
were located did not usually manifest de- 
generative changes. It is conceivable, 
nevertheless, that interactions between 
virus and cell membrane may have in- 
duced the formation of accessible, abnor- 
mal beta cell immunogenic proteins re- 
sponsible for the initiation of a cell-medi- 
ated immune response (15). 

Pancreatic insulitis was reported in ex- 
perimental virus-induced diabetes (16), 
in juvenile diabetics autopsied shortly af- 
ter onset of clinical symptoms (17), and 
in rare examples of maturity-onset diabe- 
tes (18). A chronic inflammatory cell infil- 
trate within the islets of Langerhans was 
also described after unsuccessful at- 
tempts to produce an immune-type diabe- 
tes (19). 

Of independent significance, however, 
is the observation that SZ, a beta cell tox- 
in, is apparently responsible for the acti- 
vation of virus replication in mouse beta 
cells. The genome of the mouse type C 
virus is present in most if not all strains 
of laboratory and wild mice (20). Further- 
more, structures resembling type C virus 
particles have been observed in the beta 
cells of certain inbred mice (21). 5'-Bro- 
modeoxyuridine and 5'-iododeoxyuri- 
dine induce viral genome activation in 
vitro (22), and activation of mouse leuke- 
mia virus is induced in vivo by x-irradia- 
tion, chemical carcinogens, and steroid 
hormones (23). This report of virus acti- 
vation in vivo by SZ is important be- 
cause of the drug's occasional clinical 
use in the treatment of neoplastic dis- 
ease. This finding is of more than theo- 
retical importance when one considers 
the oncogenic potential of SZ (2). 
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The process of inversion from a high- 
temperature to a low-temperature form 
is of considerable importance for an un- 
derstanding of the behavior of crystalline 
phases. In particular, the situation can 
arise when the kinetics of the process are 
such that the formation of the low-tem- 
perature form is impeded and hysteresis 
is introduced, or in the extreme case 
when the low-temperature form is in- 
accessible. Although the existence of a 
metastable, high-temperature polymorph 
is not uncommon, in some cases process- 
es may operate to reduce the free energy, 
of the system by the formation of some 
modification of the high-temperature 
form. These alternative processes lead to 
structural forms which do not have a sta- 
bility field at any temperature and whose 
modes of behavior are determined by the 
kinetics of the processes involved rather 
than by thermodynamic considerations 
alone. Such alternative states may per- 
sist for long periods of time and have 
been shown to be fundamental to a de- 
scription of the transformation behavior 
of a number of silicate systems (1). In 
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this report I describe experiments in 
which both the ideal and the alternative 
behavior can be observed dynamically 
and the course of the transformations 
can be directly controlled by variations 
in the experimental conditions. 

Structural phase transformations in a 
number of sulfides occur at rates which 
make direct observation possible in a 
transmission electron microscope (TEM). 
The transformations are induced by 
electron beam heating, and the tem- 
perature of an individual crystal frag- 
ment is controlled by focusing and defo- 
cusing or by lateral shifts of the beam, al- 
though the temperature cannot be 
directly measured in this way. Further 
details of the experimental method are 
described elsewhere (2). The ability to 
observe these transformations directly 
makes it possible to examine the ideal 
and the alternative behavior separately 
and to study the conditions operative in 
each case independently. Such informa- 
tion is not readily obtainable by other 
means, and the method leads to a rigor- 
ous definition of the transformation be- 
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Alternative Transformation Behavior in Sulfides: 

Direct Observations by Transmission Electron Microscopy 

Abstract. Structural phase transformations in Ni7S6 and Cu7S, have been observed 
dynamically by in situ experiments in a transmission electron microscope. In this 
way it is possible to demonstrate the possibility of two fundamentally different types 
of behavior: (i) the ideal transformation from the stable high-temperature form to the 
stable low-temperature form and vice versa and (ii) alternative metastable processes 
which operate when the formation of the low-temperature state is impeded. 
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havior of a material as a function of cool- 
ing history. 

Several sulfides with known high- and 
low-temperature polymorphs were inves- 
tigated, and their modes of behavior 
were studied dynamically as a function 
of temperature. The behavior of two of 
these polymorphs is briefly described 
here to illustrate the conditions under 
which ideal and alternative processes 
take place. 

The nickel sulfide Ni7S6 (godlevskite) 
undergoes a high-low transformation at 
400?C (3). The structure of the high-tem- 
perature form has been determined (4); 
although the structure of the low-temper- 
ature form is not known, initial investiga- 
tions suggest that the nickel coordination 
changes (5) and hence a reconstructive 
transformation must take place between 
the two forms. In bulk specimens this 
transformation is sluggish but can be ob- 
served dynamically in small grains in the 
TEM. The hysteresis is appreciable, as 
would be expected for a reconstructive 
transformation, but, if the grain is 
quenched, a sufficient amount of super- 
cooling is achieved to cause the abrupt 
formation of the low-temperature form. 
The reverse transformation to the high- 
temperature form takes place on heat- 
ing. 

