuous change occurs in volume and entropy (cf. eq 7). 
Since AStr- = AHhU/T # 0, the transition is also 
characterized by a nonvanishing latent heat AH- In 
a transition which is second order, heat capacity, iso- 
thermal compressibility, and isothermal expansivity 

show a discontinuous change (cf. eq 8). Transitions of 
third and higher order will involve additional differen- 
tial quantities. 

Whereas it is not always obvious to characterize a 
particular transformation as second order, the charac- 
teristics of first-order transitions, such as a discontin- 
uous change of volume or entropy or the existence of 
a measurable latent heat, are more easily recognized. 
However, it should be noted that many real transfor- 
mations are indeed of mixed order, showing charac- 
teristic properties of both first- and second-order 
transitions. U b b e l ~ h d e ~ ~  has therefore classified 
transformations simply as thermodynamically discon- 
tinuous and continuous transitions. 

Hysteresis is another important property of first-or- 
der transitions that may be employed in their identi- 
fication. Hysteresis arises as a difference in the tran- 
sition temperatures depending upon whether the tran- 
sition is approached from low or high temperatures. 
Evidently, the transformation does not take place at the 
true critical temperature T, where the free energies GI,n 
= GCp,T,nHs) of the two phases are exactly equal, but 
rather at a higher and lower temperature, usually de- 
noted TJ and TJ, respectively, with a metastable region 
between the two. There are two possible causes for the 
appearance of hy~teres i s :~~B~ 

(i) A distribution of transition temperatures as result 
of the formation of domains. Due to superheating and 
supercooling effects, each particular domain will have 
different transition temperatures T&t, T,', the observed 
hysteresis curve being a superposition of the individual 
curves for all domains i. 

(ii) A distribution of nucleation rates due to the ex- 
istence of kinetic barriers. The height of the barriers 
increases with the value of the volume change AV ac- 
companying the transition. For positive AV, the nu- 
cleation of the product phase is associated with a com- 
pression in the forward direction and with tension in 
the reverse direction thus producing a difference in 
transition temperatures in the two directions. 

In these cases, the Gibbs free energy has to be ex- 
tended by including additional terms which represent 
the strain energy t and the interfacial energy ~ . 3 ~  The 
free energy for the two phases that coexist in the 
metastable region may now be written as 

GI = GCp, T,  €129 712) 

GI1 = GO, T, €21, 7121) (9) 

and thus a different transition temperature will be ob- 
tained as result of the different direction of temperature 
change. 

I I I .  Structural Conslderatlons 

Although the thermodynamic classification of phase 
transitions is very fundamental, since it relates the order 
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TABLE 11. Results of Multitemperature Single Crystal X-Ray Diffraction Studies on Spin-State Transitions in Complexes 
of Iron(I1) 

compound" T, K v, A3 Fe-L distance, A L-Fe-L angle, deg nHS ref 
[ F ~ ( ~ - ~ ~ C ) ~ ] C ~ ~ . C ~ H ~ O H  298 2485.2 2.195 75.4 1.0043 29 

P 2 , l C .  z = 4 150 2406.2 2.175 76.4 -0.90 
(Ti'= 121.5 K) 90 

(T, N 153 K) 199 

[ F ~ ( ~ - ~ ~ c ) ~ ] C ~ & H ~ O H *  227 
Pbna, Z = 8 

171 

148 

115 
[Fe(dppen)2C12]-2(CHS)2C0 295 

130 

105 

P2,fa, Z = 2, T, N 240 K 

R l c ,  Z = 2, T, = 203 K 
IFe(4-Ettr)*(HzO)z13(CFaS08)Bb 300 

2344.2 
4782 

4795 

4715 

4691 

4617 
2689.4 
2492 
4168.2 
3994.9 

2.013 
2.198 (HS) 
2.09 (LS) 
2.203 (HS) 
2.06 (LS) 
2.190 (HS) 
2.02 (LS) 
2.184 (HS) 
2.011 (LS) 
2.016 
2.584 
2.301 
2.174 
2.031 

81.5 
76.0 
77.7 
75.7 
79.3 
76.4 
80.7 
76.6 
81.8 
81.61 
77.6 
81.8 

<0.04 
0.84 28 

0.82 

0.66 

0.39 

0.04 
1.0023 30 - 0.04 
1.00 37 
0 

Ligand abbreviations: 2-pic = 2-picolylamine; dppen cis-l,2-bis(diphenylphosphino)ethylene; 4-Ettr = 4-ethyl-1,2,4-triazole. 
*Resolution of both HS and LS molecules at  intermediate temperatures accomplished. 

of the transition with discontinuities in the derivatives 
of Gibbs free energy, it provides not more than a ma- 
croscopic description of the transitions. With the ac- 
cumulation of knowledge concerning the structure of 
solids, the classification into structural categories be- 
comes important. Thus, a geometrical picture of the 
microscopic changes associated with a transition may 
be obtained, because the product phase formed in the 
transition may be related to the parent phase in one of 
several ways. The detailed description of the various 
structural types of phase transitions, such as recon- 
structive, displacive, martensitic, order-disorder, and 
others will not be attempted here. For details, the 
interested reader is rather referred to the literature in 
this 

There are a number of X-ray structure investigations 
available which were performed at two or more tem- 
peratures on spin transition compounds of i r ~ n ( I I ) ~ ~ * ~ ~  
(cf. Table 11). According to these studies, the largest 
structural change encountered always concerns the 
Fe-ligand bond length. Thus, on transition from the 
LS to the HS state, F e N  distances increase up to about 
0.18 A. The largest Fe-ligand bond length change has 
been observed for Fe-P ligation, the corresponding in- 
crease being 0.28 A.30 Another significant change con- 
cerns the ligand-Fe-ligand bite angle for bidentate 
ligands which decreases for N-Fe-N ligation, on tran- 
sition from the LS to the HS state, by up to 6'. There 
are, in general, additional changes in bond lengths and 
angles of the ligand which are different for different 
compounds. No breaking of bonds or the formation of 
new bonds or any other more pronounced modification 
of the lattice has been found. Thus, in all compounds, 
the topology of the linkage in the lattice is preserved, 
and the space group is the same for the LS as well as 
for the HS state. It should be noted that all the com- 
pounds studied according to Table I1 show HS * LS 
transitions of the continuous type. The results do not 
immediately conform to any of the types of phase 
transformation encountered for the more simple, i.e., 
ionic or metallic, lattices. However, it is at least evident 
that the change of spin and the order of electronic en- 
ergy levels at the HS == LS transition is associated with 
a geometric distortion of the molecular structure. It 
follows that the HS * LS transitions may be considered 

as of the pure displacive type showing a similarity to 
the cooperative pseudo-Jahn-Teller transformations. 

Multitemperature X-ray structure determinations 
have been also reported for various spin transition 
compounds of i r ~ n ( I I I ) . ~ ~ l  In general, the changes 
associated with the HS + LS transition are closely 
similar to those in complexes of iron(I1). Thus, e.g., in 
tris(dithiocarbtunato)iron(III) ~ o m p l e x e s , ~ ~  the change 
of Fe-S distances is only about 0.07 A, and the change 
of the S-FeS bite angle is about 1.6'. In a particular 
porphinatoiron(II1) complex,4o the structural change on 
transition from the LS to the HS state can be described 
as an increase by 0.27 A in the axial Fe-N bond and a 
porphinato ring expansion causing an increase of - 
0.055 A in the equatorial Fe-N bond. We assume, 
therefore, that the changes observed in HS LS 
transitions of iron(I1) compounds are largely typical for 
spin transitions in general. 

