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Cation nonstoichiometry in tin-monoxide-phase Sn12dO with tweed microstructure

M. S. Moreno,* A. Varela, and L. C. Otero-Dı´az
Departamento de Quı´mica Inorgánica, Fac. Ciencias Quı´micas, Universidad Complutense de Madrid, 28040-Madrid, Spain

~Received 12 December 1996; revised manuscript received 3 March 1997!

We report a chemical, thermogravimetric, and electron-diffraction/microscopy study of a tin-monoxide
phase. A large deviation from the ideal stoichiometry is observed due to metal vacancies, resulting in the
formula Sn12dO. This nonstoichiometry is an intrinsic feature of this material and is accommodated through
the formation of static transverse displacive modulations along the^hh0& directions, giving a tweed micro-
structure without the introduction of complex arrangements of vacancy interstitials~as in wüstite!. Our obser-
vation constitutes a different way of accommodating large deviations from ideal stoichiometries, especially in
comparison with the well-known behavior of the transition-metal monoxides with the NaCl-type structure. The
difference arises most likely from the layerlike nature of thea-PbO (B-10) structural type with average
tetragonal symmetry andP4/nmm space group. Metal vacancies cause a strain coupling which stabilizes the
highly disordered nonstoichiometric phase. Dynamical instabilities were not observed. An origin for the ther-
mal instability of the material is suggested. A comparison with PbO, the only isostructural compound, is
outlined. SnO is shown to be a beam-sensitive material.@S0163-1829~97!07233-0#
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I. INTRODUCTION

In the Sn-O system, the most frequently reported pha
are SnO and SnO2. The latter is by far the most studie
because of its considerable technological importance in
plications as transparent electrodes, thin films in he
reflecting filters, SnO2/Si solar cells, and gas sensing devic
Efforts have been devoted partially to the study of meth
of achieving monophasic SnO2 films. Still, several basic as
pects like the mechanism for the transformation SnO→SnO2

are poorly understood. For initially multiphasic thin film
obtained by thermal evaporation of tin, a Mo¨ssbauer spec
troscopy study1 showed that up to 1043 K the tin atom
partially remained in the 21 oxidation state, and monopha
sic films were obtained only after an additional heat tre
ment at 1373 K.

The SnO compound, which is isostructural toa-PbO at
normal pressures, has hardly been investigated, perhap
cause it becomes unstable above 573 K and undergo
disproportionation reaction to metallicb-Sn and SnO2. De-
pending on the treatment temperature, three compounds
observed in different proportions SnO2, b-Sn, and an inter-
mediate oxide containing both 21 and 41 oxidation states.
This reaction takes place both in bulk SnO and in thin film2

The actual composition,3,4 structure, physical properties, an
reaction mechanisms leading to the intermediate oxide
still open questions.5 However, in a previous work we hav
found strong evidence that the intermediate phase could
single phase with a narrow composition range.6 Thus, it is
not surprising that the reported phase diagram of the S
system is still incomplete.

The reasons for SnO being thermally unstable are
known. Especially intriguing are changes that occur up
heating which involve the breaking of bonds, namely t
disproportionation reaction. This reactiona priori requires
more energy than other possible mechanisms. In contra
PbO,7 SnO does not convert to an orthorhombic form at
evated temperature or pressure. In fact, a transition to
560163-1829/97/56~9!/5186~7!/$10.00
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form has not been observed under pressure up to 7.5 G
although a second-order phase transition to ag-phase at 2.5
GPa was found, similar to the isostructural tetragonal Pb8

This transition as a function of pressure was associated
the collapse of an acoustic mode.8

It is worth noting thatin situ studies of the disproportion
ation process have not been reported. Low-lying branch
stabilities could be observed in electron-diffraction patte
because these low-frequency modes give rise to a hig
structured and extremely characteristic diffuse intensity d
tribution in reciprocal space~see, for example, Ref. 9! due to
soft-phonon modes. Therefore, the detection and recipro
space mapping of any diffuse intensity distribution is of t
utmost importance.

