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Polarized-light microscopic observations have shown that the birefringent, twin-domain structure of 
metallic sodium tungsten bronze is exhibited by Na-deficient surface films and hence is not, as had been 
reported elsewhere, a bulk property. The f&n can be synthesized by anodic electrolysis in alkaline 
solution. It is chemically inert, translucent, and often laminates to a multiple layer. The domain structure 
of the film is hypersensitive to lateral stress and to thermal variation, exhibiting a marked change at the 
phase transition of the substrate through apparent epitaxial coherence. The domain-wall movement is 
often slow enough to be visible, and the thermally induced domain modulation is occasionally accom- 
panied by audible high-pitched sound. The bulk structure of the substrate exhibits pseudoperiodic 
subboundaries that are probably caused by growth defects and the segregation of the sodium atoms. The 
near-surface of the substrate also shows the sodium segregation that tends to precipitate in periodic 
patterns. Optical and morphological properties of the substrate structures exhibited no detectable change 
due to thermal variation or external stress. 

1. Introduction 

Sodium tungsten bronzes, Na,W03 with 
0.45 < x < 1, are nonstoichiometric, metallic 
compounds. The bronzes were first prepared 
by WGhler (1) in 1824. X-Ray structure 
study of the bronzes was initiated in 1932 by 
de Jong (Z), who assigned the bronze struc- 
ture to the ideal perovskite type based on the 
cubic sublattice of tungsten and the assumed 
positions of oxygen and sodium. Until 
recently, this X-ray structure was refined 
only on the cubic unit-cell dimension a0 at 

*Work was performed under the auspices of the 
Division of Basic Energy Sciences of the Department of 
Energy. Additional details of this study and a review on 
the bronze properties are given in M. Atoji, Argonne 
National Laboratory Report ANL-78-63 (1978). 

t The U.S. Government’s right to retain a nonex- 
clusive royalty-free license in and to the copyright 
covering this paper, for governmental purposes, is 
acknowledged. 

various x values as represented by ao(& = 
0.0819x +3.7846 (3). The structure 
comprises a W03 matrix, the interstitial Na+ 
ions, and an equivalent number of quasi-free 
conduction electrons as represented by 
Na, WC3 = xNa+ + WOS + xe-. For further 
details and references, see the review articles 
(4-8). 

By polarizing microscopic measurements, 
Ingold and DeVries (9) discovered that the 
bronze single crystal exhibits birefringent, 
twin domains at room temperature. The 
optical characteristics were interpreted in 
terms of a tetragonal cell with c/a slightly 
less than one (between 0.990 and 1.000) and 
twinning on (101). They also found that the 
domain walls can be modulated by bending 
stress and that the tetragonal phase trans- 
forms to the cubic structure on cooling and 
also on heating; for example, at -13 and 
146°C for x =0.75. Ingold and DeVries 
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attributed all of these observations to bulk 
properties of Na, WOS. 

The first neutron diffraction study of the 
bronzes (10) found the following: the struc- 
ture is not the ideal perovskite type and the 
atomic parameters (10) indicate the oxygen 
octahedra are tilted alternatively about 4” in 
the (110) directions; the X-ray unit-cell 
dimension has to be doubled; the Na atoms 
are not necessarily all equivalent and can be 
distributed in two different atomic sites; and 
the nonperovskite distortion is larger at 
lower temperatures but no abrupt transition 
was found at 296-77°K. The neutron 
reflections showed abnormal peak broaden- 
ing in some zones, indicating a complex 
admixing of growth defects and certain 
twinnings. The peak profile analysis was 
difficult and hence the overall integrated 
intensities were employed to obtain an 
averaged structure. Another neutron study 
at room temperature has recently been pub- 
lished but it was based solely on powder data 
(11). 

More recently, by means of X-ray single- 
crystal lattice-parameter measurements, 
Clarke (12) found an additional trans- 
formation within the tetragonal region, 
leading to four structure phases which are 
designated here as Cubic I, Tetragonal I, 
Tetragonal II, and Cubic II. The transition 
temperatures are, successively, T1 = -8, 
T2= 54, and T3 = 147°C for x = 0.75, for 
example. The tetragonality c/a is about 
0.9987 in average. The above symmetry 
assignments and the proposed structures of 
Clarke (12) have not been confirmed by 
neutron structure analysis. A Raman scat- 
tering study (13) also found these four 
phases using the single crystals obtained 
from the same batch as Clarke’s. 