Despite the available structural information on spin 
transitions, the assignment of a particular spin tran- 
sition to one of the two categories of discontinuous and 
continuous transitions is often not obvious on the basis 
of magnetic, spectroscopic, and Mossbauer effect mea- 
surements alone. It is therefore of some interest that 
a novel method for a reliable separation of the two types 
of transition has been developed. The method uses 
high-resolution X-ray powder diffraction which is 
studied as a function of temperature, and the analysis 
of the resulting peak profiles.42 It has been demon- 
strated that, for discontinuous spin transitions, indi- 
vidual diffraction peaks for the two phases are observed. 
These signals replace each other as the transition 
progresses in either direction. For continuous transi- 
tions, diffraction peaks of a single phase are obtained. 
The position of these signals gradually shifta with tem- 
perature from the original position of the parent phase 
to that of the product phase in either direction. 

In the following sections, we will review the available 
experimental results for spin transition compounds of 
iron(I1). The examples have been such chosen that a 
detailed analysis of high-resolution X-ray powder dif- 
fraction or the single-crystal X-ray structure for the two 
phases, HS and LS, is available. On this basis, a reliable 
assignment of the spin transitions to the discontinuous 
or the continuous type has been possible in most cases. 
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I V. Discontinuous Transitions 

A. Background 

The discontinuous type of spin transition may be 
described in detail in terms of an abrupt change with 
temperature of important physical properties, such as 
the high-spin fraction nHs derived on the basis of the 
57Fe Mossbauer effect, the relative intensity I H S / I ~ M  
obtained from X-ray d i f f r a~ t ion ,~~  the effective mag- 
netic moment peff, and others. A characteristic tran- 
sition temperature T,  exists or may be defined by that 
temperature where ~ H S  = 0.50. Experimentally, a 
compelling evidence for a crystallographic phase change 
is provided by the observation of individual X-ray 
diffraction patterns for the two ground states of iron(II), 
high-spin 5T2 and low-spin lAl. In the region of T,, the 
relative intensity Irel of the two patterns is strongly 
temperature dependent and IHs/IhM conforms to the 
temperature variation of nHs. The first-order character 
of the transition often may be established from the 
measurement of heat capacity changes, from DSC 
studies or the observation of hysteresis effects. 

Hysteresis effects are closely associated with the 
formation of domains and the mechanism of a spin 
transition may be characterized more completely by 
application of the Everett to the observed 
hysteresis. This model considers the behavior of an 
ensemble of domains as a function of m independent 
variable. In case of a spin transition, a domain is 
formed by a number of molecules of like spin, either 
high-spin (HS) or lowspin (LS). The conversion from 
one state to the other is effected by change of the in- 
dependent variable, e.g., the temperature T .  If the LS 
state is stable at  low values of T ,  then on increasing T 
a change to the HS state will take place at the critical 
temperature Tcf = T (LS - HS), while the reverse 
change will occur on lowering T at the value TCi = T 
(HS - LS) which is smaller than TCt. In general, the 
values of T,  will be different for different domains i, and 
are thus denoted T,it, TciJ. The overall shape of the 
hysteresis for an observed physical quantity such as TIHS 
arises from the superposition of the individual hyster- 
esis curves for a large number of domains i. Of par- 
ticular interest is the distribution of the critical tem- 
peratures T,if and TcjJ which is detersined by the 
distribution functions p ’ ( f l )  = dnHs/dT for the as- 
cending boundary curve and q’(Ti) = dnHs/d? for the 
descending boundary curve of the h y s t e r e s i ~ . ~ ~ ~ ~  It 
follows that rather abrupt transitions will be charac- 
teristic for a narrow distribution of critical temperatures 
T ~ f ,  TciJ, whereas a more gradual character will be in- 
dicative of a wider distribution of TCit, TCii for the in- 
dividual domains. Since spin transition characteristics 
are very sensitive to changes in crystal properties, it is 
realistic to associate different slopes of hysteresis curves 
with such changes. 

Valuable conclusions concerning the participation of 
domains in spin transitions may be drawn from the 
application of several theorems of the Everett model 
to inner loops of the hysteresis, the so-called “scanning 
curves”.44 Of particular importance is theorem 4 ac- 
cording to which the shape and area of scanning curves 
between two temperatures TA and TB should be equal 
independent of the position of A in the loop. This 

1.0 P I  -*-*- i. 
0 

1.0 

A5T2/At 

0.5 

0 
I I 1 I J  

240 260 280 T,K 300 
Figure I. Temperature dependence of the high-spin area ratio 
A q 2 / A d  on the basis of Mhsbauer effect (OC) and the relative 
intensity of the high-spin phase Zq /Ibd on the basis of X-ray 
diffraction (O,.) for [Fe(phy),](Cld4)2 (upper part of figure, a) 
and [Fe(phy),](BF,), (lower part of figure, b). Full points are 
for increasing temperatures; open points are for decreasing tem- 
peratures. 

theorem as well as theorem 3 of Everett are vaiid only 
if the domains are i n d e ~ e n d e n t . ~ ~  It is customary to 
consider theorem 4, in particular, as the key theorem 
within a model of noninteracting domains. 

Discontinuous HS + LS transitions may arise for any 
transition-metal spin crossover system, although by far 
the largest number of known examples are complexes 
of iron(I1) with various types of ligands. 

B. Specific Examples 

[ F ( p h ~ ) ~ ]  [(CZO,),. The iron(I1) complex of the tri- 
dentate ligand derived by a suitable substitution of 
l,,l0-phenanthroline in the 2-position (phy = 1 , l O -  
phenanthroline-2-carbaldehyde phenylhydrazone) 
shows an abrupt high-spin(5T2) F= low-spin(’A,) tran- 
sition.48 The behavior of the 57Fe Mossbauer effect is 
closely similar to that of the corresponding tetra- 
fluoroborate which is discussed below. The transition 
is centered at  Tct = 256.1 K for increasing and at  TCi 
= 248.0 K for decreasing temperatures with a hysteresis 
of AT, = 8.1 K (cf. Figure 1). The recoil-free fraction 
shows a discontinuity of AfbM 42% at Tct as dem- 
onstrated by Figure 2 which indicates different phonon 
spectra for the two spin states. The enthalpy and en- 
tropy change a t  the transition have been determined 
by DSC measurements as AH = 15.7 f 1 kJ mol-’ and 
AS = 64 f 4 J K-l mol-l, re~pectively.~~ A distinct 
difference is found for the X-ray diffraction patterns 
of the two phases, HS and LS, cf. Figure 3. The 
transition temperatures for the crystallographic phase 
change (T,f = 253.1 K, Tci = 246.5 K) are practically 
identical to the values derived from Mossbauer effect, 
the differences being due to the experimental uncer- 
tainty of these values. This applies similarly to the 
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Figure 2. Temperature dependence of the quantity -In (&ti), 
i = 5Tz, lA1, where ti is the effective thickness, on the bask of Fe 
Mbsbauer effect measurements for [Fe(bi),] (C104), (O) ,  [Fe- 
(bt),(NCS),] (a), and [Fe(phy),](Cl0J2 (0). The measurements 
are for increasing temperatures. 
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Figure 3. X-ray powder diffraction peak profiles for [Fe- 
(phy)2](C104)z at the temperatures of 243,250,255, and 270 K. 
The measurements have been performed for increasing temper- 
atures. Arrows mark the residual ST, fraction (T, = 253.1 K). 