In the framework of our work on the Sn-O system w
have undertaken a careful study of SnO through comp
tional characterization and electron microscopy and diffr
tion. The results show that SnO is a nonstoichiometric ph
with cation deficiency. Such nonstoichiometry giving rise
a tweed microstructure takes place in a different structu
type in comparison with the well-known NaCl-typ
transition-metal monoxides. This is a way to accommod
large deviations from the ideal stoichiometric composition

II. EXPERIMENTAL

To our knowledge, only the preparation of powders
SnO has been reported. Its thermal instability precludes s
eral possible crystal-growth methods. In the case of solu
methods it is difficult to control the dehydration rate. Sing
crystals of tin monoxide were prepared by the slow dehyd
tion at room temperature~RT! of hydrated tin~II ! oxide dur-
ing periods of up to three weeks. The hydrous oxide w
precipitated at pH59 – 10 by the addition of sodium carbon
ate ~Merck, 99.5%! to a solution of tin~II ! chloride
~SnCl2•2H2O, Merck 981%!. Single crystals of the monox
ide are obtained by the addition of very small amounts
NaOH to the hydrated oxide. The crystals were washed s
5186 © 1997 The American Physical Society
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56 5187CATION NONSTOICHIOMETRY IN TIN-MONOXIDE- . . .
eral times with distilled water and dried at RT in vacuu
They had maximum dimensions of 1503100350mm were
black or blue-black in color, with metallic luster and clea
faces, as revealed by scanning electron microscopy.
presence of O-H was ruled out by infrared spectroscopy

Powder materials prepared from SnCl2•2H2O and
Na2CO3 under different conditions gave the same results
for the crystals, with the same microstructure.10 Unless
noted, we report here the results for single-crystal samp

The average Sn content was determined by using ato
emission spectroscopy by inductively coupled plasma~ICP-
AES!, with a model JY-70 PLUS instrument. Possible vo
tilization of tin has been tested by preparing the solutio
under different conditions~different temperatures and ope
or closed to the atmosphere and time of digestion!. Within
the experimental error of the technique the results were
same, thus precluding tin volatilization.

Thermogravimetric analyses were performed on a th
mobalance based on a Cahn D-200 electrobalance whic
lowed for the determination of variations of the oxygen co
tent within 6131023 on a sample of about 100 mg. Th
overall oxygen content was determined thermogravime
cally by reduction to metallic tin under an atmosphere
0.3H2/0.2 He. The temperature was raised at 4 K/min up
1073 K.

Powder x-ray-diffraction data from crushed crystals we
collected with a step width of 0.02° in the range 5°<2u
<90° with Cu Ka radiation on a Philips diffractomete
X’Pert-MPD with a goniometer PW 3050/00 and analyz
by the Rietveld line profile refinement method by using t
FULLPROF program.11

Because of the low mechanical stability of SnO, the cr
tals were ground gently and dispersed onto a holey car
film, without ultrasonic dispersion. Electron-diffraction stu
ies and qualitative x-ray energy-dispersive spectrosc
~XEDS! analyses were performed in a JEOL 2000 FX m
croscope, fitted with a double tilt goniometer stage (645°)
and a LINK AN 10000 analyzer system, respectively.
double tilt heating stage goniometer up to 1023 K was a
used.

Tin monoxide was found to be very beam sensitive,
quiring observations with low dose. The state of the mate
was tested after each observation by checking the repro
ibility of the ED patterns, specifically those of the@001# zone
axis. For this reason, diagrams shown here were expose
long periods of time.

III. RESULTS

A. Chemical characterization

ICP was used to search for impurities from the start
materials. None were detected.

In situ analyses were carried out using XEDS. The resu
obtained for thin plates do not show the presence of chlo
or any additional heavy elements other than tin.

