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At least three and possibly four phases are shown to exist in the system A,VF,, where A = K, Rb, Cs, 
and TI and x = O.lsO.32. The a, phase has the hexagonal tungsten bronze structure with a doubled c 
axis. For this structure there is one hexagonal tunnel containing two A sites per unit cell. Calculated 
electron microscope images, assuming that only one layer of A atom sites is occupied, simulate 
experimental images of this phase from both the [OOI] and [lo01 directions. The CX,, phase is an 
orthorhombic superstructure containing two tunnels and four A sites per unit cell. Comparison of 
observed and calculated images shows one tunnel to be more fully occupied than the other. The cl,v 
phase has a c axis the length of six octahedra. Its existence is shown by diffraction patterns and fringe 
images. The existence of an oIlI phase, having four hexagonal tunnels per unit cell, is suggested on the 
basis of diffraction patterns. 

Introduction 

In a recent paper, Hong et al. (I) re- 
ported studies of a series of compounds 
with the general formula A,VFj with A = 
K, Rb, Cs, or Tl and x ranging from 0.19 to 
0.32. These compounds were first synthe- 
sized by Cros et al. (2), who reported them 
to have structures derived from the Magneli 
hexagonal tungsten bronze (HTB) structure 
(3). The axis lengths for K0.25VF3 are a = 
7.41 and c = 7.51 A (2). Figure 1 illustrates 
this structure, where VF6 octahedra share 
corners to produce a hexagonal array of 
large (-5 A diameter) tunnels parallel to the 
c axis and occupied by the A cations. The 
distortions from hexagonal symmetry dis- 
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cussed by Hong et al. (2) are too small to be 
significant in electron microscopy. For the 
purposes of this paper, the samples will be 
referred to as simply hexagonal, rather than 
pseudohexagonal. All the superstructures 
described here have the hexagonal KXW03 
substructure with a c axis twice the length 
of a coordination octahedron, hence two A 
atom positions per unit cell. The further or- 
dering discussed here results from varia- 
tions of the occupancy of the tunnels. 

Cros et al. reported the product of their 
synthesis of the hexagonal compounds to 
be a single phase, and designated it CX. An 
electron diffraction study (4) of the samples 
synthesized by Boo revealed the presence 
of a hexagonal phase and two related ortho- 
rhombic phases, which result from the dou- 
bling of one or two of the a axes of the HTB 
structure. These phases are here labeled q, 
an, and qn, while in Ref. (4) they were 
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FIG. 1. An idealized model of the hexagonal tung- 
sten bronze structure projected down the c axis, with 
the unit cell outlined. 

referred to by their respective Roman nu- 
merals only. 

Phase aI1 results from the doubling of one 
a axis, while 0~111 results from doubling two 
of the a axes. This doubling was ascribed 
(I, 4) to a possible ordering of the alkali 
metal or thallium ions. Here high-resolution 
electron microscopy is used to clarify the 
nature of this ordering both among and 
within the tunnels and an additional phase 
is introduced. In addition, the composi- 
tional relationships between structures at 
different temperatures are considered qual- 
itatively. 

Experimental 

During the course of this investigation 
samples of 14 different compositions, sup- 
plied by W. 0. J. Boo,’ were examined. 
These compositions (for A,VF3) were for A 
= K, Rb, x = 0.225; A = K, Rb, Cs, or Tl, x 
= 0.18 and 0.25; A = K, x = 0.27; A = Cs, x 
= 0.31; A = Rb, x = 0.32; and A = Tl, x = 
0.30. The samples were ground under liquid 
nitrogen, suspended in acetone, and 
mounted on holey carbon films supported 

’ W. 0. J. Boo, Department of Chemistry, Univer- 
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on copper microscope grids. Electron dif- 
fraction patterns and lattice images were 
obtained on a JEM 1OOB transmission elec- 
tron microscope operated at 100 kV accord- 
ing to procedures described by Iijima (5, 6). 
Images and diffraction patterns in the mutu- 
ally perpendicular [OOl], [loo], and [120] 
zones were obtained and compared with 
calculated images. 

Image calculations were carried out on a 
model for the A,VFj structure derived from 
that of HTB by assuming ideal geometry. 
The A atoms were placed at z = 0 and 4, at 
the centers of the hexagonal tunnels in the 
18 coordinate sites. It was assumed that the 
VF3 sublattice was composed of perfect 
VF6 octahedra sharing all corners to pro- 
duce a hexagonal array, and that these oc- 
tahedra were lined up parallel to c so that 
all layers of octahedra were identical. The c 
axis of this structure is one-half of the 
length of that observed. This indicates that 
the c axis is doubled by some distortion of 
the VF3 substructure from the ideal geome- 
try used in the calculated images. For the 
calculated images only the occupancies of 
the A sites were varied. The similarity be- 
tween the observed and calculated images 
indicates that this approximation is ade- 
quate . 

Images were calculated by the n-beam 
multislice method originated by Cowley 
and Moodie (7). The computer package 
used was written by Skarnulis et al. (8) 
with extensive modifications by O’Keefe et 
al. (9). The programs used were FOCO 
3200, DEFRACT 1500, and IMAGE 1500. 
Image calculation parameters are given in 
Table I. Errors in thickness and defocus are 
estimated to be about ? 1 slice and *25 A, 
respectively. The image program includes 
contributions from partial beams and so al- 
lows the objective aperture size to be used 
to vary the resolution continuously over a 
small range to give the most correct aper- 
ture function. 

