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The almost discontinuous high-spin(‘Tz) + low- 
spin( fi ,) transition in solid [Fe(bt),(NCS),] (bt = 
2,2’-bi-2-thiazoline) has been studied in detail by 
“Fe Mossbauer spectroscopy and X-ray diffraction. 
At the transition temperature T,, the ground states 
involved are characterized by AEQ(‘T2) = 3.00 mm 
s-‘, 6ts(‘T$ = HI.97 mm s-’ and AL?o(iA1) = 0.54 
mm s -‘, 6 ‘(‘AI) = +0.30 mm s--l. A pronounced 
hysteresis of ATc = 9.5 K has been observed, the 
transition being centred on T,‘= 181.86 K for rising 
and on T,<= 172.33 K for falling temperatures. The 
observations are compared with a Bragg and Williams 
type theory and with the independent domain model. 
Debye-Wailer factors show at T, a discontinuity of 
Aftotal N 35.4% corresponding to the change between 
-1n f,, and -lnf,A . The X-ray diffraction patterns 
for the a ’ Tz and ‘A 1 bhases show characteristic differ- 
ences. The temperature dependence for t,, It,,, of 
the Mossbauer effect and for the relative ihtensities 
I, T /I,, of individual peak profiles of X-ray diffiac- 
tioft is equivalent. The observations provide evidence 
for a crystallographic phase change which is asso- 
ciated with the (S = 2) =+ (S = 0) spin transformation. 
The existence of crystal domains of finite dimension 
is required for both ‘T2 and ‘At ground state 
molecules. 

Introduction 

High-spin(‘Tz) + low-spin(‘Ar) transitions of a 
more or less discontinuous type have been observed 
in a number of systems of [Fen-N61 type, e.g. [Fe- 
(phen),(NCS)s] and [Fe(phen)l(NCSe),] where 
phen = 1 ,lO-phenanthroline [l] . More details on 
high-~pin(~T~) =+ low-spin(‘Ar) transitions which may 

*Author to whom correspondence should be addressed. 

be useful as an introduction into the field may be 
found elsewhere [2-4] . The first-order character of 
the transitions has been established, on a thermo- 
dynamic basis, by the entropy change determined as 
AS = 48.78 J K-l mol-’ and AS = 51.22 J K’ 
mol-‘, at the transition temperature, for the NCS- 
and the NCSecompound, respectively [S] . On the 
other hand, application of the Frenkel theory of 
heterophase fluctuations in liquids [6] produced, 
as characteristic parameters, the number of cells, N = 
6.34 X 10” mol-’ and N = 7.83 X 102’ mol-‘, and 
the number of molecules per cell, n = 95 and n = 77, 
for the NCS- and NCSe-complex, serially. Here, a 
reduction of the first-order character of the transition 
is reflected, within the applied model, in the large 
value for N. 

The hysteresis phenomenon is equally indicative 
of the first-order character of a transition. For the 
above two compounds, AH = TAS is closely followed 
and thus hysteresis is not expected. Although 
hysteresis effects may be quite common in discon- 
tinuous high-~pin(~T~) =+ low-spin(‘Ar) transitions, it 
seems that only in [Fe(4,7(CH3)2-phen)2(NCS)2] 
the hysteresis has been investigated in some detail 

t71. 
A discontinuity in the Debye-Waller factor 

provides evidence for an anomalous change of the 
lattice dynamical properties which is often associated 
with a phase transformation. For [Fe(4,7-(CHs)2- 

~~)2Ws)21 3 a well defined discontinuity of 
- 20% has been found at T, = 121.5 K [8] 

w&F corresponds to the change between -ln 
and-lnf, . 

fsT 
2 

Althou&’ the most direct information on a phase 
transformation is usually obtained from X-ray struc- 
ture data, there have been very few reports on such 
studies in high-spin(sT2) * low-spin(‘Ar) systems 
which were performed both above and below the 
transition temperature, T, [9, lo] . Even if spin 
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transitions in all possible configurations are taken 
into account, the number of such studies remains 
strictly limited [9-121. In particular, investigations 
of X-ray diffraction over a more extended range of 
temperature have not been attempted. 

Recently, one of the present authors reported the 
synthesis of a series of iron(I1) complexes of the type 
[FeLX2] where L denotes a bidentate NN ligand 
and X = NCS, NCSe [ 131. Some of these compounds 
exhibit discontinuous high-spin(‘Tz) =+ low-spin(‘Ar) 
transitions with T, between 170 and 2 10 K. The 
object of the present work is the more detailed 
investigation of the hysteresis, Debye-Waller factors 
and X-ray diffraction employing, as a representative 
example, the compound [Fe(bt),(NCS),] where bt = 
2,2’-bi-2-thiazoline, C6HsN1SZ, i.e. 

Experimental 

Samples of [Fe(bt)z(NCS),] were prepared as 
described elsewhere [13], the homogeneity and 
purity of the products being verified by chemical 
analyses, optical and IR spectra, magnetism and the 
physical properties reported below. 