The average Sn content determined by ICP analysis
different powder and single-crystal samples was in the ra
of 96– 991% of the total expected for a nominal compositio
of SnO~the quoted error corresponds to that of the techni
and does not take into account errors introduced by
preparation methods!.
.
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Thermogravimetric analyses of both single-crystal a
powder samples showed an unambiguous departure to va
greater than the 1:1 stoichiometric relationship for O/Sn a
were consistent with a Sn content in the range of 90–96
Although the O/Sn ratio agrees very closely with the sing
crystal ~next section! results, we checked for possible vola
tilization of tin by performing an additional experiment wit
metallic Sn (5N) under the same conditions as for the oxid
Cycles of reduction to metallic Sn plus subsequent oxidat
to SnO2 confirmed the value obtained for the ratio O/Sn a
precluded tin volatilization, as in the ICP analysis. For all t
samples, the weight-loss curves were qualitatively simi
with nearly the same onset weight-loss temperature~about
573 K!. Only the total weight loss varied in the range me
tioned above.

These results suggest that the tin monoxide is a ph
with a large deviation from the ideal stoichiometry Sn
which is due to cation deficiency. The approximate range
composition is given by Sn12dO1.00 (0.04<d<0.10). Thus,
we will use the term ‘‘nonstoichiometry’’ to signify only a
departure from the ideal 1:1 relationship for O/Sn, witho
any further implication.

B. Structural characterization by powder x-ray diffraction

Nonstoichiometric materials need to be characterized
different levels of resolution as provided by different diffra
tion techniques~x-ray, neutron, and electrons!. It is usually
understood that nonstoichiometric materials have a comp
tional range. In this sense the results of the previous sec
correspond only to averaged values because they were
tained by bulk analysis.

It is worth mentioning that the nonstoichiometry of t
monoxide was not taken into account previously, especi
not in the structural refinements reported by Pannetier12 and
Izumi.13 They considered the phase with the ideal ra
O/Sn51.00 only. Those refinements were made from po
der neutron and x-ray diffraction, respectively.

The whole measured diffractogram can be analyzed w
the structure reported for SnO~structural type B10 or
a-PbO!. Our refinements were performed with the same p
file functions, isotropic thermal parameters, and occupa
factors for Sn and O as used in Refs. 12 and 13. The refi
parameters are quoted in Table I which also includes pr

TABLE I. Comparison of our refined structural parameters w
those of Refs. 13 and 12.* indicates values for the positional pa
rameterz of Sn, obtained by taking the isotropic thermal paramet
of Refs. 13 and 12, respectively. The lattice constants refined
both cases are the same.

Izumia Pannetierb This work

a ~Å! 3.79861 3.80295 3.79956
c ~Å! 4.84082 4.83828 4.83958
z ~Sn! 0.23693 0.23838 0.23978*

0.24028*
B ~Sn! (Å 2) 0.664 0.577

B ~O! (Å 2) 2.64 0.999

aReference 13.
bReference 12.
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5188 56M. S. MORENO, A. VARELA, AND L. C. OTERO-DI´AZ
ous data for comparison. The agreement is very good,
therefore we are undoubtedly working with the same ma
rial as that which was refined and discussed in previ
works.

On the other hand, we have undertaken a single-cry
x-ray-diffraction study for this material. Results from anal
ses of several single crystals indicate that the oxygen su
tice is complete and the metal vacancy concentration is a
10%. The complete structure refinement will be publish
elsewhere.

C. Microstructural characterization

The results of transmission electron microscopy were
same for all the crystals examined. The tweedlike structur
the only microstructural feature observed. This is illustra
in Fig. 1 which shows a typical@001# zone-axis selected are