The surface-related properties of the 
bronzes have been reported in a number of 
publications. Spitzin and Kaschtanoff (14) 
stated that the bronze powders (l-20 pm) 
contain up to about 0.4 wt% (6 mole%) of 
absorbed water which can be removed by 

heating to 200-300°C. Straumanis and 
Dravnieks (15) reported that when the 
sintered bronze is exposed to moist air, the 
electrical resistivity increases with time, due 
probably to a surface-layer formation on the 
intergrain boundaries. Consadori and Stella 
(Id) observed that the bronze being exposed 
to air exhibits time-dependent spectra in 
optical reflectivity, indicative of a film grow- 
ing on the surface. Based on electrochemical 
measurements, Vojnovic et al. (17) proposed 
a structural model of a hydrated layer of 
nonstoichiometric oxide which is presumably 
formed on the surface of the bronze in acidic 
solution. This aspect was studied more 
quantitatively by McHardy and Bockris (18) 
using optical reflectance spectroscopy and 
ion-probe mass spectroscopy. The bronze 
surface thus revealed is partly depleted in 
sodium, typically from 0.7 to 0.25 in x, to the 
depth of about 500-2OOOA, and exhibits 
n-type semiconducting characteristics. 
According to Sepa et al. (19), the bronze 
surface in contact with aqueous media hy- 
drates spontaneously. This is followed by 
some depletion of sodium through an irre- 
versible exchange with hydrogen ions (20). 
The above processes occur more readily in 
alkaline solution. Wertheim et al. (21) have 
shown in the X-ray photoelectron spectros- 
copy that the bronze surface is quickly oxi- 
dized by oxygen and water in the atmos- 
phere. The bronze is inert to most chemicals 
and hence can be an economical substitute 
for noble metals, particularly as electrodes in 
electrochemical and catalytic applications 
((17-20) and the references therein). 
However, none of these numerous surface- 
related studies have reported the optical 
microscopic observation of their bronze 
specimens. 

In conjunction with the neutron study, we 
have examined various untreated and 
treated surfaces of the bronzes using 
polarized-light microscopy. We confirmed 
most of the Ingold-DeVries observations (9) 
but found some inexplicable aspects. Our 
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subsequent experiments indicate that the 
Ingold-DeVries observations were made 
most likely on Na-deficient, surface films. 
The explanation of this conclusion is a major 
subject of this paper. 

Another major subject is the charac- 
terization of macroscopic inhomogeneities in 
the bulk structure, since the sample 
inhomogeneity has caused many controver- 
sies in the bronze study. Typically, the elec- 
trical resistivity has been measured with 
successively improved homogeneity, yield- 
ing substantially different results: The first 
measurement in 1954 (22) indicated a resis- 
tivity minimum implying an ordering of 
sodium atoms at x = 0.75; in 1961 (23), the 
refined experiments found no such minimum 
and hence no sodium ordering; in 1967 
(24), an anomaly, although much smaller, 
was rediscovered near x =0.75. The 
theoretical interpretation of the electronic 
transport has similarly been controversial 
(25), chiefly because of the bulk inhomo- 
geneity. 

2. surface Fmm 

a. Characterization and Formation 

The birefringent twin structure of the 
Ingold-DeVries type (9) exhibits the 
characteristics of an epitaxial surface film as 
follows. First, the twin-structure layer is 
translucent as evidenced below. Surface 
blemishes (scratches, pits, and the like) are 
visible through the twinned layer at both the 
maximum and minimum contrasts in the 
birefringence. The twin domain is unper- 
turbed by minor blemishes. The blemishes 
are situated at a deeper focal plane. The 
twinned layer was found to be a single film or 
a lamination of up to several films. 