“Fe Mossbauer spectra were measured with a 
spectrometer of the constant-acceleration type 
(Elscint AME30A) operating in the multiscaler 
mode. A SO-mCi source of “Co in rhodium was used, 
the calibration being effected with a metallic-iron 
absorber. All velocity scales and isomer shifts are 
referred to the iron standard at 298 K. To convert to 
the sodium nitroprusside scale, add to.257 mm s-l. 
Movement of the source toward the absorber corre- 
sponds to positive velocities. Variable-temperature 
measurements between 12 and 304 K were obtained 
by the use of a closed-cycle refrigerator (Air Products 
Displex Type CSA-202C) and a suitable cryostat (Air 
Products DMX-20). The temperatures were 
monitored by means of a calibrated gold-iron vs. 
chrome1 thermocouple and a cryogenic temperature 
controller (Air Products Type APD-Cl). All measure- 
ments were performed with the identical geometrical 
arrangement for source, absorber, and detector. The 
resulting data were carefully corrected for non- 
resonant background of the y rays, and the individual 
areas A(‘T1) and A(‘Ar) were extracted by a 
computer-based decomposition into Lorentzians. 

To obtain values for the effective thickness t,, 

and t,, , the well-known area method [ 14, 151 h& 
been Utilized. Following this procedure, the 
normalized area [ 151 for the i-th line is determined, 
assuming an absorber of finite thickness, by 

Ai = ~ RfariYti) (1) 

Here, I’i is the line width of the i-th absorber line (in 
the present case, I’, = I’,, where Fe is the natural line 
width), fa is the Debye-Waller factor of the source, 
and L(ti) the saturation function. In order to deter- 
mine, from the quantity Ai of eqn. (l), the effective 
thickness ti, the inverse function to L(ti) is required. 
This function is given for 0 < tr < 2 by 

(2) 
with an accuracy of better than 1%. The effective 
thickness for a single line of the quadrupole doublet 
in the appropriate solid phase is then determined 
according to 

t = 1 Nodoe fsT nsT 
-, 2 2 1 

t 
‘A, =$NPdoaf,Al(l -naT,) 

In eqn. (3), N is the number of iron atoms per unit 
volume, fi the isotopic abundance, d the absorber 
thickness, and u. the resonance cross-section. In addi- 
tion, fsT and f,, are the Debye-Waller factors for 
the ‘Tz &rind ‘Ar phase, respectively, and nST is the 
site fraction of the corresponding molecules. a 

In most systems showing a high-spin(‘Tz) =+ low- 
spin(‘Ar) transition, the determination of nST, is 
rather intricate, and recourse to the results of an 
independent physical measurement has usually been 
taken [16-191. In the present system, the contribu- 
tion to the total area, Aww, outside the transition 
region (i.e. at the temperatures T 2 T, t 4 K and 
T 5 T, - 4 K) by the ‘A1 and ‘T1 phase, respective- 
ly, is negligible, cf: Fig. 1. Consequently, we may 
assume to first approximation 

velocity lmm5’) 

Fig. ,l. “Fe Miissbauer spectra of [Fe(bt)z(NCS)z] col- 
lected for increasing temperatures at 178.0, 179.2, 181.9 
CT:), 182.4 and 185.0 K. 
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f ’ T, =ftitiforT>T, +4K 

f 
(4) 

‘A, =ftotalforTSTc-4K 

The factor f nfarc has been determined by 
measurements on thin absorbers of sodium nitro- 
prusside. The Debye-Waller factors then follow from 
the application of eqn. (1) through eqn. (4) to the 
data of At,,ti. It should be observed that, because of 
the difference between frT and flA, , an observed 
variation in tST, 

. . . 
and tlA, w’ti not directly reflect the 

vanation in nST, and nlAl = 1 - nST,, respectively. 
Therefore, in the hysteresis study, the relative effec- 
tive thickness for the ‘Ta phase, viz. tST,/(tST, + 
tlA ), has been employed. 

fn order to determine scanning curves, a more 
accurate control of temperature than that provided 
by the closedcycle refrigerator is required. Therefore, 
the temperature was monitored with an Artronix 
Model 5301-E cryogenic controller using a small 
heating coil and liquid nitrogen as coolant, the sample 
being placed in a specially designed superinsulated 
cryostat. With a calibrated copper vs. constantan 
thermocouple a relative accuracy of about 0.05 K was 
achieved, the absolute accuracy of the temperatures 
being about +0.5 K. 

Measurements of X-ray powder diffraction were 
performed with a Siemens counter diffractometer 
equipped with an Oxford Instruments CF 108A 
cryostat. CuK, radiation was used throughout. Mea- 
surements of peak profdes were carried out in the 
mode of step scanning of the apparatus, the resulting 
pulses being stored and processed by a multichannel 
analyzer (Elscint MEDA 10). The smallest steps 
which the available equipment produces amount to 
0.005’ in 20. The resulting angular resolution was 
required in order to observe the changes reported 
below, cf: also Fig. 6. The individual peaks were 
fitted to Gaussian line shape on a PDP-11 computer. 
The relative accuracy of the temperature reading 
is about 0.1 K, whereas the absolute accuracy is not 
better than +-3.0 K. Discrepancies between tempera- 
ture listings for Mbssbauer effect and X-ray diffraction 
measurements are due to the use of different 
temperature control equipment. Obviously, the 
simultaneous calibration of the two experimental set- 
ups is difficult to achieve. 