If the high-temperature form is cooled 
slowly below the transformation temper- 
ature, conditions are produced where, al- 
though the low-temperature form is 
stable, its formation is impeded by in- 
sufficient supercooling and hence pro- 
vides a small driving force for the trans- 
formation. Under these conditions the 
high-temperature form can be observed 
to undergo a series of structural modifica- 
tions leading to the formation of succes- 
sively larger superstructures. Details of 
these superstructures, all modifications 
of the high-temperature structure, have 
been published elsewhere (2), but the im- 
portant point is that the formation of the 
superstructure phases is an alternative 
metastable process and these phases do 
not have a stability field at any temper- 
ature. The conditions under which they 
form as well as the fact that the low-to- 
high Ni7S6 transformation does not in- 
volve the formation of these super- 
structures as intermediates confirm the 
metastability of these superstructure 
phases. 

The second example chosen to illus- 
trate alternative behavior is the transfor- 
mations of the copper sulfide Cu7S4 (ani- 
lite). Earlier investigators (6) have 
shown that anilite is a stable phase at 
room temperatures, but that above 70?C 
the low-temperature cubic form of dige- 
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nite is stable. At a slightly higher temper- 
ature, 76? to 83?C depending on the exact 
composition, low digenite inverts to a 
high-temperature cubic form. This series 
of transformations has been observed dy- 
namically with the same methods as for 
Ni7S6, but with a smaller condenser aper- 
ture to keep the heating effect of the elec- 
tron beam low. 

On heating anilite in the beam, a dis- 
continuous transformation directly to 
high digenite occurs. When this phase is 
cooled by rapidly moving the beam off 
the grain, anilite is again formed by an 
abrupt process. However, if this cooling 
is carried out slowly, a superstructure 
based on the high-temperature digenite 
phase is formed. This superstructure 
with cell edge 6a (a is the cell edge of 
high digenite) is the low digenite phase 
referred to above. Careful cycling of the 
specimen through these transformations 
has shown that high digenite and anilite 
have stability fields, but that the forma- 
tion of low digenite must be regarded as 
alternative metastable behavior oper- 
ating under conditions when the transfor- 
mation to anilite is impeded. In other 
words, low digenite is not a stable phase 
in the Cu-S system. This conclusion is 
based on the evidence that the transfor- 
mation from anilite to high digenite does 
not have low digenite as an intermediate 
product and also on the fact that the for- 
mation of low digenite can be equated 
with a small degree of supercooling. 

The possibility that the metastable al- 
ternative states described here could 
have a narrow stability range, and that a 
transformation from the stable low-tem- 
perature phase to the stable high-temper- 
ature phase could "jump over" such a 
narrow stability range has been consid- 
ered. It is, however, unlikely that, if 
such a stability range existed, it has nev- 
er been observed in a low-to-high trans- 
formation despite efforts to carry out the 
transformation by very slow heating. 
The reproducibility of the transformation 
behavior over many heating and cooling 
cycles indicates that the transformations 
are polymorphic and that compositional 
changes, such as sulfur loss, do not oc- 
cur. 

The recognition of two broad classes 
of behavior in these sulfides has a num- 
ber of important implications for the 
study of sulfide phase equilibria. The 
methods generally used for the determi- 
nation of phase diagrams take no ac- 
count of the possibility of alternative me- 
tastable behavior and are based on the as- 
sumption that a phase which appears to 
be stable has a stability field. The case of 
low digenite illustrates this point. The 

phase chemistry of systems in which al- 
ternative processes may operate cannot 
be specified on the usual phase diagram 
and must be described in terms of the ki- 
netics of the processes taking place. Al- 
though the extent to which alternative 
processes are important in a description 
of sulfide systems is not fully appreciated 
at present, our experiments indicate that 
the possibility cannot be excluded, espe- 
cially in systems in which the transforma- 
tion temperatures are relatively low. The 
dynamic aspects of the transformation 
behavior of low-temperature sulfide 
phase equilibria should be investigated, 
and in situ experiments in a TEM pro- 
vide an ideal method of studying such 
materials. 

The nature of the alternative processes 
taking place in Ni7S6 and Cu,S4 is worthy 
of note. In both cases the metastable 
state formed is a large superstructure of 
the high-temperature form, whereas the 
stable low-temperature form has a 
simple, smaller unit cell. Similar behav- 
ior has been found in TaS2 (7), in which 
structural changes in the metastable 
high-temperature form lead to a series of 
superstructure phases whereas the stable 
form has a simple cell. The implication 
arises that large superstructures based 
on the high-temperature form may repre- 
sent alternative transformation behavior. 
Superstructure formation is a common 
feature of the low-temperature behavior 
in many sulfides, and a prima facie case 
exists for a reexamination of these 
systems in terms of possible metastabil- 
ity. 

The results obtained here further dem- 
onstrate the general applicability of the 
theory of subsolidus behavior in miner- 
als developed by McConnell (1). They 
also illustrate the inadequacy of classi- 
cal thermodynamics in predicting the 
course of transformations in crystalline 
phases. 
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