hysteresis curve derived from the relative intensities 
Iq,/Itotal of X-ray diffraction where AT, = 6.6 K (cf. 
Figure 1). The close correspondence between these data 
demonstrates that the electronic state of the molecules 
within the solid compound changes simultaneously with 
the crystallographic properties of the lattice. In order 
to determine whether independent domains are par- 
ticipating in the transition, two scanning curves of the 
hysteresis were constructed on the basis of X-ray dif- 
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Figure 4. Temperature dependence of the relative intensity of 
X-ray diffraction I*2/Iaa for [Fe(phy 2](C104)2 including two 
inner loops of the hysteresis curve (TI = 253.1 K, Ti = 246.5 
K). 

T [ K I  

fraction measurements. These curves are displayed in 
Figure 4, the temperature of turning points being equal 
to within f0.2 K." The hatched areas in Figure 4 which 
are bound by the two inner loops have been determined 
by integration of areas and were found to be equal 
within 3%. On the basis of theorem 4 of the Everett 

the results are consistent with the formation 
of independent domains by both the majority and 
minority phases of the two spin states, "r, and 'Al. The 
spin transition in the compound [Fe(phy)z](C104)2 thus 
occurs by conversion of the domains of HS (Tz) mol- 
ecules into domains of LS ('A1) molecules and vice 
versa. 

[Fe(phy)z] (BF4)2. For the complex tetrafluoroborate, 
the temperature dependence of the 57Fe Mossbauer 
effect is displayed in Figure 5. The high-spin(T2) + 
low-spin(lAl) transition is again abrupt, although it 
takes place a t  a somewhat higher temperature than in 
the perchlorate, i.e., at  TCt N 284 K for increasing and 
at  T,J N 277 K for decreasing temperatures, the hys- 
teresis showing a width AT, = 7 K (cf. Figure l).51 A 
pronounced discontinuity in the total area of Mossbauer 
absorption is found at  T, which is due to the difference 
in the recoil-free fraction of AfbM N 65%. The en- 
thalpy and entropy change associated with the transi- 
tion have been determined from DSC as AH = 24.2 f 
1.0 kJ mol-' and AS = 85.8 f 4.0 J K-' mol-', respec- 
t i ~ e l y . ~ ~ ~ ~  X-ray diffraction patterns for the two phases 
again show characteristic differences and the behavior 
in the region of T, is similar to that of the perchlorate. 
The transition temperature (TCt N 284 K, TCJ N 277 
K) and the shape of the hysteresis curve based on values 
of Iq2/ItOtal are practically identical to those determined 
from Mossbauer spectra (cf. Figure 1). The determi- 
nation of inner loops of the hysteresis curve indicates 
formation of independent domains.52 The transfor- 
mation HS LS may be similarly induced by the ap- 
plication of a moderate pre~sure .~ l7~~ 

[ F e ( 4 , 7 - ( C H , ) ~ - p h e n ) ~ ( ~ C S ) ~ ] .  This compound pro- 
vided the first example for hysteresis effects associated 
with a HS * LS transition (phen = 1,lO- 

i p h e n a n t h r ~ l i n e ) . ~ ~ ~ ~ ~  The transition temperatures 
based on studies of the 57Fe Mossbauer effect, are T, 
= 121.7 K, T i  = 118.6 K thus resulting in a hysteresis 
width of AT, = 3.1 K. An inner loop of the hysteresis 
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Figure 5. 67Fe Massbauer effect of [Fe(phy)2](BFI)P at 269.6, 
275.0, 277.4, 278.6, and 280.6 K. The measuremente were per- 
formed for decreasing temperatures (?': = 277 K). 

curve was constructed, the results being consistent with 
the Everett model." A clear discontinuity of the De- 
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Figure 6. Temperature dependence of the high-spin area ratio 
AqJA- on the basis of Mbssbauer effect (O,.) and the relative 
intensity of the high-spin phase Iq2 / IWd on the basis of X-ray 
diffraction (Dc) for [Fe(4,7-(CHa)2-phen)2(NCS)2]. Full signs 
are for increasing temperatures; open signs are for decreasing 
temperatures. 

bye-Waller factor was observed at T, which is equiva- 
lent to fq, being by 17% lower than fq1. The finding 
confirms the expected difference in lattice vibrations 
for the two spin-state phases.6B X-ray diffraction pro- 
duced different peak profiles for the two phases." The 
relative intensity Iqz/Iba derived therefrom conforms 
closely to the area ratio Aq,/Abtal derived from 
Mossbauer spectra (cf. Fi e 6). Transition temper- 
atures (TJ = 122.9 K, T c r 1 1 9 . 6  K) are also in good 
agreement with those determined by other types of 
physical measurement. Similar results have been ob- 
tained for the a-picoline solvate of the compound which 
is of interest for its large hysteresis width AT, = 56 K.57 

[Fe(pher~)~(NCS)~] .  For the classical spin transition 
complex of the unsubstituted 1,lO-phenanthroline lig- 
and, a sharp transition was reportedM at T, = 174 K on 
the basis of magnetic and 57Fe Miiasbauer effect studies. 
The first-order character of the transition was con- 
firmed by heat capacity measurements resulting in AH 
= 8.60 f 0.14 kJ mol-' and A S  = 48.78 f 0.71 J K-' 
mol-' at  T, = 176.29 K.24 It was suggested that a long 
range correlation should be responsible for the coop- 
erative nature of the transition through coupling be- 
tween the electronic states of the complexes and the 
phonon system. X-ray powder diffraction peak profiles 
were studied over an extended range of t empera t~ re .~~  
Only small changes of the diffraction pattern were ap- 
parent as compared to other spin transitions of the 
discontinuous type. It was concluded that the struc- 
tural characteristics of the 5T2 and lAl phase should be 
closely related.69 Recently, a very narrow hysteresis of 
the width ATc = 0.15 K has been detected@' by magnetic 
measurements, again suggesting that the structural 
change associated with the spin transition must be 
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TABLE 111. Hysteresis Effects at Discontinuous Spin Transitions in Compounds of Iron(I1) 
compound" Tcf, K Tci, K AT,, K T,, K methodb ref 

[Fe(bt)z(NCS)zl 181.9 172.3 9.3 177.1 X-ray 63 
[Fe(bpy)~(NCS)zl 212.6 212.2 0.4 212.4 DSC 60 
[Fe(phen)z(NCS)z] extracted 176.30 176.15 0.15 176.23 cal 60 

[Fe(bi),l (Cl0,)~ 114.8 108.3 6.5 111.6 X-ray 22 

(Fe(4,7-(CH3)z-~hen)~(NCS)~1. 121.7 118.6 3.1 120.2 X-ray 54 
a-picoline powdered 202 146 56 174 X-ray 57 
a-picoline crystalline 195 153 42 174 X-ray 57 