Results 

(i) Temperature Dependence of “Fe Mijssbauer 
Spectra 

The “Fe Mbssbauer spectrum of the solid com- 
plex [Fe(bt),(NCS)J was measured between 12.2 
and 302.0 K. At the lowest temperature studied, i.e. 
12.2 K, a single doublet characterized by the 
quadrupole splitting AEQ = 0.55 f 0.01 mm s-’ and 
the isomer shift &Is = i-O.26 + 0.03 mm s-r is 

observed. On the basis of these data, in conjunction 
with the results of magnetic measurements [13] , 
assignment of the doublet to the low-spin ‘Ar(tq) 
ground state is justified. Term symbols of cubic 
symmetry are employed for convenience only. Up to 
and inclusive of 177.0 K, the Miissbauer spectra are 
essentially identical to that at 12.2 K, the values of 
AEQ and ara remaining constant, within experirnen- 
tal uncertainty (cf: Table I), as expected. At 179.2 K, 

TABLE I. “Fe Miissbauer Effect Data for the Low-spin(‘Ar) 
Ground State of [ Fe(bt)a(NCS)a] . 

T ABQ(‘A,)* 
W) (mm s-l) 

G1s(lA1)b.C -h f’A, d 

(mm s-l) 

12.2 0.55 +0.26 0.51 
21.0 0.55 +0.26 0.52 
32.0 0.55 +0.26 0.55 
41.9 0.56 +0.26 0.57 
51.5 0.55 +0.26 0.62 
62.9 0.55 +0.27 0.65 
71.5 0.55 +0.27 0.68 
85.4 0.54 +0.27 0.73 
96.8 0.54 +0.27 0.79 

108.8 0.54 +0.28 0.85 
119.2 0.55 +0.28 0.89 
128.3 0.56 +0.28 0.94 
138.8 0.56 +0.29 0.99 
155.8 0.55 +0.29 1.09 
166.0 0.55 +0.30 1.16 
172.9 0.55 +0.30 1.22 
177.0 0.55 +0.30 1.23 
180.0 0.54 +0.30 1.25 

aExperimental uncertainty of AEQ is kO.01 mm s-l. bEx- 
perimental uncertainty of 61s is iO.03 mm s-r. CIsomer 
shifts 61s are listed relative to natural iron at 298 K. d Stan- 
dard deviation of -In flA, is tO.02. 

a second weak doublet (- 18.0%) becomes visible. On 
the basis of its Mijssbauer parameters, viz. AE, = 
2.99 ?r 0.03 mm s-r, Srs = i-O.98 + 0.05 mm s-l, this 
doublet is assigned to the high-spin ground state 5T2- 
(t:e2). The intensity of the ‘T2 doublet increases 
rapidly with increasing temperature, the intensity of 
the ‘Al spectrum decreasing at the same rate, cf: Fig. 
1. Already at 185.0 K, the spectrum is for the larger 
part (i.e. - 94.0%) due to the ’ T2 doublet, the corre- 
sponding Mossbauer parameters being determined as 

AEQ = 3.00 * 0.01 mm s-l, 6ra = t0.97 + 0.02 mm 
s-l. With further increase of temperature the Moss- 
bauer spectrum consists only of the ‘T2 doublet, the 
values of AE, slowly decreasing in magnitude (CL 
Table II) until, at 302.0 K, AE, = 2.70 f 0.01 mm 
s-l. The high-spin(‘T2) * low-spin(‘Al) transition in 
[Fe(bt),(NCS),] is thus completed within a very 
narrow temperature range. This observation which is 
in complete agreement with the magnetic data [13] 
is considerable evidence that a phase transition is 
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TABLE II. “Fe Mossbauer Effect Data for the High-spin- 
(‘Ta) Ground State of [Fe(bt)a(NCS)z] . 

(ii) Experimental Study of Hysteresis 

T 
(K) 

AEQ(‘T~)* 
(mm s-l) 

~1S(sT2)boc d 

(mm s-l) 
-ln f5.& 

185.0 3.00 +0.97 1.72 
194.9 2.99 +0.97 1.72 
195.9 2.99 +0.97 1.80 
217.1 2.95 +0.97 1.98 
230.4 2.91 +0.98 2.12 
252.0 2.85 +0.98 2.34 
261.5 2.82 +0.97 2.43 
278.5 2.77 +0.97 2.63 
302.0 2.70 +0.96 2.85 

aExperimental uncertainty of AEQ is *O.Ol mm s-l. bEx- 
perimental uncertainty of grs is 10.02 mm s-l. Clsomer 
shifts grs are listed relative to natural iron at 298 K. dStan- 
dard deviation of -In fqz is kO.015. 

involved. The transition temperature may be esti- 
mated (vi& infia), for increasing temperatures, i.e. 
for the process ‘A1 -+ sT2, at T: = 181.9 K. If the 
temperature is decreased, starting from 302.0 K, 
spectra which are similar, on a qualitative basis, to 
those discussed above are obtained in reversed order. 
If now, within the transition region, spectra for the 
same temperature are compared, considerably 
different relative intensities for the ‘A, and ‘T2 
doublets are found. This is an indication that hystere- 
sis effects are operative and indeed Tz = 172.5 K 
may be obtained for the process ‘T2 + ‘Ar as will be 
shown in section 3.2. 