FIG. 1. ~a! Typical @001# SADP zone-axis pattern taken at roo
temperature.~b! bright-field transmission electron micrograph
SnO showing a very finely divided tweed microstructure.
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electron diffraction pattern~SADP! and the corresponding
bright-field image showing the characteristic cross-hatc
contrast, both taken at room temperature. The presence
narrow star-shaped diffuse intensity distribution in the d
fraction pattern is observed. Its magnitude is not so strong
in the diagram which was exposed for a longer time to
hance the weak diffuse intensity. Tilting experiments~see
Fig. 2! indicate that the diffuse intensity perpendicular to t
^hh0&* directions~centered on each of the Bragg reflectio
of the parentP4/nmm average structure! exists in the form
of discs or rods. Because of the platelike morphology of
grains, we cannot obtain complete information on the rec
rocal space. Therefore, we have been unable to obtain z
axes with the~001! reflections excited, and thus, we cann
evaluate the diffuse distribution intensity along this dire
tion. However, this should not be critical for the charact
ization of the microstructure, as will be discussed belo
From Figs. 1 and 2 we note the absence of any additio

FIG. 2. Room temperature~a! @012# and ~b! @023# zone axes
SADP’s. Note the cross-shaped diffuse streaking.
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56 5189CATION NONSTOICHIOMETRY IN TIN-MONOXIDE- . . .
features that would reveal an ordering of defects in any
perstructure and no other diffuse scattering.

The diffuse intensity depends strongly on the scatter
angle. The relative variation compared to the main spots
the P4/nmm average structure increases with the scatter
angle. This is true even in the near-zone-axis diffraction p
tern shown in Fig. 3. This intensity distribution is more cha
acteristic of scattering from atomic displacements than co
positional variations as will be discussed later. Kinematica
the intensity of the diffuse scattering arising from displac
ment disorder increases approximately with the square of
scattering vectors, while that due to substitutional~compo-
sitional! disorder is periodic with the period of the lattice.14

Such modulations have a static character because we
observe the typical tweed contrast. Because the characte
times for taking an image are on the order of seconds,
obtain a time average result;15 if the modulations were time
dependent, then we would not observe any specific con
in the corresponding image.

The diffraction pattern shown in Fig. 3 was taken nea
at the @001# zone axis to minimize the multiple-scatterin
paths. The dominance of the nonradial streaks for the (hh0)
reflections can be seen clearly. With further tilting, the e
tinction of the radial streaks was complete. Similar extinct
was observed for equivalent diffuse intensity distributions
high-temperature superconductors and attributed to mult
scattering by Zhu, Suenaga, and Tafto.16 We conclude that
the actual direction for the diffuse streaks is the nonrad

FIG. 3. SADP of the@001# zone-axis orientation taken slightl
tilted away. Note the partial extinction of diffuse intensity along t
@hh0#* direction. With further tilting it was complete. Note als
the bands of absence of diffuse intensity along the^h00&* direc-
tions as indicated with arrows.
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component which indicates the directionq along which the
atomic displacements are correlated in the reciprocal spa

The extent of the diffuse streaking of the diffraction spo
along the^hh0&* directions corresponds to a minimum di
tance in real space of 8–9 Å ('33d110). This value is
nearly constant in all crystals measured, and it could rep
sent the minimum distance for the location of atoms d
placed from their position in the ideal structure~Fig. 4!. An-
other important feature is that the length of the streak d
not increase as the order of the diffraction spots increa
~this feature was verified even in diagrams with exposu
lower than that of Fig. 1!. The narrowness of the diffus
streaks allows us to estimate a coherence length of 60–7
along this direction for the domains that constitute the twe
microstructure. In addition Fig. 5 shows a SADP from
crystal with the incident beam parallel to the@001# zone axis
taken at 923 K.

IV. DISCUSSION

A. Nonstoichiometry and defect structure

The results given above indicate that SnO contains ca
deficiencies. These vacancies are independent of the pr

FIG. 4. Schematic polyhedral representation of the idealized
erage tetragonal structure of SnO with space groupP4/nmm. Black
circles represent tin atoms and hollow circles oxygen atoms.