[Fe(phy),l(ClOd~ 256.1 248.0 8.1 252.1 DSC, X-ray 48 
IFe(phy)~l (BFA 286 277 -9 281.5 DSC, X-ray 51 
[Fe(paptH)zl(NO3)~ 263 229 34 246 66 
[ Fe(2-pi~)~]Cl~.H~O 295 204 - 90 249.5 65 

a Ligand abbreviations: bi = 2,2'-bi-2-imidazoline; bt = 2,2'-bi-2-thiazoline; bpy = 2,2'-bipyridine; phen = 1,lO-phenanthroline; phy = 
l,lO-phenanthroline-2-carbaldehyde phenylhydrazone; paptH = 2-(2-pyridylamino)-4-(2-pyridyl)thiazole; 2-pic = 2-picolylamine. *Method 
employed to establish first-order character of transition: cal = calorimetry, DSC = differential scanning calorimetry, X-ray = X-ray dif- 
fraction. 

small. The results for the analogous compound [Fe- 
(phen)2(NCSe)2] where T, = 232 K are in many respects 
very ~ i m i l a r . ~ ~ ~ ~ ~  
[Fe(bp~),(NCs)~]. The complex of bpy = 2,2'-bi- 

pyridine shows a sharp transition at T,  = 212 K on the 
basis of magnetic and 67Fe Mossbauer effect studies.61 
The fmt-order character of the transition is established 
by a discontinuous change of entropy and the obser- 
vation of hysteresis effects. Thus, from DSC studies, 
AH = 10.1 f 5 kJ mols1 and AS = 48 f 4 J K-l mol-' 
have been obtained;% whereas a very narrow hysteresis 
of the width AT, = 0.4 K has been found on the basis 
of magnetic measurements.@' Of considerable interest 
are single crystal X-ray diffraction studies at  295 and 
N 100 K on polymorph 11 of the compound.n According 
to this study, the compound crystallizes in space group 
Pcnb with 2 = 4. The average F e N  bond length is 2.14 
A in the HS state and 2.02 A in the LS state, thus 
showing an increase by 0.12 A on transition from the 
LS to the HS state. Pronounced changes are also found 
for the N-Fe-N bond angles. 

[Fe(bt)2(NCS)2]. The complex of another bidentate 
NN ligand (bt = 2,2'-bi-2-thiazoline) shows an abrupt 
high-spin(6T2) * low-spin(lA,) transition at TCt = 181.9 
K and T,i = 172.3 K.62@ The hysteresis assumes a 
width of AT, = 9.3 K, a discontinuity of the recoil-free 
fraction of Afbd rr, 35.4% being observed at TCt. X-ray 
diffraction studies show significant differences for the 
HS and LS phases, the temperature dependence of the 
relative intensities I T ~ / I ~ ~  being equivalent to that of 
the effective thickness tqz/ttotal derived from the 
Mossbauer effect. More recently, two inner loops of the 
hysteresis curve were constructed on the basis of mag- 
netic measurements.50 The areas of the loops were 
found to be equal except for a difference of 4 f 1 % . It 
was concluded that independent domains of molecules 
with like spin are participating in the spin transition. 
[Fe(bi),](CIO,),. In this complex where bi = 2,2'- 

bi-2-imidaz0line,~ a very sharp high-spin(6T2) low- 
spin('Al) transition was established by variable- tem- 
perature 67Fe M6ssbauer effect (TCt = 114.8 K, Tci = 
108.3 K) and X-ray diffraction measurements.22 Thus, 
a pronounced hysteresis of AT, = 6.5 K is observed, the 
recoil-free fraction showing a difference of 4- - 14% 
at T,  (cf. Figure 2). Again, characteristically different 
X-ray diffraction patterns for the 5T2 and lAl phases 
are observed. At higher temperatures, the behavior of 
the compound becomes more complicated in that, at  
T?l04 N 199 K, an order-disorder transition of the C104 

anions is involved. 
C. Addltlonal Comments 

There are a few more iron(I1) compounds for which 
a discontinuous type high-spin(ST2) * low-spin('Al) 
transition has been reported. For these systems, the 
particular results which are required for a more detailed 
characterization of the transition are, in general, not 
available. [Fe(2-pi~)~]Cl~.H~O is of some interest for its 
extremely wide hysteresis of AT, e 90 K (2-pic = 2- 
picolylamine). The transition temperatures were de- 
termined by a study of the 6'Fe Miissbauer effect, values 
of Tct = 295 K for increasing and Tcl = 204 K for de- 
creasing temperatures having been obtained.66 Al- 
though the observation of hysteresis is indicating a 
first-order transition, an X-ray diffraction study is not 
available to ascertain the expected crystallographic 
phase change. Another example of an observed hys- 
teresis is the transition in [Fe(paptH)2](N03)2 which 
shows a quasi-continuous appearance (paptH = 242- 
pyridylamino)-4- (2-pyridyl) thiazole) .BB The transition 
temperatures were determined on the basis of the 57Fe 
Mossbauer effect as Tct = 263 K, T,i = 229 K, the 
hysteresis width thus being AT, = 34 K. An X-ray 
diffraction investigation on the compound is in progress. 
The results of the more detailed hysteresis measure- 
ments on spin transitions in iron(I1) complexes are 
collected in Table 111. 

Discontinuous type spin transitions have been also 
observed for compounds of other transition metals. An 
interesting example is the Schiff base complex [Fe- 
(salen)NO] where an abrupt spin transition between S 
= 3/2 and S = 1/2 states has been observed at T,  = 175 
f 3 K (salen = N,"-ethylenebis(salicylideneamine)).6' 
A hysteresis of AT, N 10 K indicates that the transition 
is first order. Moreover, the temperature dependence 
of the Miissbauer total area shows a discontinuity at T,. 
Fitting an Einstein model for local frequencies of vi- 
bration to the measured absorption areas it was con- 
cluded that there is a difference of -20% in the iron 
atom frequencies for the two spin phases. In a pre- 
ceding significant distortions and changes of 
the complex were found on the basis of single crystal 
X-ray diffraction at  296 and 98 K. The most striking 
changes observed for the S = l /z phase are those of the 
Fe-N-0 angle (127O vs. 147O in the S = 3/2  state), the 
distance of the Fe atom to the mean coordination plane 
which is 0.1 A lower, and the near coplanarity of the 
salen moieties. 
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Figure 7. Temperature dependence of the relative effective 
thickness t q  / tw for [Fe(4,7-(CH3)z-phen)2(NCS)z]~~-picoline. 
Data collect& mth increasing temperature are marked with open 
signs; those obtained with decreasing temperature are marked 
with full signs. (a) Mildly powdered sample. (b) Crystalline 
sample (two seta of measurements recorded within six months 
are shown). (c) Substance thoroughly ground with sintered MgO 
powder. (d) Same sample as (c), measurement after two months. 

