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Table 4. Permutation table of the beams of example 3 
(see Fig. 8) 

p4m 1 4 t 2 43 m x m r mxy m~y 

x ql q2 q3 q3 ql x q2 
ql q2 q3 x q2 x q3 qt 
q2 q3 X ql ql q3 q2 X 
q3 X qt q2 X q2 ql q3 

F 4 0 0 0 0 0 2 2 

VI. Concluding remarks 

The quantum-mechanical formalism of the dynamical 
theory of fast-electron elastic scattering provides an 
elegant tool for understanding the main features of 
the symmetry properties of the Hamiltonian. 

The basic idea of the present description is to 
express all symmetry operators directly in Hilbert 
space in order to use essentially intuitive geometric 
pictures for finding the symmetry-adapted basis. 

As expected, the elastic Hamiltonian being real, 
one can always find a basis on which the scattering 
matrix is real. Each time a reflection is in a Bragg 
position, the real basis has the same size as the natural 
{Iq)} basis. The 21-fold dynamical extinction is an 
illustration of the non-trivial case K 2 = - I  anti- 
unitary operation in Wigner's original work. 

Applied to unitary transformations, the present 
technique leads to the same kind of beam reduction 
as developed by Takeda (1986, 1987) and is especially 
powerful for high-symmetry orientations. The system- 
atic construction of the Hamiltonian matrix elements 
can be performed by a simple diagrammatic scheme 
where the self excitation (diagonal element) is 
replaced by a summation (with appropriate signs for 
non-symmorphic space groups) over all the internal 
coupling potentials of the beams of the orbit, and the 

off-diagonal elements between two different orbits 
are obtained by a summation of the coupling poten- 
tials between one chosen beam of the first orbit and 
all the beams of the second orbit. 
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Abstract 

Crystals of caesium and rubidium intergrowth tung- 
sten bronze (ITB) have been studied by high-reso- 
lution electron microscopy. The structure of these 
consists of slabs of WO3 type, intergrown with slabs 
of hexagonal tungsten bronze (HTB) type containing 
hexagonal tunnels in which the alkali atoms are 
accommodated. In the images of thicker parts the 

0108-7673/88/060798-08503.00 

hexagonal tunnels are clearly revealed. In the thin 
parts the HTB structure mostly appears as a 
hexagonal pattern of dots of equal intensity and the 
tunnels are not recognizable. This applies particularly 
to Cs ITB but also in many instances to Rb ITB. Image 
simulations, assuming known or estimated degrees of 
filling of the tunnels with alkali, show a clear 
difference in contrast at the tungsten and alkali posi- 
tions, especially at certain focus settings. The dis- 
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crepancy is thought to be due to surface reconstruc- 
tion, whereby tungsten atoms are trapped in the tun- 
nels or the surface layers are shifted, making the 
surface structure similar to that of WO3.~H20. 

I n t r o d u c t i o n  

High-resolution electron microscopy (HREM) has 
established itself as an invaluable tool for determina- 
tion of the local structure of thin crystalline species. 
The interpretation of HREM images can mostly be 
performed in an intuitive rather qualitative way, as 
- at the correct imaging conditions - black contrast 
can be associated with columns of (heavy) atoms 
(Cowley & Iijima, 1972). However, the electron beam 
carries quantitative information of the potential field 
in the crystal (Cowley, 1975) and it is possible in 
principle to use an image for evaluation of the finer 
details of the structure, such as the degree of 
occupancy at particular atomic sites. We have been 
facing this problem in connection with studies of 
crystals having alkali atoms in tunnels, and here we 
present results obtained on intergrowth tungsten 
bronzes. 

Many crystal structures can be described as a poly- 
hedral framework forming tunnels, in which suitably 
sized ions can be accommodated. If the framework 
contains transition-metal ions with an easily variable 
oxidation state, there are possibilities for a variation 
in the degree of filling of the tunnel sites, resulting 
in non-stoichiometry. 

The alkali tungsten bronzes are typical representa- 
tives of this class of materials. Their general formula 
is AxWO3, where A is an alkali metal (or one of a 
few other electropositive metals). They have struc- 
tures consisting of frameworks of corner-sharing WO6 
octahedra of WO3 stoichiometry. Four-, five- or six- 
membered rings of octahedra form tunnels in which 
the A atoms can be accommodated. Several types of 
tungsten bronzes exist. The one we are concerned 
with here is the intergrowth tungsten bronze, ITB 
(Hussain & Kihlborg, 1976), which forms with K, Rb, 
and Cs for x values below 0.10 (Hussain, 1978a). 
The structure of ITB can be considered as lamellar 
intergrowth of hexagonal tungsten bronze, HTB 
(Magn61i, 1953), containing wide six-membered rings 
which form hexagonal tunnels, and a slightly dis- 
torted 'square' network of WO3 type, as shown in 
Fig. 1. 