The hysteresis associated with the high-spin(‘T2) 
+ low-spin(‘Ar) transition in [Fe(bt)2(NCS)2] is 
illustrated by Fig. 2. Here, the relative effective thick- 
ness tsT,/ttotal extracted from the Mossbauer spectra 
has been plotted as the internal dependent variable 
versus temperature as the external independent 
variable. Figure 2 shows the results for two specific 
temperature cycles within the immediate neighbor- 
hood of T,. Starting at 167.0 K, the temperature has 
been gradually increased up to 185.0 K as indicated 
by the rising arrows. By this process, the first branch 
of the hysteresis loop is obtained. If now the temper- 
ature is lowered gradually as indicated by the falling 
arrows, the starting value of temperature will be 
eventually reached and thus the second branch of the 
hysteresis loop forms. The detailed values of tST,/ 
hT, t tlA,) are presented in Table III. A transition 
temperature T, may now be defined as that tempera- 
ture at which nST, = 0.50. Accordingly, the observed 
transition is centred, for increasing temperatures, on 
T,> = 18 1.9 1 K, whereas for decreasing temperatures, 
T,< = 172.54 K, cf Fig. 2. This estimate is based on 
the assumption of equal Debye-Waller factors, i.e. 
tST,/bd = nST,. If corrections for differences in 
f $T, and flA, (I$ section 3.4) are applied, the more 
precise values T,> = 181.86 K and T: = 172.33 K are 
obtained. 

In order to produce a scanning curve, the tempera- 
ture rise in the first branch has been interrupted at 
182.07 K (t,,&~ = 0.594), and the temperature 
has been gradually lowered to 172.25 K (tsT,/ttoa = 
0.241). If the temperature is subsequently mcreased 
to 182.30 K (t+&,, = 0.755), the inner loop of 

1 
170 175 180 T.K 185 

Fig. 2. Temperature dependence of the relative effective thickness t54 /(t5T, + tl 

. 2 

) for [ Fe(bt)2(NCS)2] in the immediate neigh- 
borhood of T,. Rising arrows indicate increase of temperature, falling arrows m mate decrease of temperature. The centers for 
the two branches of the hysteresis loop are found at T< = 181.86 K and T$- = 172.54 K. 
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TABLE III. The Relative Effective Thickness t5T /(tST + 
tr&) and the High-spin Fraction n5T for the Main?lranches 
of the Hysteresis Loop ln [ Fe@t)s(N&)s] . 

T WI 
trT, + tlA, 

nrT, 

167.00 0 0 
176.00 0 0 
178.00 0.053 0.074 
178.90 0.124 0.168 
179.20 0.134 0.181 
179.40 0.132 0.179 
179.60 0.150 0.202 
179.80 0.169 0.226 
180.00 0.157 0.211 
180.20 0.151 0.203 
180.40 0.161 0.216 
180.65 0.160 0.215 
180.95 0.165 0.221 
181.60 0.157 0.212 
181.86 0.413 0.504 
182.03 0.708 0.778 
182.25 0.789 0.844 
182.35 0.845 0.887 
182.60 0.873 0.909 
183.00 0.895 0.925 
185.00 0.920 0.944 
179.90 0.925 0.947 
176.10 0.922 0.944 
175.50 0.940 0.957 
175.25 0.916 0.939 
175.00 0.920 0.942 
174.70 0.917 0.940 
174.25 0.905 0.931 
173.90 0.900 0.927 
173.70 0.890 0.919 
172.70 0.770 0.824 
172.40 0.623 0.698 
172.33 0.414 0.497 
172.10 0.150 0.198 
171.80 0.124 0.165 
171.50 0.131 0.174 
171.20 0.143 0.189 
170.90 0.152 0.200 
170.50 0.125 0.166 
170.10 0.077 0.104 
169.70 0.079 0.106 
168.70 0.047 0.064 
167.00 0 0 

Fig. 2 is completed. It has been verified that the 
obtained scanning curve as well as the main branches 
of the hysteresis loop are stable and reproducible as 
required. 

A more detailed inspection of Fig. 2 shows that 
the shapes of the two branches of the hysteresis loop 
are slightly different, the rising branch being steeper 
than the falling branch. A similar observation has 
been made for the hysteresis loop of [Fe(4,7(CH&- 

phen)s(NCS),] [8]. It wiII be also noticed that the 
transition seems to be preceeded, for rising tempera- 
tures, and succeeded, for fahing temperatures, by a 
second though less prominent transition. This 
peculiarity has been disregarded in the present discus- 
sion, since it wiII be shown in section 3.6 below that, 
most likely, it is due to the presence of another 
modification of [Fe(bt)s(NCS)s] . 