D. Particle Size Effects, Grlndlng and Dilution 
Experiments 

The experimental characterization of discontinuous 
transitions is by no means trivial, since local nonuni- 
formities and stresses, whether due to defects within 
or grain boundaries between crystals, may “smear out” 
a truly discontinuous transition over a finite tempera- 
ture range. This may be illustrated by some observa- 
tions on [Fe(phy),] (C104), where the results reported 
above apply to a particular sample of the compound, 
i.e., sample I. In a subsequent measurement of the 
finely divided sample 11, by the 67Fe Miissbauer effect, 
a quasi-continuous transition with a relatively narrow 
hysteresis loop (T: = 262.8 K, TJ = 260.0 K, width ATc 
= 2.8 K) was obtainedaa The temperature dependence 
of Iq2/Itotal derived from the X-ray diffraction mea- 
surements produced a hysteresis curve practically 
identical to that obtained on the basis of 57Fe 
Moasbauer effect. It should be noted that the essential 
features of the first-order transition, such as hysteresis 
and the separate X-ray diffraction patterns for the two 
phases, were preserved. After recrystallization, a dis- 
continuous behavior of the transition associated with 
a hysteresis curve practically identical to that of sample 
I was assumed. There is a clear difference of behavior 

as compared to the continuous transitions discussed in 
section V below. 

Similar observations have been reported for grinding 
and dilution experiments. Pronounced effeds of sample 
grinding on the sharpness of the transition and on the 
form of the hysteresis curve were found, e.g., for [Fe- 
(4,7-(CH3)2-phen)2(NCS)z].a-picoline.67 With increasing 
intensity of grinding, the transition assumes a quasi- 
continuous appearance, while the hysteresis loop be- 
comes increasingly more narrow, and the residual 
fractions of both spin states increase dramatically (cf. 
Figure 7). The effect of metal dilution has been studied 
in the mixed-crystal series [Fe,Ml-,(phen)2(NCS)z] 
where M = Mn2+, Co2+, Ni2+, Znz+.68 Starting from the 
abrupt transition in [Fe(~hen)~(NCS)~l for x = 1.0, the 
transition becomes more gradual, the lower the iron 
concentration, with concurrent increase in the residual 
HS fraction at low temperatures for M = Mn2+, and 
with increase in both the residual HS and LS fractions 
for M = Co2+. Recently, grinding experiments on 
[Fe(~hen)~(NCS),l were also reported,60 results similar 
to those discussed above for the a-picoline solvate of 
[ Fe (4,7- ( CH3)z-phen) 2( NCS),] having been obtained. 
Finally, the same applies to the detailed grinding and 
dilution studies on the HS * LS transition in the 
iron(II1) complex [Fe(3-OCH3-SalEen)2]PF6 where 3- 
OCH3-SalEen is the monoanion of the condensation 
product of 3-methoxysalicylaldehyde and ethylenedi- 
amine.69 

Recently, Muller et aL50 investigated scanning curves 
of untreated and thoroughly ground samples of [Fe- 
(bt)z(NCS)2]. It was demonstrated that, for the ground 
sample, the areas enclosed by two scanning curves were 
considerably different. Based on the Everett model it 
was concluded that domains in the mechanically treated 
sample are no longer independent and that interaction 
between neighboring domains takes place in the course 
of the HS + LS transition. Although a drastic reduc- 
tion of domain size is again emphasized, this reduction 
may only partly be due to the grinding as such, whereas 
a heavy damage of the long-range order of the crystal 
lattice is believed to occur in addition. It should be 
noted that magnetic susceptibility clearly showed hys- 
teresis effects which demonstrates that the spin tran- 
sition has nonetheless preserved its first-order character. 

E. General Conclusions 

Evidently, a significant number of corresponding 
observations has been accumulated concerning abrupt 
HS * LS transitions, particularly those of iron(I1) 
complexes. The results fit nicely into a more general 
description of these transitions. Thus, spin transitions 
of the discontinuous type show, in the transition region, 
pronounced domain formation by both the majority and 
minority phases. The transition takes place by the 
conversion of independent domains of a particular spiil 
state. This prdcess is favored over the individual spin 
conversion of a large number of isolated molecules; since 
the molar energy of isolated molecules distributed at 
random in the majority phase is larger than the molar 
energy of the domains of like spin. The size of the 
domains is limited in various ways.46 For one, grain 
boundaries, cracks and dislocations in the crystal may 
determine the domain size. Furthermore, if the phase 
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conversion is accompanied by a change in volume, as 
has been clearly demonstrated for a number of spin 
transitions in complexes of ir0n(II),2~-~O the formation 
of the new phase will create local strains in the sur- 
roundings which will oppose any further growth of the 
domain. The transition is then self-quenchinp in that 
each nucleus leads only to the conversion of a small 
domain. The Everett model does not provide means 
to determine the actual size of the domains. However, 
individual X-ray diffraction patterns for the two 
phases, high-spin 5T2 and low-spin lA1, are observed 
in all examples discussed above. It follows that the 
domains formed should have at  least the size of crys- 
tallites that yield sharp reflections in X-ray diffraction. 
The formation of isolated molecules of the new phase 
will be of importance in the beginning of a spin tran- 
sition. Cooperative  fluctuation^^^ may carry neigh- 
boring molecules over the energy barrier separating the 
two spin states thus forming a nucleus of the new phase. 
As soon as the nucleus has achieved a critical size for 
which the energy is lower than the energy of the sur- 
rounding metastable phase, the nucleus will spontane- 
ously grow until the complete domain has been con- 
verted. The experimental results show moreover that 
the transition is associated with a crystallographic 
phase change and that, in general, it is thermodynam- 
ically first order. Based on the Everett model it should 
be obvious that the hysteresis effects are a consequence 
of the domain formation. Thus it seems reasonable to 
assume that discontinuous type spin transitions arise 
for compounds with a strong cooperative interaction 
between the individual complexes. 

With respect to particle size effects, it may be con- 
cluded that the change of a discontinuous type of 
transition, on grinding or doping the sample, into a 
transition showing a quasi-continuous behavior is es- 
sentially a consequence of the smaller size of the crys- 
tallites which are formed. For the smaller crystallites, 
the cooperative process wil l  be terminated after a much 
shorter distance than in the original sample and this 
will result in a decreased size of domains and a more 
gradual appearance of the transition. The same 
smearing out of the transition may arise as result of an 
increased number of defects in the solid. The essential 
properties of the first-order transition, such as hyster- 
esis effects, are nevertheless retained. 

V, Continuous TransMons 
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A. Background 

Continuous transitions may be described in terms of 
a gradual change with temperature of the relevant 
physical properties. Of considerable importance is the 
fact that, in the transition region, X-ray diffraction 
patterns reveal only a continuous shift of Bragg re- 
flections with temperature. The resulting shift of lattice 
spacings shows an analogy to the variation of the 
high-spin fraction nHs, as derived, e.g., from 57Fe 
Mossbauer effect data. Beyond the transition region, 
a smaller increase of lattice spacings with increasing 
temperature is observed which is due to the normal 
thermal expansion of the lattice. A crystallographic 
phase change is not involved and thus the transition 
extends, in general, over a wide range of temperature. 

-4.0 -2.0 0 +2.0 +4.0 
Velocity (mm s-1) 

Figure 8. 67Fe Mije8bauer effect of [Fe(bt&(NCS)d at 96.5,198.8, 
227.4,256.4, and 295.0 IC. The transition is centered at T, E 219.5 
K. 