FIG. 5. High-temperature~923 K! SAPD@001# pattern. Note the
absence of additional diffuse features.
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5190 56M. S. MORENO, A. VARELA, AND L. C. OTERO-DI´AZ
ration method, i.e., they are an intrinsic feature, and SnO
nonstoichiometric phase. This hypothesis is supported by
crystallographic density obtained from our refinemen
which agrees closely with the thermogravimetric results.
we discussed above, the previous structural refinements a
from powder materials, and nonstoichiometry was not ta
into account in the previous studies.12,13 A possible explana-
tion is that there was no previous study about the~non!sto-
ichiometry. Also, the grain morphologyalwaysinduces pre-
ferred orientation on powder samples, which must
corrected in the line profile refinement. It is well known th
this is one of the problems that can affect the accuracy of
derived crystals parameters, especially the occupa
factors.17

Although several grossly nonstoichiometric monoxid
~e.g., TiO, VO, FeO! have been reported, all of them hav
the NaCl-type substructure. In these materials the strong
parture from the ideal composition is accommodated in m
or less ‘‘well’’ defined ways:18–22 in a disordered structure
~i.e., random vacancies!, or by formation of modulated struc
tures of the basic substructure due to clusters that contain
interstitial cations required for charge compensation. T
structure of the clusters resembles structural units of hig
intermediate oxides. Much effort has been dedicated to
theoretical understanding of such vacancy-interstitial clus
~see, for example, Ref. 23!. To our knowledge there have no
been similar reports for monoxides with a very open lay
like structure, as is the SnO-PbO type. Here, we prov
empirical bounds which are needed for future theoretical
culations aimed at elucidating the stabilization of pha
with such large deviations from ideal stoichiometry
mechanisms such as strain coupling~see next section! and by
the delicate equilibrium between the metal vacancy conc
tration and thermal disproportionation.

The ideal 1:1 stoichiometric structure is shown in Fig. 424

It can be described as a fluorite-type structure with altern
oxygen layers missing, resulting in an array of square py
mids with the Sn atoms at their apexes and with the oxy
atoms at the bottom corners. In theab plane, the pyramids
share edges along the^110& directions and alternate up an
down along those directions.

In contrast to other systems, like, e.g., some compositi
in the TiO system, in our case an ordering of the vacancie
not observed,evenas a function of temperature, above R
~see Fig. 5! or at 90 K. Our results show good agreeme
with previous x-ray diffraction25 and Mössbauer spectros
copy studies.26 Multiple factors could contribute to this resu
such as the fact that the synthesis of the material was a
and that the structure type is a peculiar one, whose struc
possibilities to accommodate different compositions are
known up to date. Our evidence suggests that the compo
with stoichiometry SnO does not exist~see next section!.

On the other hand, because of the platelike morphol
our knowledge of the reciprocal space of SnO is incomple
However, from Figs. 1 and 2 the ‘‘nonstoichiometry’’ o
SnO seems to be reflectedonly in the cross-shape diffus
streaking. The displacive nature for the diffuse streaking s
gests strongly that the material does not contain interst
cations which act to achieve the electrical neutrality as
Fe12xO. The single-crystal x-ray-diffraction study confirm
this hypothesis.
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Ideally, for d cation vacancies there will be 2d electrons
to redistribute. Depending on the existence or nonexiste
of localization, dSn41 cations should appear. However,
SnO covalence effects are very important. Clearly we w
have a redistributed electron density, but the extent of
modification for the oxidation state is subtle. It is worth no
ing that by using Mo¨ssbauer spectroscopy on anoth
sample, a signal corresponding to the 41 oxidation state for
tin was not observed down to 16 K.26 However, it is typical
to observe the 41 oxidation states as a function of time, b
this is attributable to atmospheric oxidation.27 We also ob-
serve this oxidation by thermogravimetric experiments
samples exposed to the atmosphere. The work reporte
Ref. 26 was performed on a commercial sample. It could
interesting to know what would happen on samples with
well-known history like the ones reported here.