The width of the intergrowing slabs may vary, in 
which case different ordered members of a structural 
family can form. The ratio of the number of tunnels, 
i.e. alkali sites, to the number of tungsten atoms will 
generally differ among these members, thereby allow- 
ing a variable stoichiometry x. However, the alkali 
content will also vary if the occupancy of the tunnel 
sites is not restricted to a fixed value. The 
stoichiometry is thus a bivariant problem. Since the 

high-temperature preparation procedure so far 
applied almost invariably yields polyphasic samples, 
which are mixtures of several different members, the 
phase composition has to be estimated from a statis- 
tical analysis of a number of electron diffraction (ED) 
patterns or HREM images recorded from crystal frag- 
ments in the .sample (Hussain, 1978b). 

If the gross composition of the sample is known, 
the average tunnel occupancy can be calculated. This 
type of analysis has been made recently on Cs ITB 
samples (Kihlborg, Fernandez, Laligant & Sundberg, 
1988). Although the statistical significance is limited, 
it was found that the tunnel occupancy seems to vary 
widely; from about 35% to near 90%. The correlation 
with sample composition was found to be very weak, 
but a marked increase in the occupancy with increas- 
ing preparation temperature was observed. Chemical 
energy-dispersive spectroscopy (EDS) microanalysis 
of individual fragments, structurally characterized by 
ED, has been made on the related fully oxidized 
'bronzoids', CsxNbxW~_xO3 (Sharma, 1985), but has 
not yet been applied to the pure bronzes owing to 
lack of suitable equipment. 

The use of X-ray diffraction methods is seriously 
hampered by the difficulties of obtaining true single- 
phase samples, by the complexity of the powder pat- 
terns, and by the inherent disposition towards defects 
and disorder in single crystals. One structure determi- 
nation has, however, been made of an ITB phase; a 
caesium (1,7)-ITB crystal found after 35 crystals had 
to be rejected because they gave poor X-ray diffrac- 
tion patterns. The structure refinement indicated that 
the tunnels were only partially filled with caesium; 
the occupancy was found to be 62% (Hussain, 1977). 

A more direct way to determine the tunnel 
occupancy on a very local level would be to measure 
the contrast at the corresponding places in HREM 
images. The present investigation was initiated as an 
attempt in this direction. It was also impelled by the 
frequent observation that in very high-resolution 
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Fig. 1. Structure model of a member of the ITB family, depicted 
in terms of WO6 octahedra sharing corners in three dimensions. 
The alkali atoms (not indicated) are located in the six-sided 
tunnels in the HTB-type slabs. One unit cell is marked by dashed 
lines. Since there are one and seven rows of octahedra between 
the centers of the tunnels in one repeat unit, this particular 
structure is designated (1,7)-ITB. 
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images of thin Cs ITB crystals the contrast at the 
center of the tunnels is nearly equal to that of the 
tungsten atoms, making the tunnels almost impossible 
to recognize. 

Rieck, Langley & Eyring (1982) have made a 
HREM investigation of HTB-type potassium 
vanadium fluoride in which they tried to estimate the 
degree of filling of the tunnels by comparing calcu- 
lated and observed images. The latter were averaged 
by Fourier filtering. They came to the conclusion that 
only very rough estimates were possible owing to the 
uncertainties in the imaging parameters. 

Experimental 

The ITB specimens investigated were from two 
samples of gross compositions Rbo.~oWO3 and 
Cso.ogWO3. The latter sample is essentially 
monophasic, containing only (1,4)-ITB, and should 
therefore have a tunnel occupancy of 54%. These 
samples had been prepared by heat treatment of 
appropriate mixtures of rubidium or caesium tung- 
state, tungsten trioxide and tungsten dioxide, as 
described previously (Hussain, 1978a; Kihlborg, 
Fernandez, Laligant & Sundberg, 1988). Part of the 
sample was ground in an agate mortar, dispersed in 
n-butanol and collected on a holey carbon film on a 
standard copper grid. 