Second, if the twin structure were a bulk 
property, we should be able to observe a 
coherent, rational relation among the twins 
of the orthogonal (100) faces; for example, 
the a-a twin on (010) and the a-c twin on 

both (100) and (001) (9,26). Our search for 
such a twinning relation has been fruitless in 
both naturally occurring and strain-free cut 
crystals. This is also true for the synthetic 
surface fihn described below. 

Third, and perhaps most important, it was 
found that the twins of the Ingold-DeVries 
type can be synthesized on the untwinned 
surface by electrolytic anodization in alk- 
aline solution. The bronze anode and the 
noble-metal cathode are placed in 10% 
NaOH or KOH aqueous solution. The elec- 
trolysis is performed at about O.l- 
0.2A/cm2, 3-9 V (dc) for several seconds 
while stirring the electrolytic solution 
vigorously. A similar, but less effective 
process is to wet the bronze surface with an 
alkaline solution in the presence of oxygen. 
The electrolytically synthesized twinned film 
on the etched surface is shown in Fig. 1. The 
best crystallized twins can be produced elec- 
trolytically on the polished (100) surfaces 
(Figs. 2 and 3). 

In favorable cases, sharp focusing could be 
made on the surfaces of the outer films and 
occasionally further down on the surfaces of 
the inner films and the substrate. The resul- 
tant focal-plane differences gave typically 
about 5-10 u,rn for the single film thickness 
and roughly 40 km for the entire laminated- 
layer thickness. On the other hand, the film is 
sometimes too thin to be measurable by 
optical microscope, meaning the thickness is 
less than about a micrometer (lop3 mm). 

In the electrolytic synthesis, when the 
electrolyte contains insufficient oxygen, the 
twin domain is formed a few seconds after 
the electrolytically treated surface is exposed 
to air. The domain formation is often slow 
enough to be perceived visually under a 
polarized-light microscope. The domains can 
be seen to form at one edge of the surface and 
migrate to another edge at the propagation 
speed of about 0. l-l m/set. Such a domain- 
wall migration has also been observed in the 
thermal and pressure modulation as will be 
described later. 
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(A) (A’) 

No0 68 w03 Odmm . 

FIG. 1. Polarized-light photomicrographs of deeply etched (010) surface of Nac6sW03 covered with 
the surface film. The birefringent contrast is minimum and maximum in (A) and (A’), respectively. In both 
(A) and (A‘), the morphological features of the etched substrate is clearly seen, owing to the translucency 
of the film. The surface was etched by the modified Murakami reagent and then subjected to anodic 
electrolysis in 10% NaOH solution for a few seconds at 0.1 mA/cm’ and 5 V (dc). 

The electrolytic synthesis suggests that the 
twinned surface layer is a hydrated, Na- 
deficient film (19), but snot WO3 or its 
reduced species. This aspect is in agreement 
with our X-ray photoelectron and Auger 
spectroscopic studies. The electrolysis dis- 
solves the substrate continuously, maintain- 
ing an equilibrium thickness of the surface 
film (19). However, attempts to isolate the 
surface film by dissolving the substrate elec- 
trolytically were unsuccessful. It appears that 
the surface film can exist only epitaxially. 
Electron diffraction in the electrolytically 
thinned bronze foil indicated that the outer 
atomic layers of the surface film are 
considerably dielectric, thereby deflecting 
away electron beams. 

6. Structural Aspects 

The twin domains form a variety of mul- 
tiple stripes as shown in Figs. l-3. The single- 

domain width is roughly 0.01-0.001 mm in 
the orderly narrow stripes and as wide as 
0.1 mm in the irregular broad ones. Similar 
narrow domains have been observed in some 
ferroelectrics, e.g., BaTiOs (26), Rochelle 
salt (26), WOs (26-31), etc. As an illus- 
tration, we choose the substrate surface to be 
(010) and assume that the film is strain-free. 
In Tetragonal I, the median direction of the 
stripes in the first (innermost) film is parallel 
to either [loll or [lOi] of the substrate. The 
stripes in the second film are parallel to either 
[loo] or [OOl]. The stripes in the third film 
are the same as the first film, etc. Hence, the 
angle between the stripes in neighboring Mm 
is 4.5 or 135”, while the stripes within a fiim 
can be mutually orthogonal. 