The characteristic transition temperature T, is therefore 
not as well defined as for discontinuous transitions. A 
latent heat of transition and hysteresis effects are 
equally not observed. 

The number of systems showing a continuous type 
of spin transition is much larger than that showing a 
discontinuous transition. In the following, we restrict 
our attention to compounds where the particular 
physical data required to define the nature of the 
transition are available. 
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B. Specific Examples 

[Fe(bts),(NCS),]. The compound where bts = 2,2'- 
bi(5-methyl-2-thiazoline) shows, on the basis of the 67Fe 
Mossbauer effect, a continuous type high-spin (q2) + 
low-spin (lA1) transition centered at T, 219.5 K.62970 
Figure 8 shows a number of spectra which illustrate the 
development of the transition with temperature. 
Hysteresis effects were not observed. The temperature 
dependence of -In (Eti) where ti is the effective thick- 
ness (i = 5T2, lAl) shows a nonlinear behavior consistent 
with different Debye-Waller factors for the two spin 
constituents (cf. Figure 9). In contrast to the discon- 
tinuous type of transition, a single X-ray diffraction 
pattern is observed, the individual peaks showing a 
systematic shift of their positions with temperature. 
This is demonstrated in Figure 10 for two intense Bragg 
reflections. The values of lattice spacings calculated 
from the line positions display a temperature depen- 
dence which goes parallel to that of nq, derived from 
the Mossbauer effect, cf. Figure 11. From the results, 
it was concluded that the behavior of the system is 
similar to that of a solid solution of two spin isomers 
within the same lattice.70 

[Fe( l -p~ptH)~]  (C1O4),-2H,0. The iron(I1) complex 
of the tridentate NNN ligand (4-paptH = 2-((4- 
methyl-2-pyridyl)amino)-4-(2-pyridyl)thiazole) shows 
a continuous high-spin(5T2) + low-spin(lA,) transition, 
whereby T, N 185 K.71972 The transition is incomplete 
with significant residual 5T2 and 'Al fractions at  the 
corresponding temperature ends. The quantity -In 
(Cti) shows a nonlinear temperature dependence which 
indicates different Debye-Waller factors for the two 
spin states, cf. Figure 9. The X-ray powder diffraction 
shows a single pattern, the temperature function of the 
lattice spacings dMl being analogous to that of nq The 
results for the complex tetrafluoroborate, fFe(4- 
paptH)2](BF4)2*2H20, are closely similar to those for the 
perchlorate, the transition being centered at T, N 220 
K.72 
[Fe(dpper~)~Cl~]~2(CH~)~CO. For this complex of a 

PP ligand (dppen = cis-1,2-bis(diphenylphosphino)- 
ethylene), a continuous high-spin(5T2) * low-spin(lA,) 
transition was observed on the basis of magnetic sus- 
ceptibility, optical spectra, and X-ray d i f f ra~t ion .~~ 
Detailed studies of the temperature dependence of the 
57Fe Mossbauer effect and X-ray powder diffraction 
produced results similar to the examples discussed 
above.23 The transition is centered at T, N 240 K and 
hysteresis effects are not involved. A single X-ray 
powder diffraction pattern is observed, the lattice 
spacings dhki showing a continuous shift with temper- 
ature. Independent single-crystal X-ray diffraction 
studies a t  the temperatures of 295 and 130 K estab- 
lished that there is no change of space group in the 
course of the t r a n ~ i t i o n . ~ ~  The line widths of the 
Mossbauer spectra show an unusual increase at  about 
240 K, additional anomalies being encountered for 
aE&T2) and t q , / t b ~ .  The effect has been attributed 
to an ordedisorder transition of the acetone molecules 
which affects the Mossbauer spectra via change of the 
Fe-P ligation. 
[Fe(4-CH3-phen),(NCS),]. Magnetic susceptibility 

and 57Fe Mossbauer effect measurements indicate73 that 
the compound exhibits a continuous type high-spin(V2) 
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Figure 9. Temperature dependence of the quantity -In (%ti), 
i = 6T2, *A1, where ti is the effective thickness, on the basis of Fe 
Mossbauer effect measurements for [ F ~ ( ~ ~ S ) ~ ( N C S ) ~ ]  (n), [Fe- 
(4-pa~tH)~l (C104)&b0 (01, [Fe(4-~aptH)~l (BF~)z.~HzO (01, and 
[Fe(4-CH3-phen)z(NCS),1 (A). 
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Figure 10. X-ray diffraction peak profiles for two intense Bragg 
reflections of [Fe(bts)z(NCS)z] at a number of temperatures. 

+ low-spin('Al) transition at  T, = 215 K without 
hysteresis. Different Debye-Waller factors are again 
suggested by the nonlinear temperature function of -In 
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Figure 11. Temperature dependence of the lattice spacings dhkl 
for two Bragg reflections and the T2 fraction nqT, from the 
Mossbauer effect of [ F ~ ( ~ ~ S ) ~ ( N C S ) ~ ] .  
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Figure 12. Temperature dependence of the lattice spacings dhkl 
for two Bragg reflections (01, the qz fraction "6.r2 from magnetism 
(O), and the area ratio As,  ab^ from the Mossbauer effect (0) 
of [Fe(4-CH3-phen)2(NCS)2]. 

(Eti), cf. Figure 9. X-ray powder diffraction studies 
between 120 and 300 K74 revealed a single diffraction 
pattern in the spin transition region. The temperature 
dependence of the interplanar separations correspond- 
ing to two selected Bragg reflections is displayed in 
Figure 12 in conjunction with the values of nq, derived 
from magnetic studies and the ratio tq3/ttotal obtained 
from the Mossbauer effect areas. Obviously, all these 
quantities show a similar behavior. 

[Fe(pythia~)~] (BF4)2. The iron(I1) complex of the 
tridentate ligand pythiaz = 2,4-bis(2-pyridyl)thiazole 
shows a continuous type high-spin(5T2) + low-spin(lAl) 
transition with a high residual sT2 fraction at  low tem- 
peratures, as demonstrated by magnetic and 57Fe 
Mossbauer effect studies.75 The transition takes place 
at T, 173 K, if the residual fraction is accounted for. 
Again, the interplanar separations from X-ray diffrac- 
t i ~ n , ~ ~  the nq values from magnetism, and the area 
fractions Aq,]A,a from Mossbauer effect measure- 
men'ts show an analogous temperature dependence thus 
confirming the interrelation of these properties. 

[Fe(S-~ic)~] CZ2.CH30H. The complex where 2-pic = 
2-picolylamine shows, on the basis of magnetic76 and 
57Fe Mossbauer effect a continuous type 
high-spin (T2) * low-spin (IA1) transition centered at 
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Figure 13. Temperature dependence of the lattice constants a, 
b, c, and the Vz fraction (0) on the basis of a single-crystal 
X-ray diffraction study of [ # ~ ( ~ - ~ ~ C ) ~ ] C I , . C H ~ O H  (according to 
Katz and Strousea). The values at  171 K have not been included 
in the numerical fit. 