(iii) Model Calculations 
If, for the transformation ‘Ar + ‘Ts the transition 

temperature Tz = T,(‘Ar + ‘Tz) is approached, some 
‘Tz systems will be formed within the ‘A1 phase at 
the expense of ‘Ar systems. The opposite process wih 
take place at T,$ = T,(‘Ts + ‘Ar) for the transfonna- 
tion in the reverse direction, i.e. ‘Tz + ‘Ar . Close to 
the transition point, the Gibbs free energy for the 
total system may be written as [20,21] 

nST, (1 - nST2)r] + HNo [nST, hl nST, + 

(1 - n'T,) In (l - nST2)l @) 

Here nST, is the fraction of 5T2 molecules, Ne the 
total number of molecules per cubic centimeter, and 
r the net interaction energy between the ‘Ar and 
‘Tz systems. Also, the last term in eqn. (5) is the 
mixing entropy contribution. If the system is in 
equilibrium, G is a minimum 

= 0 (6) 

and, consequently, the relation 

G ST, - GlA, + (1 - 2n5T5)r t 

kT In[nsT, /(I - ncT,)] = 0 (7) 

is obtained. This result may be recast into the form 

AH + (I - 2n$Ta)r AS 
In [(I - n”T,bT,l = 

kT -k 

(8) 
which equation may be conveniently solved by 
graphical methods. The macroscopic thermodynamic 
model represented by eqn. (5) is weII known in the 
area of liquid and solid mixtures [22, 231. In the 
field of magnetism, eqn. (7) corresponds to the 
molecular field theory. In the present context we 
apply the model to the hysteresis associated with the 
high-spin(‘Tz) * low-spin(‘Ar) transition in [Fe(bt)p- 

w321 * 
The solutions, n$T, , to eqn. (8) are defined by the 

points of intersection, if the two sides of the equation 
are plotted separately as functions of nST,. Whereas 
an S-shaped curve is formed by the left hand side of 
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eqn. (8), the right hand side consists of a straight line 
through the point [A + (AH/2r), -AS/k]. In this 
model, hysteresis is o Ib served if two straight lines can 
be constructed (for two different temperatures) 
which are tangents to the two branches of the S- 
shaped curve, viz. In [(l - nST,)/mT1] > 0 and In 

[(l - nST,)/n5T,] < 0, respectively. The iterative 
solution for the experimentally determined tempera- 
tures T,> and T,< produces, as parameters of the 
model, values for the quantities AS and I’. 

Figure 3 illustrates an attempt to obtain a fit of 
the observed hysteresis loop on the basis of the 
model. The interaction energy results as r/k = 446, 

476, and 503 K for AS = 50.0,75.0, and 100.0 J K-’ 
mol-’ , serially. These values are of reasonable 
magnitude (viz. r = 310 cm-’ for AS = 50.0 J K-l 
mol-‘), although in view of recent calorimetric 
results for two related compounds [5] , the result for 
AS = 50.0 J K-’ mol-’ is likely to be the most 
realistic one. It should be noticed that, in Fig. 3, the 
experimental points around n5T = 0.15 should be 
disregarded for the reasons men&oned at the end of 
the previous section. 

If, according to the domain model [24-261, the 
present system is considered as an assembly of inde- 
pendent domains, the values of the transition temper- 

I 

170 175 180 T. K 185 

Fig. 3. Comparison of experimentally determined and calculated dependence of n5Tz on temperature in the neighborhood of Te: 
experimental data, full squares, full line; calculated curves, broken lines. Temperatures Tz and T,< as in Fig. 2, assumed entropy 
changes are AS = 50.0, 75.0 and 100.0 J Km1 mol- ‘. Open squares refer to experimental data which are most likely due to an 
additional modification. Neglect of these data causes the hysteresis loop to extend below the AS = 100.0 J K-l mol-’ curve, 
arriving for low temperatures at “ST2 = 0. 

0 15 

dtt,t, 
dT 

0.10 

0.05 

r 

I I I , I 

170 175 180 T.K 165 

Fig. 4. Distribution functions p(T) and q(T) of transition temperatures T(‘Ar -+ ’ Ta) and T(‘Tz -+ ‘Al) for individual domains 
in the neighborhood of Tz = 181.86 K and T> = 172.54 K, respectively. Light curve is the experimental hysteresis loop corrected 
for the presence of additional modification (corrected part, broken curve). 
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atures T(‘A, + ‘Ts) and T(5T~ + ‘Ar) will be dif- 
ferent from domain to domain. Thus T(‘Ar + ‘Ts) 
may be distributed among the domains according to 
some distribution function p(T) and similarly T(5Tz 
+ ‘Al) according to q(T). The distribution functions 
may be determined, e.g. from the total effective 
thickness, 

&ti = c[(l - n’T,)f’A, + n5T2 f5T, 1 (9) 

where C = 1 N/I d u. , and thus from the experimental 
data of the2preceding section. For the main branches 
of the hysteresis loop of Fig. 2 one obtains 

P(T) = -$ &al 

Application to the data of Table III produces the 
curves displayed in Fig. 4. Evidently, in the system 
studied here, the distribution functions for the two 
branches of the hysteresis loop are similar though not 
identical. As in the study by the Bragg and Williams 
type model above, the functions of Fig. 4 apply alone 
to the prominent part of the transition, the lower 
points in the hysteresis curve having been disregarded. 

The domain model leads to several theorems [25] 
concerning relations between the distribution func- 
tions and the shape of the hysteresis curve and the 
scanning curves. Fig. 2 shows that only a single 
scanning curve is available at present. Upon close 
examination it becomes apparent that the descending 
curves will converge on the lower intersection point 
of the hysteresis loop rather than meet the descen- 
ding boundary curve. This behaviour (cf: theorem 2 
[25]) should indicate a wide distribution of domain 
properties. Due to the increased steepness of the 
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boundary curve, the situation is less clear for the 
ascending curves, although the theorem seems to apply 
here as well. In addition, the slope of the scanning 
curves conforms to theorem 3 of the model [25]. It 
has been demonstrated [27] that theorems 3 and 4 of 
Everett [25] become invalid if interacting domains 
are considered. Although the criterion of theorem 4 
is stronger than that of theorem 3, the applicability 
of theorem 3 to the present system indicates that, 
most likely, if any interactions between domains are 
effective, these should be small. 