At the domain boundary, the optic axis of 
the domain rotates 90” about the axis 
perpendicular to the film layer. The angle 
between the stripes and the optic axis of the 
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FIG. 2. Polarized-light photomicrograph at the 
maximum birefringent con<rast of the electrolytically 
synthesized surface films on the polished (010) plane of 
Nao.71W03. Some surface blemishes are visible through 
the films. Several (101) stripes of the innermost film are 
vaguely seen. The domains of the outer filns are seen 
progressively more distinctively, namely, th? (100) 
stripes of the second innermost film, the,(LOl) stripes of 
the third film, the (100) stripes of the fourth film, and 
finally the (110) stripes of the fifth and outermost film. 
Note that the domain stripes exhibit needle-shaped ends 
and a bead-loop modulating width. 

domain is 45 or 135” in the odd-number films 
and 0 or 90” in the even-number films. The 
film structure is probably pseudocubic 
tetragonal with the layer plane (010) and the 
optic axis [OOl]. The twinning plane is then 
(101) in the odd-number films and (100) or 
(001) in the even-number films. 

As observed in BaTi03 (26), Rochelle salt 
(26), and W03 (27), the domain boundaries 
are modulated by any feeble lateral stress, 
such as a gentle touch with tweezers. As 
illustrated in Fig. 4, the pressure effect is 
approximately inversely proportional to the 
angle between the direction of the applied 
pressure and the median direction of the 
domain walls. Hence, at an initial stage of 
compression, most parallel walls disappear, 
followed by a gradual decrease of the 

FIG. 3. Polarized-light photomicrographs of the 
electrolytically synthesized surface fdms on the polished 
(010) plane of N%.~sW03. In addition to the domain 
characteristics similar to those in Fig. 2, broad twin 
bands show wedged and fork-like domains. 

perpendicular and 45” walls. A single- 
domain size of l-0.1 mm in linear dimen- 
sions can readily be produced in this manner. 
When the pressure is removed, the domains 
reappear and roughly two-thirds of the ori- 
ginal pattern is recovered. 

The effect of thermal strains is more spec- 
tacular as shown in Figs. 5 and 6. The film 
domain is modulated considerably by such 
small factors as thermal expansion. Within 
the phases Tetragonal I and II, the tempera- 
ture change causes a gradual alteration on 
the film domain due to the parallel shift of the 
domain wall. The film domain changes dras- 
tically at the phase transition of the substrate. 
The transition from tetragonal to cubic in the 
substrate accompanies diminishing of the 
birefringence of the film. Hence, in the cubic 
regions of the substrate, the optic axis of the 
film is perpendicular to the surface or the film 
structure is cubic. At the Tetragonal I-II 
transition, the twinning planes undergo 
rotatory shift of 45 or 135”. Consequently, in 
Tetragonal II, the stripes in the first film are 
parallel to [loo] or [OOl] of the substrate, 
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(2) 
Odlrnrn 

FIN. 4. Polarized-light photomicrographs of N%.,sW03 showing the effect of external pressure on the 
domain structure. (1) The original state (zero applied field). (2) The external pressure is being applied 
parallel to the [OOl] axis. Most domain walls are diminished. (3) The pressure is released and the original 
structure is mostly reproduced. The surface under pressure is being deformed cylindrically. The cylindrical 
axis lies underneath and parallel to the surface and is perpendicular to the pressure. 

o*c 23% 57YJ 

150*c 9OT 63-Z 

FIG. 5. Polarized-light photomicrographs showing the temperature dependency of the domain struc- 
ture of the surface film of N%.,,WOs at 0-150°C. The film domain appears to monitor the phase 
transitions of the substrate at T1 = 9, Tz = 52, and T, = 148°C (12). At O”C, the film structure is nearly 
isotropic or the optic axis of the film is perpendicular to the surface (the substrate is Cubic I); at 13”C, the 
(101) domainsdominate (Tetragonal I); at 23”C, the population change occurs among the [loll and [lOi] 
domains (Tetragonal I); at 57°C the (100) domains start to appear (the transient state between Tetragonals 
I and II); at 63”C, the (100) domains dominate (Tetragonal II); at 9O”C, the population change takes place 
among the [lOO] and [OOl] domains (Tetragonal II); at 1 lO”C, a further population change occurs among 
the [lOO] and [OOl] domains (T.etragonal II); and at 150°C, the film becomes isotropic or the optic axis of 
the film becomes perpendicular to the surface (Cubic II). 
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23°C 