T, 153 K. No hysteresis effects have been encoun- 
tered. Of great significance is a variable-temperature 
single-crystal X-ray diffraction study.% The compound 
crystallizes in the orthorhombic space group Pbna, 2 
= 4, and a = 11.359 A, b = 18.582 A, c = 21.873 A at 
115 K. Figure 13 illustrates the reported dependence 
on temperature for the lattice constants a, b, c and for 
the high-spin fraction nq,. It may be easily seen that 
a, b, and c show an increase proportional to nq, as 
expected from Vegard's law. This result is direct evi- 
dence that, in the transition region, the system shows 
a behavior similar to that of a random solid solution of 
the two-spin isomers. 

C. Addltlonal Comments 

The considerable number of iron(I1) compounds 
where the apparently continuous high-spin (5T2) + 
low-spin (lA1) transition has not been studied in any 
great detail is not discussed here. Even for a complex 
such as [ F ~ ( ~ - ~ ~ c ) ~ ] C ~ ~ C ~ H ~ O H ,  some conflicting results 
exist. The pure compound shows a transition at  T, = 
121.5 K, no hysteresis effects having been observed.43 
An exhaustive 57Fe Mossbauer effect study of the series 
of diluted complexes [Fe,Znl,(2-pic)3]C12C2H50H has 
revealed a systematic variation of the transition tem- 
perature with c o m p ~ s i t i o n . ~ ~ ~ ~ ~  A single-crystal X-ray 
diffraction study of [ F ~ ( ~ - ~ ~ C ) ~ ] C ~ ~ * C ~ H ~ O H  has been 
carried out at  298, 150, 'and 90 K.29 The compound 
crystallizes in the monoclinic space group R & / c ,  2 = 
4 and a = 11.831 A, b = 22.021 A, c = 11.551 A, p = 
124.28' at 298 K. It was concluded that no change of 
space group is involved. However, the lattice constants 
a and b show small though abrupt changes in the 
transition region,29 and there is a report on a significant 
change of a to 10.768 A at 115 K.28 This change is 
reflected in a pronounced anomaly of Mossbauer and 
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magnetic susceptibility data in the region between 114 
and 120.7 K.78 In addition, Mikami et alem observed an 
order-disorder transition of the ethanol solvate mole- 
cule which is believed to trigger the spin conversion in 
[ F ~ ( ~ - ~ ~ C ) ~ ] C ~ ~ C ~ H ~ O H .  It should be noted that a 
similar order-disorder transition of the acetone mole- 
cule was encountered for [Fe(dppen)2C12]*2(CH3)2C0, 
although no implication on the character of the spin 
transformation was apparent.23 In [Fe(2-pi~)~]Cl~. 
C2H60H, however, the dilution experiments are indi- 
cative of a significant degree of cooperativity, the av- 
erage domain size having been calculated to between 
n = 3.579 and n = 500.29 Of course, many real trans- 
formations are of mixed ordel.36 and, indeed, it has been 
suggested that the transition in [Fe(2-pi~)~]Cl~*C~H~oH 
should be considered as having a first- and second-order 
component. Due to these complications, it is assumed 
that,, for the present purpose, the nature of the tran- 
sition in this compound is not definitely settled. 
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D. General Concluslons 

It seems that a significant amount of consistent re- 
sults has been collected on compounds which show 
continuous type spin transitions, especially those of 
iron(I1). The characteristic properties of these transi- 
tions are the nonexistence of a crystallographic phase 
change and the absence of hysteresis effects. Both 
phenomena, if encountered, are the consequence of 
domain formation. It has therefore been concluded 
that, for continuous type spin transitions, domains play 
a minor role and, consequently, these transitions will 
be encountered preferentially for compounds with a 
weak cooperative interaction. This inference may be 
illustrated by an estimate of domain size for a com- 
pound showing a discontinuous spin transition as com- 
pared to that for a continuous transition. As mentioned 
above, the number of molecules per domain in [Fe- 
(phen),(NCS),] has been obtained as n = 90,24 whereas 
for [Fe (2 -p i~ )~ ]Cl~*C~H~0H the estimate is n = 3.5.79 

Moreover, the experimental results indicate that, for 
continuous type spin transitions, the two spin isomers 
show a behavior which is similar to that of a solid so- 
lution of two components. In general, solid solutions 
are formed if the two pure phases are isomorphous, if 
the atomic radii of the involved atoms (e.g., for alloys) 
do not differ by more than about lo%, and if the dis- 
tribution of the two phases is at  random.34@ In the 
present context, the similarity to a solid solution is 
established by a material in which equivalent sites are 
occupied at  random by molecules of the two spin 
species, in continuously variable proportions governed 
by the temperature.81 This material will show a single 
set of physical properties intermediate between those 
of the two pure spin constituents. It is evident that the 
examples for continuous type spin transitions presented 
above do show just this type of behavior. 

V I .  A Slmple Model and Some Conslderatlons 
Concernlng Both Types of Transition 

The above results may be nicely interpreted in terms 
of a model which derives from regular solution theory.82 
When the method of Slichter and DrickameP was used, 
the molar Gibbs free energy for a mixture of HS and 
LS molecules may be written as 

Here, GHS and G u  is the Gibbs free energy per mole 
of HS and LS molecules, respectively, and nHS is the 
fraction of HS molecules in the crystal. In addition, r 
is an interaction term according to which the free energy 
of formation is dependent on the spin-state conversion 
of neighboring ions and S,, is the mixing entropy of 
the HS and LS molecules in the lattice 
S ~ x  = k[nHS In nHs + (1 - nHS) In (1 - nm)] (11) 
At  equilibrium 

and thus 

where AG = GHS - Gm. Equation 13 may be conven- 
iently rewritten as 

(14) In(?)= kT  k 

This equation may be solved easily bv graphical 
methods. Provided that the quantities AH, AS, and I? 
are known, nHS may be determined for each tempera- 
ture by intersecting the curve In [( l  - n ~ s ) / n ~ s ]  with 
the straight line of slope -2I’lkT through the point 
P(’/ ,  + AH/2I’; -AS/k).a4 For I? C 2kT, a unique so- 
lution for each particular temperature is found. This 
situation corresponds to a single minimum of the Gibbs 
free energy G and thus to a gradual temperature de- 
pendence of nHS (“continuous spin transition”). If r = 
2kT,, the slope of the straight line equals that of the 
central region of the logarithmic curve. Again a unique 
solution of eq 14 is obtained, although there is a jump 
of nHS at T, associated with a vertical turning tangent 
(“discontinuous spin transition”). Finally, for r > 2kT, 
three solutions are found at each temperature between 
TJ and T,J, two values of nm corresponding to minima 
of G, the intermediate third value representing a system 
out of equilibrium. Thus abrupt changes of nHS result 
for rising as well as for lowering of temperature at  Tct 
and T,’, respectively (“discontinuous spin transition 
with hysteresis”). This model has been applied for a 
qualitative interpretation of discontinuous as well as 
continuous transitions. An example of a discontinuous 
transition is provided by the study of hysteresis effects 
in [Fe(4,7-(CH3)2-phen)2(NCS)2].” In case of continu- 
ous transitions, the model has been implemented by 
taking into account the volume changen.%*% associated 
with the HS == LS transition. This modification has 
been achieved on the basis of the theory of elastic in- 
teractions.% The model is then capable of reproducing 
the temperature dependence of nHS for different con- 
centrations x of the iron atom in [Fe,Znl-,(2-pic)3]- 
C12C2H50H as well as the dependence of the critical 
temperature T, on x in the same series of compounds.s6 
More recently, a similar study of metal dilution effects 
has been reported for the corresponding cobalt host 
lattice.% Thus a quantitative interpretation of the 
continuous type HS + LS transitions has been 