(iv) Temperature Dependence of Debye-Wallet 
Fat tors 

On the basis of 57Fe Mossbauer spectra, Debye- 
Waller factors have been determined over the temper- 
ature range 12.2 to 302.0 K by application of the 
methods outlined in the experimental section. All 
measurements were performed for ascending tempera- 
tures. The results are listed in terms of -In frA, and 
-1n f5T, in Table I and Table II, respectively. In addi- 
tion, the temperature dependence of both quantities 
is illustrated in Fig. 5. 

From Fig. 5 it is evident that -In ftotal shows a 
discontinuity at the temperature Tg = 18 1.9 K of 
about 0.438 which corresponds to a decrease of 
Af,, = 35.4% (viz. fiAl = 0.285, f5TZ = 0.184 at 
181.9 K). The change indicates a significant dif- 
ference in the mean square amplitudes of certain 
lattice modes in the high-~pin(~Ts) and low-spin(‘Ar) 
phases which are specifically affected by the transi- 
tion. This observation may be considered as sup- 
porting evidence for the first-order character of the 
phase transition associated with the high-spin(5Ts) * 
low-spin(rAl) conversion. 

Above T,, the values of -1n f5 T, may be well 
reproduced within the high-temperature approxima- 
tion of the Debye model 

Fig. 5. Temperature dependence of Debye-Waller factors. The straight line represents a fit to --In f5T2 within the high tempera- 
ture approximatibn of the Debye model (@ST, = 121 K, MST = 57 a.u.). The full curve in the low temperature region represents 
a fit to -In fl*, within the complete Debye model (@IA, = 323 K, M LA, = 12 a.u.). 
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3E$ T 
-1n f(T>Q/Z) = --. - 

0 Mc2k0 0 
(11) 

In eqn. (ll), Ee is the ‘y-ray energy, 0 the Debye 
temperature and, for simple atomic lattices, M is the 
mass of the absorbing atom. Application of eqn. (11) 
to the data above T, produces 0ST = 121 K if M is 
identified with the mass of the “Fe?atom, M5T1 = 57 
a.u. The fit is illustrated by the straight line in the 
upper part of Fig. 5. 

Below T,, the values of -In flA have been 
reproduced successfully only within the complete 
Debye model 

f=exp-\s[tt(ir I/T s]\ (12) 

the resulting parameter values being OIA, = 323 K 
and Ml,., = 12 a.u. The corresponding fit is illus- 
trated b; the full curve in the lower part of Fig. 5. 
Since in general Ml, > MST would be expected, 
the obtained value of MIA is’ unreasonable despite 
the excellent numerical agrkement. For more details 
we refer to another recent study [17] where similar 
results were discussed in more detail. 

(v) Temperature Dependence of X-Ray Diffraction 
The temperature dependence of peak profiles of 

the X-ray diffraction was studied between 77 and 300 
K as described in the experimental section. In general, 
the peak profiles observed in the low temperature, 
i.e. ‘Ai, phase differed from those in the high 
temperature, i.e. ‘T2, phase. The change with temper- 
ature is exemplified in Fig. 6 for a particularly intense 
powder peak of [Fe(bt)2(NCS)2] found in the dif- 
fraction angle range between 6 = 4.90’ and 13 = 5.40’. 
Thus between 148.0 and 182.0 K, a single line is 
found for a diffraction angle of, e.g. 8 = 5.26’ (corre- 
sponding spacing d = 8.42 A). This line is assigned to 
the low-spin ‘A, ground state on the basis of Moss- 
bauer spectra obtained at the corresponding temper- 
atures. At 185.2 K, a second, separate, powder peak 
is observed at 19 = 5.17” (d = 8.56 A) and similarly 
assigned to the high-spin ‘T2 ground state. It should 
be noted that the line at 0 = 5.19’ is discernible in 
Fig. 6 for temperatures between 182.5 and 185.2 K 
only. In a careful comparison of X-ray diffraction and 
Mossbauer effect data, this line correlates with the 
small step in t$T,/ttitibetween about 178 and 181 K 
(for increasing temperatures), cf: Fig. 2. Since it will 
be shown below that this protrusion is most likely 
due to a different modification of the compound, the 
line is excluded from the present analysis. For clarity 
of presentation, the diffraction lines for different 
temperatures though the same, i.e. ‘A1 or ‘T2, phase 
(cf: Fig. 6), have been connected each by a broken 
line. 

L.90 5.15 5.40 

mogg angle 0 - 

Fig. 6. Peak profiles of X-ray powder diffraction for [Fe 
(bt)2(NCS)z] at the temperatures of 182.0, 182.7, 185.2, 
186.0 and 189.0 K (T, = 185.5 K). The diffraction peaks 
characteristic of the ‘Al phase (0 = 5.26”) and the ‘T2 phase 
(0 = 5.17”) are connected by broken lines. The range covered 
extends from 0 = 4.90” to 0 = 5.40”. 