c 

[oo II v~1001 Na0.6W03 

FIG. 6. Polarized-light photomicrographs showing the temperature effect on the surface film of 
Nac.6W0s at 23-140°C. The transition temperatures of Na,,.6W03 are Ti = 13, Ta = 30, and Ts = 133°C 
(12). The domain of the surface film changes in an apparent coherence with the structural change of the 
substrate. The (101) domains at 23°C (the substrate being Tetragonal I) are replaced by the (100) domains 
at 35°C (Tetragonal II). The thermoelastic effect changes the optical reflectivity but not the domain 
configuration as shown by the 71°C pattern (Tetragonal II). At 140°C, the film becomes isotropic or the 
optic axis of the film becomes perpendicular to the surface (Cubic I). 

those in the second film are parallel to [loll 
or [lOi], and so on. The thermally induced 
domain modulation is occasionally accom- 
panied by an audible, high-pitched, snapping 
sound. 

c. Properties 

The surface film is chemically more inert 
than a bulk crystal. The domain structure was 

uninfluenced by hot concentrated solutions 
of HCl, HN03, HF, H202, and various 
admixtures thereof. Concentrated HzS04 
modulated the domain structure somewhat 
due to a dehydration of the film. The surface 
film, unlike W03, is inert to boiling solutions 
of NaOH, KOH, NH40H, Na202, HzOz, 
and their admixtures. Similar inertness was 
shown against reducing reagents such as 
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sodium sulfite and hydroxylamine hydro- 
chloride. The film is also unaffected by 
anodic and cathodic electrolyses in acids and 
by cathodic electrolysis in alkaline solutions. 
Probably the only way to remove the surface 
film from the substrate is by mechanical 
polishing. 

The effect of hydration in the film is as 
follows. The domain pattern of the wet film 
appears fuzzy, but becomes sharply defined 
when the film is dried at about 60°C. This 
means that some water molecules are so 
loosely bound to the film that they can be 
driven off at about 60°C. The reproducibility 
of the domain pattern in the thermal cycle is 
higher for the higher drying temperature. 
For example, when the film is dried at 60 and 
3OO”C, the reproducibility is about 75 and 
95%, respectively. The dry film absorbs the 
water molecules readily, making the domain 
pattern fuzzy. When the film is heated above 
350°C oxidation becomes appreciable. 
Above 4OO”C, the surface is covered with a 
blue metallic-luster film of W03. In all cases 

mentioned above, the sample was heated in 
air for about 1 min. 

The bronze single crystals exhibit cleavage 
parallel to the (100) planes. This cleavage 
may be not necessarily an intrinsic bulk pro- 
perty, but can be caused by growth defects as 
described in Sect. 3. Also, the planar crevices 
can be developed at growth defects, provi- 
ding readily cleavable planes. In the pre- 
paration of the bronze crystal, the excess 
sodium tungstate in the final product is 
leached off in boiling water of hot NaOH 
solution. The sodium tungstate solution is 
alkaline and hence the leaching process tends 
to create a sodium-deficient layer not only on 
the outer surface but also on the crevices. In 
fact, we have often observed that the freshly 
cleaved surface in air shows no domain ini- 
tially but exhibits domain formation a few 
seconds later. 

A pair of opposite faces obtained by 
cleaving a (010) plane are shown in Fig. 7. 
The film domains of an as-cleaved pair, Ai- 
A;, were not well crystallized. The anodic 

L (A,) CA;, (A& CA;, 
0 O.lmm 

Wol Na0.75W03, 294OK I I 1 

FIG. 7. Polarized-light photomicrographs of a pair of opposite faces obtained by cleaving a (010) plane 
of Nac.r5W03. The as-cleaved (010) faces are shown in Ar and A;. The same pair after being treated 
electrolytically are displayed in A2 and A;. The crossed arrows indicate the directions of the polarization 
vectors of the polarizing and analyzing Nicols. The film domains on these cleavage surfaces suggest that 
the cleavage is due to a growth imperfection and is not an intrinsic bulk property. 
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electrolysis in 10% NaOH solution purified 
and recrystallized the film as indicated by the 
well-defined domain patterns in the AZ-A; 
pair. In both cases, roughly 60-75% of the 
domain patterns of the matched pair are 
identical. The cohesive stacking is realized 
between the film with the (100) domains and 
the film with the (110) domains. However, 
the domains of the outermost film of A1 and 
those of A; are the same (110) types, resul- 
ting in repulsion between A1 and AL, hence 
the cleavage. 