AH + r(1 - 241s) A S  - -  
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achieved, whereas, for discontinuous transitions, this 
is not easily possible. Certain properties of the solid, 
such as the size and growth of domains, which deter- 
mine the detailed form of these transitions can be ac- 
counted for alone by a theory like the Everett modelw7 
discussed above. In fact, the basic difference between 
the two types of transition is believed to be due to the 
distribution of the two spin phases in the lattice. The 
differentiation is derived from the experimental find- 
ings in X-ray diffraction: a narrow distribution is de- 
fined by the formation of domains of the minority phase 
which exceed the critical size of = 10oO Am required in 
order to produce an individual diffraction pattern; a 
wide distribution involves smaller domains or no do- 
mains at all and does therefore not become manifest in 
X-ray diffraction. The diffraction results thus suggest 
that, for continuous transitions, a wide distribution of 
the minority spin phase within the majority phase 
should be assumed, whereas for discontinuous transi- 
tions, a narrow distribution of the two phases has been 
established. 

Finally, it is believed that in both cases discussed 
here, i.e., the discontinuous and continuous type spin 
transitions, the conversion of spin state will be initiated 
in much the same way. Homogeneous nucleation is 
known to be caused by thermal fluctuations and follows 
VWBD t h e ~ r y . ~ ~ ~ ~  However, since perfectly homoge- 
neous nucleation almost never occurs, formation of 
nuclei of the product phase will start at  defect sites, on 
the surface, at  grain boundaries and other locations of 
relatively high energy. Moreover, the specific volumes 
of the parent and the product phase are different27-m 
and hence lattice strains will develop because of dis- 
registry across the surface. The differentiation between 
the two types of transition seems to arise in the course 
of further development of the nuclei. For discontinuous 
transitions, a limited number of nuclei will show pre- 
ferred growth with change of temperature and, even- 
tually, the overwhelming part of the parent phase will 
transform into the product phase at  T,. For continuous 
transitions, the growth of nuclei must be retarded in 
some way and thus the formation of new nuclei of the 
product phase will continue until all of the material has 
been gradually converted. 

The different volumes of the HS and LS phase are 
a consequence of different Fe-ligand distances and 
some small changes of molecular g e ~ m e t r y . ~ ~ - ~ ~  Asso- 
ciated herewith are changes of intramolecular vibra- 
t i o n ~ ~ ~ ~ ~  and these cause the difference in recoil-free 
fraction which is consistently encountered for the two 
spin phases in both the discontinuous and continuous 
type HS LS transitions. 

V I  I .  Residual Highlsprn and Low-Spin Fractions 

In various iron(I1) complexes showing a high-spin02) 
+ low-spin('Al) transition, the HS-fraction levels out 
to a more or less constant value in the lower tempera- 
ture range, forming what has been called the residual 
paramagnetic fraction. In some cases, particularly as 
the result of grinding and doping experiments, a re- 
sidual diamagnetic, i.e., 'Al fraction, may be equally 
formed at  the high temperatures. For the general case 
of a HS == LS transition, the relevant quantities should 
be called the residual HS- and residual LS-fraction, 
respectively. 
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Figum 14. Temperature dependence of the quadrupole splitting 
of the 6Tz phase A E Q ( ~ T ~ )  and the 6Tz fraction n q  for [Fe- 
(phy)z](C104)2. Open signs refer to measurements for increasing 
temperatures; solid signs correspond to decreasing temperatures. 

, 1 0 0  I 

0 1 
0 

3 2  t I 

2 6  

2 4  I I 1 I I 

100 150 200 250 T.K 300 

Figure 15. Temperature dependence of the quadrupole splitting 
of the 6Tz isomer AE,(6TZ) (0)  and the sTz fraction n9, (0) for 
[Fe(bts)dNCS)d. 

Recently, a pronounced discontinuity in the tem- 
perature dependence of the 67Fe Moessbauer quadru- 
pole splitting hEQ(q2) has been found for the discon- 
tinuous type spin transition in [ F e ( ~ h y ) ~ ]  (C104)2,91 cf. 
Figure 14. It follows that the temperature function of 
mQ(q2) for the residual 5T2 fraction below T, which 
amounts to about 3 % is significantly different from that 
for the bulk 5T2 phase above T,. X-ray powder dif- 
fraction shows that, as illustrated by Figure 3, an in- 
dividual peak profile for the residual T2 phase may be 
still distinguished, e.g., at  243 K, where the lAl phase 
is predominant (cf. arrows in Figure 3). 

For the continuous type spin transition in [Fe- 
( ~ ~ S ) ~ ( N C S ) ~ ] ,  a similar discontinuity in the values of 
AEQ(5T2) has been observed in the region of T,, as 
demonstrated by Figure Egl On the other hand, the 
X-ray powder diffraction illustrated by Figure 10 shows 
only the shift of peak positions expected for a contin- 
uous transition, whereas no additional peaks are ob- 
served at  low temperatures where nqz = 0.04. 

The results for [Fe(phy)2](C104)2 may be easily ra- 
tionalized. The molecules of the residual 5T2 fraction 
form crystallites of the size = 10o0 A or more since these 
are sufficiently large to give an individual X-ray dif- 
fraction pattern; although these crystallites are still too 
small to participate in the crystallographic phase 
change. The reason seems to be the enhanced surface 
energy of the crystallites. The same explanation as 
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suggested here should apply to the discontinuity of 
LIE~(~T,) observed for precipitated samples of [Fe- 
(phen)2(NCS)2],59 since this material contains a residual 
5T2 fraction of about 12 % . 

Since in continuous type spin transitions, such as in 
the compound [Fe(bts),(NCS),], no separate diffraction 
pattern for the residual 5T2 fraction is found, the size 
of the crystallites cannot be responsible for the obser- 
vations. For [Fe(bts),(NCS),] at low temperatures, nq ,  
is found to be only about 0.04. However, even for the 
iron(I1) complexes [Fe(4-paptH)2]X2.2H20 where X = 
Clod, BF4 where the residual 5T2 fraction is n q ,  
0.20,72 no separate diffraction pattern has been ob- 
tained. For [ F ~ ( ~ ~ S ) ~ ( N C S ) ~ ] ,  even the small crystallites 
which are produced by grinding of the sample are 
participating in the spin transition, since no individual 
X-ray diffraction pattern is found.g1 It has therefore 
been suggested that, for the continuous type HS * LS 
transitions, the residual 5T2 molecules are trapped 
within the lattice at  some kind of defect. The two spin 
isomers are known to show a volume 
Consequently, the residual 5T2 molecules which are 
located at  a lattice site of the bulk lAl phase will be 
under compression, and this situation will produce a 
change of the AEQ(5T2) values as observed. The in- 
terpretation is consistent with the assumption that 
essentially no domains are participating in this type of 
transition. 
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