If localization occurs, ideally this should leave atoms w
very different ionic radii in the same sublattice and the int
action between short-range ordering on this sublattice
the associated displacive structural relaxation could lead
the characteristic diffraction effects of the so-calledatomic
size effect~ASE!.28 The diffraction effects are asymmetric i
the diffuse intensity across integer reciprocal-space posit
because intensity from regions on one~e.g., the high-angle!
side of the Bragg peaks is transferred to regions on the o
~e.g., the low-angle! side. This ‘‘normal’’ Warren size effect
is greatly enhanced when there is a large difference in
scattering power of the atomic species. The size effect
placement of the diffuse short-range order peak is consi
able for x-ray diffraction but absent for in-zone electro
diffraction patterns. However, if observations are made o
crystal tilted in such a way as to avoid strong dynami
interactions, then the size effect displacement of these pe
is visible.29 Recently a different feature in the diffractio
patterns due to the ASE was reported.30 It consists of planar
‘‘bands’’ of diffuse intensity absence. This effect is weak
than the one mentioned previously. The smaller the diff
ence in the scattering factors, the bigger this effect will be31

In Fig. 3 dynamical effects are still considerable, but we c
observe ‘‘bands’’ of diffuse intensity along thêh00& and
^0h0& directions of reciprocal space. Tilting experiments r
veal that these are planar bands, suggesting definitive
certain degree of localization. It is not evident if these fe
tures are related to the fine structure observed around
Bragg positions in the in-zone diagram of Fig. 1. The defi
tive assessment for charge localization and distinguisha
oxidation states will require further investigation, by oth
techniques, and this is beyond the scope of the present w

B. The tweed microstructure. Comparison with PbO

Tweed microstructures are known to develop in mater
which exhibit statistical fluctuation in their compositions
in an order parameter.32 The fluctuation has been associat
with high-low symmetry structural phase transitions.33 Such
structural instabilities generated by strain lead to the loss
point-group symmetry elements and a change in the cry
class. In recent years, there have been several reports of
puter simulations of the microstructure in non-martens
materials which have emphasized the highly anisotro
character of the elastic interactions that give rise to twe
structures.34,35
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56 5191CATION NONSTOICHIOMETRY IN TIN-MONOXIDE- . . .
In our case, the symmetry seems to be tetragonal, bu
presence of the diffuse streaks indicates that the refi
P4/nmm structure described above is only an average o
As a result of the modulations along the^hh0& directions the
short-range ordering has a two-dimensional character~uncor-
related alongc! and the microstructure consists of mutua
orthogonal lenticular and elongated domains in the^001& di-
rections for tetragonal materials.36,37 Such modulations lead
to domains with minimum dimensions of 8360– 70 Å, re-
sulting in a finely divided microstructure. The relaxation th
accommodates the disorder leads to the ill-defined chara
typical of these structures and precludes the use of te
niques such as convergent beam electron diffraction to
cidate properly the actual symmetry of the domains. Beca
of the greater coherence length along thec direction the
diffuse intensity is well projected in the@001# zone axis and
an incomplete knowledge of the reciprocal space is no
critical issue.

We mentioned above that the diffuse intensity can be
tributed essentially to a static transverse displacive mod
tion. However, we must bear in mind that this is only
approximate description because the origin of such mod
tions lies in the disorder introduced into the lattice by t
metal vacancies and subsequent relaxation, with the m
mum wavelength of the modulations responsible for the
fuse streaking of about 8–9 Å.

We suggest that the strains that arise as a consequen
the ‘‘self-organization’’ of the lattice to accommodate th
nonstoichiometry of the SnO~metal vacancies and differen
ionic radii of Sn21 and the Sn41! are the microscopic mecha
nism responsible for the microstructure, or the modulatio
In fact, cationic defects create an effective local field th
tends to order the crystal around that site. The directions
the diffuse streaking suggest that these are elastically s
directions in the structure involving the least strain ener
The relaxation process is propagated elastically to other
cells by the knock-on effect, i.e., by pushing or pullin
neighboring atoms or polyhedra.34,35 If we consider the av-
erage crystal structure of SnO, with tetragonal symmetry
with edge-sharing pyramids along the^110& directions, it is
not surprising that the resulting microstructure is a twe
structure. This is because such a structure allows for
introduction of a high degree of disorder without the intr
duction of vacancy-interstitial clusters. This is in agreem
with the assumption that tweed structures are metastab33

i.e., usually an intermediate ordering mechanism between
dered phases without macroscopic strain.