In order to obtain quantitative data from the 
analysis of the peak profiles, let us write the relative 
intensity for a single diffraction line as 

h= nsT, V(Fz )’ K(B) + 

(1 - n~TZ)V(F’~)2 K(e) (13) 

Here, V is the active volume of the specimen, K(8) is 
an angular function containing the Lorenz and 
polarization factors, and the F’& j = ‘Al or ‘T2, are 
the structure factors for the ‘Al or ‘T2 phase. The 
values of I,r for the individual phases are obtained 
from a decomposition of the overall intensity pattern 
into Gaussians. If now, e.g., IST1/Itia iS plotted vs. 
the temperature, V and K(B) cancel out and the 
resulting effective intensities may be compared with 
the results of different physical measurements. On a 
qualitative basis then, the temperature dependence 
of IST,/Ititi is equivalent to that of tSTl/ttiti, e.g. 
for the increasing temperature branch of the hystere- 
sis loop of Fig. 2. The results show, in additipn, that 
the structure factors for the two phases, i.e. F& and 
F$ are not much different. 

(vi) “Fe Miissbauer Effect Measurements on Addi- 
tional Samples of [Fe(bt)dNCShI 

In order to examine the reproducibility of the 
results reported above, two additional independently 
prepared samples of [Fe(bt)2(NCS)Z] have been 
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175 180 - 1.K 185 

Fig. 7. Temperature dependence of the uncorrected area fractions A(‘T?)/A tom for three different samples of (Fe(bt)z(NCQ] 
in the neighborhood of T,> (T,>(l) = 181.86 K, T?(Z) - 183.5 K, T,>(3) - 181.5 K). 

investigated. It should be noted that the overall 
chemical and physical properties of these substances 
are identical to those of the first sample studied. Dif- 
ferences were found, however, for certain details of 
the phase transition which are of particular interest 
here. Figure 7 shows the uncorrected area functions 
A(‘Tz)/Atiti extracted from “Fe Mijssbauer effect 
measurements in the neighborhood of T,> (ie. for 
increasing temperatures) for all three samples. It is 
evident that the detailed behaviour is different for 
any one sample, the transition temperatures being 

T;(2) hr 183.5 K and T,>(3) - 181.5 K, whereas 
T,>(l) = 181.86 K has been determined above. The 
even more important result is that samples no. 2 and 
no. 3 do not show the lower step in tST,/ttotsl which 
is associated with the phase change in sample 1, cf: 
Fig. 2. This being the case we consider it most likely 
that this peculiarity is due to a small admixture, into 
sample 1, of another modification of [Fe(bt),- 
(NCS),] which may be characterized by Tz hr 178 K. 
It is for this reason that this detail of the phase 
change in sample 1 has not been taken into account 
in the analyses of experimental data above. 

It should be noted that differences in the detailed 
behaviour of high-spin(‘Tz) * low-spin(‘Ar) transi- 
tions with temperature are not unusual. Such observa- 
tions have been reported before for different prepara- 
tions [l] as well as for well-defined different crystal- 
lographic modifications 1281 of one and the same 
compound. 

Discussion 

Almost discontinuous hlgh-~pin(~T~) + low-spin- 
(‘Al) transitions which are associated with hysteresis 
effects have been reported for several systems of the 

type discussed here, notably for [Fe(4,7-(CH& 

phen)OJWd [71, PWpaptHM (Nod2 PI , 
W(2-picM Ch*bO 1301, and [WphyM (CO& 
[3 l] . Here, paptH = 2.(2-pyridylamino)-4(2-pyridyl)- 
thiazole, 2-pit = 2-amino-methylpyridine, and phy = 
1, IO-phenanthroline-2carbaldehyde phenylhydra- 
zone. The only more detailed study available, i.e. on 
[Fe(4,7(CH3)2-phen)2(NCS)2] [7], shows that in 
this system the high-spin(‘T2)+ low-spin(‘Ar) transi- 
tion is centred for increasing temperatures on Tc> = 
121.5 K, whereas for decreasing temperatures T$ = 
118.6 K. The hysteresis thus amounts to AT, = 3.1 K 
as compared to AT, = 9.5 K in the present case. A 
detailed analysis of the tST /ttiw data using a Bragg 
and Williams type model 220, 211 produced agree- 
ment, at least on a qualitative basis, for AS = 50 to 70 
J K-’ mol-’ and I’ = 192 to 199 cm-‘. These values 
are of reasonable magnitude as are those obtained for 
the present system, cc AS = 50 to 100 J K-’ mol-’ 
and r = 310 to 350 cm-‘. In addition, both sets of 
data are consistent with the condition I’/k > 243 K 
which is required in order to observe a jump between 
quantities characterizing the two states [20]. On the 
other hand, it has been realized that the differences 
between observed and computed values are typical 
for models of the type employed [22]. Similar 
discrepancies are again found in the system studied at 
present, c$ Fig. 3. The model is also not capable of 
reproducing scanning curves like the one in Fig. 2, 
since only discontinuous changes in nST, are formed. 