The electrical conductivity of the bulk 
crystal is not appreciably influenced by 
the formation of the surface film. This 
resembles A1203 on aluminum metal, 
exhibiting a tunneling effect in the 
electric conduction. 

3. Substrate 

During the preparation of the metallo- 
graphic specimen, we noticed that some 
regions of the mechanically polished surface 
of the high-x bronze (x >0.7, orange to 
yellow color) were tinted a brick-red color 
(darker in a black and white photograph). 
The red tinting implies a segregational 
depletion of sodium has taken place during 
the mechanical polishing. The X-ray micro- 
probe analysis indicated that the sodium 
content in the red-tinted area is about 5 
atom% less than that in the orange-yellow 
area. The color contrast is most effectively 
observed with unpolarized light and can be 
seen with or without the surface film. The 
color change is less noticeable in the lower-x 
bronzes. 

The shape of the tinted area due to the 
segregation of the sodium atoms varies from 
irregular to remarkably regular. Exemplary 
regular forms of the segregation are linear, 
rectangular, and crosshatched striations as 
shown in Figs. 8,9, and 10, respectively. The 
directions of these striations are always 
parallel to the (100) axes. The crosshatched 
pattern (Fig. 10) can also be produced by 

FIG. 8. Unpolarized-light photomicrograph showing 
a linear segregation of the sodium atoms on the 
mechanically polished (010) surface of NacrsWOs. 
Dark and light regions represent reddish and orange 
colors, respectively. The sodium content in the former is 
about 5 atom% less than that in the latter. Weak optical 
birefringence due to lattice strains is observed along part 
of the light band adjacent to the dark striation. The 
polishing was carried out using 0.25 pm diamond paste 
or water slurry of 0.345 p,m AlaOs powder. A stan- 
dard double-circle grinder-polisher was employed. 

FIG. 9. Unpolarized-light photomicrograph showing 
a rectangularly striating segregation of the sodium atoms 
on the mechanically polished (010) surface of 
Nac,,WOs. Other particulars are the same as in Fig. 8. 
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37). We found only one suitable etchant, an 
oxygen-free solution of lo-20% KOH (or 
NaOH) and lo-20% KsFe(CN)6 (34). This 
etchant may be termed a modified Murakami 
reagent (37). The presence of oxygen 
induces the formation of the surface film on 
the etched surface. The rate of the etching 
reaction is faster for higher x (35). 

When the polished surface was etched 
slightly using the modified Murakami 
reagent, the treated surface showed a variety 
of etch patterns. Examples of the random 
and regular etch patterns are shown in Figs. 
11 and 12, respectively. These observations 
imply that the sodium atoms near the surface 
also tend to segregate in striations parallel to 

FIG. 10. Unpolarized-light photomicrograph show- 
the (100) axes. 

ing a crosshatched segregation of the sodium atoms on The deeply etched surface frequently 
the mechanically polished (010) surface of Nao.,WOs. exhibits periodic subboundaries having a 
Other details are the same as in Fig. 8, except that the 
sample was polished using an automatic vibratory 

pseudodomain appearance (Figs. 11 and 12). 
n e 

polishing machine. 
subboundary lines are usually parallei to 

the (100) axes. Such pseudodomain struc- 
anodic electrolysis of the polished { 100) sur- tures are produced during the crystal growth. 
face in a diluted Hz02 solution. 