The apparent constancy of 8–9 Å for the extension of
tweed microstructure and the beam sensitivity overshado
possible coarsening of the microstructure at scales within
illuminated area, and we cannot preclude this. However
this model, if the compositional range should include t
stoichiometric composition, the tweed must not be observ
This fact was not observed by us and suggests that pos
SnO does not exist.

In the case of the isostructural compound, PbO, a sim
tweed microstructure was found.38 Although the structural
details of the modulations were the same as those repo
here for SnO, the tweed microstructure was interpreted
precursor effect of the ferroelastic low-temperature impro
phase transition. This hypothesis is plausible, but we wan
he
d
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point out that there is no study, like the present one on S
on the correct stoichiometry for PbO. In addition, the auth
did not rule out completely that the origin of the tweed lies
the synthesis of the material.38 Considering these facts, w
postulate that the tweed microstructure in PbO could hav
similar origin as in SnO. The absence of both a lock-in ph
and a thermal evolution of the modulation vector for t
low-temperature incommensurate phase was suggeste
due to the presence of defects, without further explanatio39

Moreover, the extent of the tweed microstructure in re
space of about 15–20 Å~Ref. 33! is greater than in SnO
This difference cannot be attributed only to variations in t
elastic constants.8 At low temperature an evidence similar t
Fig. 3 for the atomic size effect was observed.37 We can
rationalize these results with our model. We postulate t
PbO is also a nonstoichiometric phase, with cation deficie
similar to that observed in SnO, but with a narrower conc
tration range, i.e., only a minor concentration of cation v
cancies. This should result in larger spacings~compared with
SnO! for vacancies, i.e., a minor extent of the diffuse strea
ing.

C. Thermal instability

Concerning the instability of SnO, in a previous work40

calculations from first principles by using the full potentia
linear muffin-tin orbital method failed to predict the proce

2 SnO→b-Sn1SnO2

both numerically, and also in sign. Those calculations w
carried out for an ideal phase, i.e., a fully ordered and s
ichiometric SnO compound. Strain coupling is now reco
nized as playing a very important role in a variety of orde
disorder structural phase transitions in crystals.41 We believe
that the tweed microstructure is responsible for the stabil
tion of the nonstoichiometric phase Sn12dO. Furthermore,
Fig. 5 suggests that the elastic correlations are stable u
923 K, but visual inspection in the microscope showed
tweed contrast up to the temperature of thermal decomp
tion. On the other hand, at room temperature we have
observed any diffuse scattering of dynamical origin due
low-lying branch instabilities in the phonon-dispersio
curves. These results suggest that very possibly the struc
of SnO becomes unstable and decomposes when elastic
relations are not sufficiently strong to stabilize it. In additio
we note that in the absence of dynamical instabilities
mechanism that drives the decomposition probably lies in
strains arising from a reordering of the polyhedra.

V. CONCLUSIONS

A chemical, thermogravimetric, and electron-diffractio
study of tin monoxide is reported. A large deviation from t
ideal stoichiometry by metal vacancies is observed, w
Sn12dO (0.04<d<0.10). This is an intrinsic feature of thi
material and seems to be accommodated, without the in
duction of complex vacancy interstitials~like in wüstite!,
through the formation of static transverse displacive mo
lations along thêhh0& directions, which give rise to a twee
microstructure. This constitutes a different way of accomm
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dating large nonstoichiometries, compared with the w
known behavior of the transition-metal monoxid
with NaCl-type structure. The difference lies in the laye
like average tetragonal structure. Metal vacancies cause
strain coupling which stabilizes a highly disordered nons
ichiometric phase. Dynamical instabilities were n
observed. An origin for the thermal instability of the mater
was suggested. A comparison with PbO, the single isost
tural compound, is outlined, and similar behavior is su
gested for this phase. SnO was found to be a beam-sens
material.
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