The specimens were examined in a JEOL JEM- 
200CX electron microscope equipped with a THG2 
top-entry goniometer stage and LaB6 cathode, oper- 
ated at 200 kV. Attached to the microscope is a 
Gatan 622 TV system including a YAG single-crystal 
screen and an image intensifier. The HREM images 
were mostly recorded with a Grundig BK-300 one- 
inch video recorder. The crystal fragments were 
aligned with the beam parallel to the c axis, allow- 
ing the projection along the tunnels to be imaged 
(cf. Fig. 1). 

Suitable images or image series were subsequently 
grabbed from the tape with the use of a Kontron IPS 
image processing system. A gliding average real-time- 
video function was thereby used, defined by the 
formula 

A n = [ C / ( C  + 1)]An_l + [1 / (C + 1)]In 

where In is the nth incoming TV frame, A is the 
time-averaged image and C is a constant. With C = 3 
as a suitable time constant, 90% of the image intensity 
comes from the last eight frames (0.32 s). Since speci- 
men drift is one of the more serious problems in 
HREM, the advantage of such a short integration 
time is obvious. The images were digitized to 768 x 512 
or 512 x 512 pixels size and 28 grey levels. In some 
cases the image processing system was used on-line 
with the microscope and images directly transferred 
to its 4 Mbyte image memory. Linear histogram nor- 
malization, but no further contrast manipulation, was 

applied to the stored images and densitometric 
(intensity) measurements made on selected parts. 

Simulated images were calculated on a 
VAX 11/750 computer using a locally modified ver- 
sion of the multislice program suite SHRLI-81 
(O'Keefe, 1984) in a 128 x 128 matrix version. The 
calculated images were transferred to the IPS system 
for densitometric measurements and comparison with 
the observed ones. The structure model used in these 
calculations was that obtained by Hussain (1977) for 
the (1,7)Cs phase based on X-ray diffraction data. 
The (1,4)-ITB coordinates were derived from the (1,7) 
model by elimination of three octahedral rows in each 
WO3-type slab. The dimensions of the primitive unit 
cell used for the (1,4) model were a =24.051, b = 
7.344, c = 3-918 A, 3' = 98"78 °, transformed from the 
C-centered orthorhombic cell given by Kihlborg, 
Fernandez, Laligant & Sundberg (1988). 

The following general imaging parameters were 
used: spherical aberration constant Cs = 1.2 mm, 
focus spread 50A, beam divergence 0-5mrad, 
objective aperture radius corresponding to 0.42 A -1. 
Beams out to approximately 1.8/~-1 were included 
in the phase grating calculations and to 1.15 ~-1  or 
more in the multislice. Slice thickness was 3.9/~, 
corresponding to one layer of metal atoms perpen- 
dicular to c. 

Results 

A typical image of a rather thick Cs ITB crystal is 
seen in Fig. 2. The tunnels are quite distinct, as they 
generally are for thicker crystals. Image calculations 
for 16-20 slices (60-80 A) and -1050 A defocus give 
reasonable agreement with this image (see inset). 

For quantitative evaluation of the contrast the thick 
regions are of no use, however, as the observed resolu- 
tion is poor and the detailed appearance of the image 
depends to a great deal on thickness, slight crystal 
tilt and other parameters that are difficult to control 

Fig. 2. Image of a thick fragment of Cs (1,4)-ITB. Simulated image 
inserted (thickness 78 ./~, defocus -1050 .~). 
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or measure. One should therefore look at the thinner 
parts, where images such as those of Fig. 3 are seen. 

Fig. 3(a) is recorded close to Schemer focus and 
shows clearly the hexagonally arranged dots corre- 
sponding to the tungsten and caesium atoms in the 
HTB-type slabs. The structure model is shown in Fig. 
4 (to be compared with Fig. 1). As seen, there are 
three rows of metal atoms of interest, marked A, B 
and C. A and C are equivalent and contain alternate 
alkali-metal and tungsten atoms, while row B con- 
tains only tungsten. Simulated image calculations 
show that a difference in intensity of the alkali and 
tungsten dots along A and C should practically 
always be observed for Rb and in most cases also for 
Cs. 

Two focus series of simulated images are depicted 
in Fig. 5; one based on Cs (1,4)-ITB with 62% Cs in 
the tunnels, which is slightly more than should be 
present (see above), and the other on Rb (1,7)-ITB 
with the same tunnel occupancy. In both these cases 
the tunnels are clearly seen, at least for some defocus 
values. This is obvious in Fig. 6, where the calculated 
intensity at the Cs and W positions in rows of types 
A and C is plotted versus defocus for the Cs case. 