A given surface exhibits different types of 
the sodium segregation, depending on the 
surface treatment. Apparently, the lesser 
strain induced by polishing result in higher 
ordering in the segregation. A vibratory 
polishing (32) causing the least strain yields 
the most regular pattern (Fig. 10). Moreover, 
the sodium segregation on the surface is 
entirely different from the etch pattern of the 
same surface. Hence, the sodium segregation 
mentioned above takes place on the outer- 
most layer of the unetched flat surface and is 
unrelated to the mechanical twinning. The 
diffusive migration of the sodium atoms 
hardly occur in the bulk structure (33), but 
may take place quite readily on the surface. 
The sodium segregation is seen preferen- 
tially in the vicinity of surface blemishes. FIG. 11. Unpolarized-light photomicrograph of 
Conversely, the blemishes or the slightly etched (010) surface of Nh,,sW03, showing the 

macrodefects tend to develoD along the sodium segregation in a Venetian-blind pattern. The 

segregation boundaries. sodium content is higher in the lighter area. The stria- 

In order to reveal the substrate structure of tions are parallel to the (100) axes. This surface showed 

the bronze, we have tested exhaustively 
no optical birefringence. The surface was mechanically 
polished and then etched using the modified Murakami 

numerous potentially usable etchants (9,34- reagent at room temperature. 
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FIG. 12. Nomarski interference-contrast photo- 
micrograph of the (010) surface of the etched 
Nae7sW03, showing a pseudoperiodic segregation of 
the sodium atoms. The parallel subboundary lines are 
slightly protruded. The diffusely bright bands adjacent 
to the striations show weak birefringence., which is 
probably induced by lattice strains. The etch pits could 
be end-on images of dislocations. Etching was per- 
formed using the modified Murakami reagent at room 
temperature for about 10 sec. 

The crystal synthesis undergoes several 
transient reactions (38) and is regulated 
through the intercorrelation among super- 
saturation, nucleation, and diffusion, each of 
which has different temperature and poten- 
tial dependencies. Nonequilibrium instabili- 
ties and inhomogeneities in the temperature, 
electric potential, and reactant distributions 
can generate periodic variations in the 
sodium segregation, the impurity pre- 
cipitation, and the like. These growth defects 
occur preferentially in sectors parallel to 
{loo}, inducing readily cleavable planes (see 
Sect. 2~). 

The deeply etched surface of the homo- 
geneous substrate is shown in Figs. 13A and 
B. The etched figures on the { 100) planes are 
characterized by a square pyramid having 
either Oh-m 3m or Th-m 3 symmetry. The Tt, 
symmetry is not necessarily intrinsic and may 
be attributed to the growth anisotropy. We 

have never observed the morphological 
symmetries of other cubic symmetries, Tr 
43m, O-43. and T-23. 

The (110) and (111) surfaces were also 
studied rather extensively. The electro- 
lytic treatment and the etching processes 
yield neither well-crystallized surface 
film nor clearly definable morphological 
features. 

Concerning the optical properties of the 
substrate, in the pseudodomain pattern (Fig. 
12), weak optical birefringence was observed 
in some portions of the striation lines. The 
optic axis is parallel to the striation, and the 
optical extinction varies from vague to 
somewhat distinct. The extinction axis lies 
45” from the (100) axes. Some striations are 
nonbirefringent, but become birefringent by 
treating with HN03 and HCI. This birefrin- 
gence is probably due to the local lattice 
strains and to the sodium segregation. 

In addition to the strain-induced optical 
effect, the surface, the near-surface, and the 
deeply etched surface of the substrate show 
no significant birefringence and no change in 
the optical and morphological properties at 
the phase transitions (12). Similarly, the 
external stress on the substrate induced no 
measurable effect. Accordingly, the optical 
microscopy was unable to establish whether 
the modulation of the film domain is 
independent of, or dependent on, the struc- 
tural change of the substrate. 
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Fig. 13. (A and B) Nomarski interference-contrast photomicrographs of deeply etched (010) surfaces 
of NaursWOs crystals. The etched figures show morphological symmetries, Oh-m3m and T,,-m3. In (B) 
some pyramid figures have stepping striations which are always parallel to (100). No optical birefringence 
was exhibited by these patterns. Etching was carried out using a boiling solution of 20% KsFe(CN), and 
20% NaOH for about 10 sec. 
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