The application of the domain model provides 
additional insight into the possible mechanism of 
high-spin(‘T2) * low-spln(‘Ar) transitions in solids. 
The results obtained above indicate that the assump- 
tion of domain formation by both ‘Al and ‘T2 
molecules is not unfounded, and that any interactions 
between these domains are likely to be small. More 
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detailed information could be obtained from the 
analysis of multiple scanning curves applying the 
theorems of Everett [25] . However, the required 
accurate experimental data are not easy to accumu- 
late, particularly not for sample 1 of [Fe(bt)z- 
(NCS),] , on which the present study was almost 
exclusively based. The complications associated with 
this sample are apparent from Fig. 2 and from the 
data in Results section (vi). 

An experimental, and thus more conclusive, 
evidence for the formation of domains in [Fe(bt)z- 
(NCS)s] emerges from the investigation of the peak 
profiles of X-ray diffraction. The observation that the 
quantities tsT, /&,,M and Is~, /Itiw from “Fe Moss- 
bauer effect and X-ray data, respectively, show 
equivalent temperature dependences is of consid- 
erable significance. It is obvious that Mossbauer effect 
data are characteristic for the molecular, X-ray data 
for the crystal properties. The above result will then 
be obtained only if crystal domains of finite dimen- 
sion exist for both the ‘A1 and ‘Ts ground state 
molecules which are capable of producing the 
observed X-ray diffraction. Consequently, the high- 
spin( ‘Ts) + low-spin(‘Ai) transition in solids 
proceeds, at least in the system [Fe(bt),(NCS)s] , by 
way of the formation of domains rather than that of 
isolated, i.e. statistically distributed, molecules in the 
two ground states, ‘Ai and ‘Tz. It should be noted 
that this process is thermodynamically prefered to 
one where a large number of separated molecules in 
the resulting ground state is formed as a consequence 
of the transformation ‘Ai + ‘Ts or vice versa. 

A discontinuity of the Debye-Waller factor of 

Aftital - 20% has been observed before [8] at the 
high-spin(‘Ts) * low-spin(‘Ar) transition in [Fe(4,7- 
(CH&-phen),(NCS)J (flA, = 0.413, fsT, = 0.342, 
both at T, = 121 .S K). This result may be compared 
with that of Af,, - 35.4% obtained for [Fe(bt)s- 
(NCS),] in this study. It should be noted that the 
Debye-Waller factor provides a collective representa- 
tion of lattice dynamics. A discontinuity in the total 
Debye-Waller factor may thus be considered as 
evidence for a phase transformation, although more 
detailed conclusions are difficult to achieve. In 
[Fe(bt)z(NCS)z] , this conclusion adds weight to the 
similar evidence derived from the almost discon- 
tinuous change of magnetic properties [13] and of 
the relative effective thickness, tsT,/ttotal, of the 
Mossbauer effect. In addition, the observation of 
hysteresis is likewise an indication of a phase change. 
The most conclusive evidence for a phase transforma- 
tion is, however, the finding of separate X-ray diffrac- 
tion peaks for the ‘Ai and the sTz ground state 
molecules and the fact that the quantity Is~, /It,,w 
shows an almost discontinuous behaviour at T, which 
is moreover equivalent to that of tsT, /ttiw_ 

With regard to the hysteresis argument above, we 
may be confronted with the fact that the transition in 

~WapW21 tN03)2 shows quasi-continuous be- 
haviour despite the observed hysteresis [29]. How- 
ever, in solids, the continuous character of an inter- 
nal dependent variable, viz. $Jttotal, as function 
of, e.g. the temperature, is no guarantee for an 
equilibrium process, although the converse is in 
general true. 

An attempt may be made to classify the transition 
in [Fe(bt)2(NCS)z] on the basis of available evidence. 
According to the conventional thermodynamic classi- 
fication, a transition of first order is characterized, by 
definition, by a discontinuous change of energy, i.e. a 
latent heat, and discontinuities in volume and in 
lattice parameters. Also, the transition takes place 
sharply at a particular temperature. In the case of 
[Fe(bt),(NCS)?] , a discontinuous change of lattice 
parameters and thus volume may be inferred from the 
behaviour of X-ray diffraction peaks (cf: Results sec- 
tion (v) and the Debye-Waller factor (cf Results sec- 
tion (iv). A latent heat as well as a change in entropy 
are required in order to interpret the Mossbauer 
effect data by a Bragg and Williams type model (cJ: 
Results section (iii). On a thermodynamic basis, the 
transition may thus be considered as of first order, 
although Fig. 2 shows that the first-order character is 
‘smeared out’, particularly towards the high-temper- 
ature side of the transition. The origin of this compli- 
cation are usually local nonuniformities and stresses 
due to various defects within or to grain boundaries 
between crystals. 

Another accepted classification scheme is essential- 
ly geometrical [32] . . Based on the general character 
of a high-spin =+ low-spin transition [2-4], no 
breaking of bonds or any other major changes of 
molecular constituents are expected. This assumption 
is in agreement with all available structure data for 
spin transformations [9-121. The recent observation 
of molecular dynamics in solid iron(II1) tetraphenyl- 
porphinatobenzenethiolate benzenethiol [33] seems 
to be rather exceptional. In addition, all observed 
changes are reversible, even in a single crystal. 
Consequently, the observed transformation may be 
termed a pure displacive transition. It should be 
noted that, in reversible transitions, the size of the 
discontinuity is not obviously correlated with the 
underlying mechanism of the transition 1321 . There- 
fore, if this classification is adopted, the details of 
the discontinuities observed for any particular 
physical property as well as its size are important 
additional characteristics. 
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