A curve corresponding to the total image contrast is 
also shown. Intensity minima for both atoms (atoms 
black), with a simultaneous contrast maximum, occur 
for defocus values near -450 A (close to Schemer 
focus) and -1250 A. At both these focus settings the 
difference in intensity between Cs and W is not very 
large. At the focus settings giving reversed contrast 
(atoms white), however, around -100 and -800 ~ ,  
one can see that there should be a marked difference. 
The reverse contrast differences become larger for 
thicker crystals, while for crystals thinner than six 
slices the differences near Schemer focus are more 
pronounced. Even for 100% Cs occupancy there 
should be significant variation along these rows, 
especially at reversed contrast, as calculations 
indicate. 

It is a matter of fact that one only very rarely sees 
the expected contrast variation along the tunnel rows 
in Cs ITB crystals. Some typical images are shown in 
Fig. 3: a near-Schemer-focus image in (a) and three 
images with reversed contrast in (b)-(d).  The latter 
are taken at a defocus of approximately -900 A and 
they differ from each other by approximately 50-60 A. 
In none of these images can a distinct alternation in 

(a) 

~ a w , ~ L ~  ~ ! I E I I  ~ ~ . l l ~ - i F  l g ] B ~ .  1 , ~ . ~  

• :: 

(c) 

(b) 

~11~ :~  ~ ~ ~L I~ i l  ' ~  

(d) 

Fig. 3. A thin edge of a Cs (1,4)-ITB crystal imaged (a) at a defocus of approximately -500 A, and (b)-(d) with reversed contrast at 
around -900 A. (b)-(d) are recorded in sequence with focus steps of approximately 60 ,~. 
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Fig. 4. Metal-atom arrangement in the HTB part of  a (1,n)-type 
ITB (i .e.  containing double tunnel rows). Tungsten atoms: filled 
circles; alkali atoms: open circles. The outer atom rows belong 
to WO 3 slabs (cf. Fig. 1). The orientation is the same as in Fig. 1 
but turned through 90 ° compared with Figs. 3 and 5. 
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Fig. 5. Simulated images of ( a ) Cs ( 1,4)- ITB and ( b ) Rb ( 1,7)-ITB. 
Tunnel occupancy: 0.6, thickness: 23 A (six slices), defocus: 
-450 (top left) to -950 A (bottom right) in steps of 100 A. 

tunnel rows be observed. The weak double periodicity 
that can be seen in some parts along the HTB slabs 
extends across the slab and is as pronounced in the 
middle, at the B row. Thus it is a very vague indication 
of the tunnel positions. It is a rather general observa- 
tion that when a modulation is seen in thin crystals, 
it is present also in the B rows, contrary to what one 
should expect. 

On rare occasions one can find regions in very thin 
parts where a clear modulation along the A and C 
rows is visible. One example is shown in Fig. 7(a). 
This is a thin edge of a rather thick crystal that has 
been subjected to the beam for quite some time. The 
patchy character has developed during the irradiation 
and indicates that the crystal is slowly deteriorating 
in the beam. Densitometric traces down the rows A, B 
and C in the rightmost HTB slab are presented in 
Fig. 7(b). Here we can see the expected variation in 
A and C, with W atoms (deep minima) in A at the 
same level as Cs atoms (small minima) in C, and vice 
versa, and no obvious double periodicity in B except 
very locally. One can observe the same modulation 
also in other HTB slabs of this image, but there are 
also regions where it is practically absent. 

Two images of a rubidium (1,11)-ITB crystal are 
shown in Fig. 8, one at correct (a) and the other at 
inverse contrast (b). The tunnels can be discerned in 
(a) but are not clearly revealed in (b). Densitometric 
traces along the same A-type row (arrowed) in the 
two images are shown in Fig. 8(c). In the row of Fig. 
8(a) the observed Rb /W contrast ratio is approxi- 
mately 0.75 as an average, while the ratio expected 
from simulations is close to 0-5 at - 500 ,~  defocus, 
where the best agreement with the appearance of the 
WO3-type part is found. However, the calculated ratio 
increases to 0-7 at -450  ,~ defocus, so the difference 
is hardly significant. As for Cs ITB, there is also in 
this case a cross over in the intensity of Rb compared 
with W around -950 A defocus (for a thickness of 
six slices, cf. Fig. 6) and Fig. 8(b) might have been 

l ra 
200 ,, 

100 

s 

o 
. 4 o o  .26o  6 -2~o  -400 - s 6 o  - e60  -~o' , ,  -12oo - ! i 0 0  D . f .  

Fig. 6. Intensity at W and Cs positions along the tunnel rows (A 
and C in Fig. 4) ver sus  defocus, calculated for Cs (1,4)-ITB 
with 62% Cs in the tunnels. Thickness 23 ~, (six slices). Dashed 
curve indicates image contrast. 



LARS K I H L B O R G  A N D  M A R G A R E T A  S U N D B E R G  803 

r eco rded  close to this defocus .  However ,  the  appear -  
ance  of  the  WO3-type net,  dis t inct  whi te  dots  on  a 
dark  b a c k g r o u n d ,  is compa t ib l e  only  wi th  ca lcu la ted  
images  at a sl ightly m o r e  posi t ive de focus  value,  
where  there  is a m a r k e d  dif ference b e t w e e n  the Rb 
and  W posi t ions .  Again ,  there  seems to be a dis- 

c repancy  b e t w e e n  the  expec t ed  and  obse rved  contras t  
at the  t unne l  posi t ions .  

In a n o t h e r  reg ion  o f  the  same crystal (Fig. 9), 
r e co rded  nea r  Scherzer  focus,  the tunne ls  are clearly 
seen in par t  o f  the HTB- type  slab. The  cont ras t  
m a x i m u m  in the tunne l  is not  always at its center ,  
however ,  but  mos t ly  m o r e  or less d i sp laced  in one  
and  the same  direct ion.  If  this were  due  to a sl ight 

(a) 

(a) 

A i , (i . ,, 

,,./! IVilil l i' ] .  l j' , t,,% l+, / ili,~,] 
l/ 'V ',l"ij 

,,/,,S't  ij' 
l 1 + 

(b) 

Fig. 7. (a) Image of a thin edge of a crystal of Cs (1,4)-ITB, 
subjected to the focused beam for 5-10 min. The patchy character 
has developed during the observation. (b) Densitometric traces 
along the rightmost HTB rows: A = left, B = middle, C = right 
(arrowed). The traces are from the top downwards and the 
vertical lines indicate corresponding positions perpendicular to 
the row. 

(b) 
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Fig. 8. The edge of an Rb (1,11)-ITB crystal recorded (a) near 
Schemer focus, -450 to -500/~,, and (b) with reversed contrast 
at approximately -900/~ defocus. (c) Densitometric traces along 
the rows marked in (a) (top) and (b) (bottom), starting at the 
a r r o w s .  
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beam tilt, one should expect the same effect over the 
whole image. Crystal tilt, on the other hand, should 
give an effect that increases with thickness, but the 
reverse is true (note the almost centered spot in the 
leftmost tunnels). It therefore seems likely that this 
is not an imaging artefact but a real effect of structural 
origin. 

Discussion 

It has been shown above that the observed HREM 
images of thin crystal fragments of Cs and Rb ITB 
frequently differ from those expected from image 
simulations. The HTB tunnels are mostly rather 
poorly revealed because the contrast in the center is 
as pronounced as that due to the surrounding tungsten 
atoms. A number of alternative explanations for this 
can be imagined. 

The primary objective of the present investigation 
was to see if it is possible to assess the bulk tunnel 
occupancy from HREM images. The first guess is 
thus that the occupancy assumed in the calculations 
does not agree with the true one. However, at least 
in the Cs case the deviation cannot be large, as the 
specimen is from a practically monophasic sample 
and the amount of Cs available is given from the 
preparation. Moreover, even full occupancy of the 
tunnels should not make them 'disappear' for all 
defocus values. 

Beam and crystal tilt are experimental parameters 
which are difficult to keep under close control, but 

Fig. 9. Image of a different part of the same crystal as in Fig. 8. 
Here the tunnels are clearly revealed in most of the HTB slab, 
except in the leftmost part. The contrast in the tunnels varies 
but the maximum is often displaced to the side, while in others 
it is well centered and has stronger contrast. 

they cause severe distortions in the image symmetry 
before they give any noticeable change of contrast in 
the tunnels. 

The image simulation procedure is only an approxi- 
mation, but since we are dealing with very thin crys- 
tals, the method should be sufficiently accurate 
(Cowley & Moodie, 1959; Goodman & Moodie, 
1974). Small changes from the assumed values of the 
imaging parameters (focus spread, beam divergence 
and spherical aberration) are also not likely to affect 
the simulated images in the required way. Only thick- 
nesses below ten slices (40/~) gave general agreement 
between calculated and observed thin-edge images. 
Within this range different thicknesses give rather 
similar images but with a focus shift towards less 
negative values with increasing thickness. Most calcu- 
lations were made assuming neutral atoms, which is 
not quite correct, as it is known that the alkali atoms 
are ionized in the tungsten bronzes, at least partly. 
Calculations based on ionized atoms give very similar 
results, however. This is not unexpected, as the 
scattering-factor curves differ significantly only for 
very low 0 values, much below the region where the 
relevant beams are found. 

A remaining explanation is that the structure of 
the very thin crystals differs appreciably from that of 
the bulk and that surface effects play a significant 
role. A change could be induced by the beam in the 
microscope, but could also be caused by surface 
oxidation or hydration of the specimen before it is 
introduced into the column. 

Jefferson, Uppal, Smith, Gopalakrishnan, 
Ramanan & Rao (1984) and Smith, Bursill & Jefferson 
(1.986) have studied bismuth tungsten bronze using 
400 or 500 kV microscopes. This phase has a single- 
row (n)-ITB structure and in the thin parts the tunnels 
generally show up with low contrast in the center, 
indicating a low degree of filling. The latter authors 
note that electron irradiation leads to a depletion of 
Bi atoms from the tunnels and associate this with a 
build up of atom layers at the edge of the crystal. 
They also observe 'metallization' of the WO3 part 
nearest to the edge, which they suggest is caused by 
preferential electron-stimulated desorption of oxy- 
gen. In images published recently by Dobson, 
Hutchison, Tilley & Watts (1987) of barium ITB 
bronze, the tunnels are clearly revealed in the thinnest 
parts of the crystal. Also, this structure has HTB slabs 
only one tunnel row wide, and the tunnels are 
obviously filled to a varying degree with barium; some 
appear empty or nearly so. These authors do not 
report any change of the crystals in the beam, 
however. 

In the present study we have not observed any 
marked changes in the appearance of the tunnels 
during beam irradiation and preferential loss of alkali 
does not seem to occur. However, samples subjected 
to the focused beam for a long time get a patchy 
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appearance (cf. Fig. 7a), obviously due to evaporation 
of larger areas of the crystal, and in such instances 
the tunnels might become clearly visible, as exemp- 
lified above. Both Cs and Rb seem to be rather tightly 
bonded in the tunnels owing to their large size. 

We believe that the non-appearance of the tunnels 
in the very thin regions of Cs and Rb ITB crystals is 
due to an appreciable surface reconstruction, in which 
the partly occupied tunnels may act as traps for 
tungsten atoms. These could come from any part of 
the crystal surface but it seems likely that they orig- 
inate in the octahedra immediately surrounding the 
tunnels. Some support for this is found in the variation 
in contrast that is often seen also along the B rows 
in the HTB slabs. It is even possible that the whole 
octahedral framework is concertedly shifted by ½b in 
the surface layers, whereby the tunnels become closed 
at the ends. The contrast at the Cs and W positions 
along the A and C rows would become more similar 
by that mechanism, as observed. This shifted surface 
structure would be similar to the crystal structure of 
WO3.~H20, determined by Gerand, Nowogrocki & 
Figlarz (1981). Hydroxyl groups are indeed likely 
to be present on the surface of the bronze, saturat- 
ing the dangling bonds created when the crystal is 
crushed. 

In thin parts of crystals that are deteriorating by 
prolonged heating in the beam, the tunnels do indeed 
show up with a contrast compatible with a low and 
variable alkali content (Fig. 7a). It seems reasonable 
to believe that in these cases, when evaporation 
obviously takes place, most misplaced or trapped 
surface atoms have been removed. The off-center 
displacement frequently seen when the contrast of 
the spot in the tunnel is weak, exemplified here in 
the rubidium case (Fig. 9), may be due to one or two 
tungsten atoms in the surface layer. A location of 
such atoms at the center of the tunnel would give a 
very unsatisfactory coordination. 

Finally, one has to remember that a carbonaceous 
contamination layer usually builds up on the surfaces 
of the specimen in the microscope, as visible for 
example at the edge of Fig. 3. It is hard to see, 
however, that such a layer could give rise to contrast 
changes preferentially at the tunnel positions. One 
cannot exclude, however, that it might contribute to 
inducing surface rearrangements. 

It seems of little use to speculate further about the 
possible surface structures that could explain the 
effect observed here. A structural study of the surface 
by other methods seems necessary in order to reveal 
its true nature. 
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