Calculations and computer graphics for 
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Figs. 2 and 7 were done on our recently 
developed user interactive image calculation 
system (20). The average experimental unit 
cell is calculated by digitizing an area of a 
microscope plate on an automicrodensi- 
tometer, defining a unit cell on the digitized 
image, and calculating the arithmetic inten- 
sity average of all unit cells in the chosen 
area, point by point. The correlation coeffi- 
cients associated with Fig. 7 are calculated 
by normalizing the simple arithmetic differ- 
ence between the intensity of each point in 
an averaged unit cell and the corresponding 

point in a calculated unit cell. A correlation 
coefficient of unity corresponds to exact 
equivalence. An adjustment is made for dif- 
ferences in the overall intensity of the im- 
ages compared. 

Quantitative elemental analyses were 
carried out using a Princeton Gamma-Tech 
energy-dispersive X-ray analysis system on 
a JEOL JSM-35 scanning electron micro- 
scope operated at 15 kV. A standard ZAF 
correction was applied to the raw signal. 
Analyzed crystals were mapped on photo- 
graphs, and their diffraction patterns were 

FIG. 2. An image of phase cx, of Ko.2sVF, projected down c. The inset at the upper right shows the 
calculated image while the one at the lower left shows the diffraction pattern. 
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TABLE I 
IMAGE CALCULATION PARAMETERS 

Figure Zone Sample 
Number 
of slices 

Thickness 
(‘Q 

Defocus 
(‘Q 

Objective 
aperture radius 

cw-‘1 

2 ml Ko.zsW 10 75.30 -875 0.28 
3 too11 Ko.zsW 20 150.60 -800 0.27 
4 [loal &SW 3 22.38 -900 0.285 
4 [loo1 Ko.z5VF3 6 44.76 -900 0.285 
5 [ooll Rbo.,sVF, 8 60.24 -1100 0.28 
6 Km11 Rbo.,sVFz 8 60.24 -1100 0.26 
7 [1201 KoxVF3 5 64.40 -900 0.27 

Nore. A spherical aberration coefficient of 1.8 mm, a convergence semiangle of 1.2 mrad, and chromatic half- 
width of 120 A were used in all calculations reported. The zone indices are for the hexagonal subcell. 

taken on a JEM 1OOB transmission electron 
microscope. 

Results 

Several different superstructures were 
observed in the samples. Three of them can 
be differentiated by their c axis diffraction 
patterns, and are associated with phases oi, 
au, and CQII. The [OOl] diffraction pattern of 
(Y~ is hexagonal, while the diffraction pat- 
tern of 0~11 has superlattice spots halfway 
between each spot along all rows in a single 
[loo] direction. The unit cell of phase (YIII 
is doubled along the equivalent axes [lo01 
and [OlO]. A summary of the occurrence 
of these phases at each composition is 
given in Table II. Entries for aIv are ob- 
tained from [lOO] diffraction patterns. 
Other data for Table II are based on the c 
axis diffraction patterns of from five to ten 
crystals of each sample, except for the sam- 
ples Rbo.isVF3, Rb0.25VF3, Ko.zz~W, and 
&.25VF3r which were studied much more 
extensively while investigating phase (YIV, 

and various defects. 
Only the most general statements about 

the occurrence of these phases can be 
made. An explanation of the occurrence of 
the different structures will be proposed in 
the discussion. It is seen that aI1 is more 

common than the other phases except in 
the cesium samples, where CY~ occurs more 
often. There is a tendency for samples with 
larger x values to form oI, especially in ce- 
sium-containing specimens. At x = 0.33 all 
of the A sites would be occupied and dou- 
bling of an a axis by ordering of the A atoms 
would be unlikely without other structural 
changes. The QI phase is defined in this con- 
text only as having two equivalent a axes, 
since this is all the information obtainable 
from diffraction in the [OOl] direction. 

The clIv phase is evidenced by the exis- 
tence of superlattice spots tripling the c axis 
on [lo01 diffraction patterns. This phase is 
present only in trace amounts in samples of 
Rbo.22sVF3, K0.225Vh and Rbo.25VF3. 

It becomes apparent, particularly in 

TABLE II 
PHASE COMPOSITION OF MICROSCOPE SPECIMENS 

Phase 
observed 

aI only 
a1 + a11 
Mostly cq, 

Contains (Y,,, 
Contains aiv 

Nominal A, values in A,VF3 

cso,25, cso.3, 
K 0.225, Ko.25, Ko.27, TlO.25, cs0.1~ 

Ko.15, Rbo.m Rbo.25, Rbo.32, 

T1o.1.s. T4.30 

K0.m Rbo.ta, Tlo m, Tlo.30 
Rbo.zzs, Rb0.m K0.225 
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studying (~11, that the ordered alternate tun- 
nels were not simply either occupied or va- 
cant. Such ordering does not account well 
for the occurrence of (~1~ in compositions in 
which it is found, nor did a model of this 
type produce a calculated image which 
matched the observed image well. For 
these reasons calculations using fractional 
occupancy factors for the A cations were 
tried. Within the limitations described in 
the cases given, this technique appears to 
be of value in determining the occupancy of 
the tunnels by A atoms. It was particularly 
useful in characterizing the (YII phase. We 
are not aware that calculated images have 
previously been used to estimate fractional 
occupancy factors in tunnel structures. 

Structure of the CL] Phase 

The electron diffraction pattern of (~1 is 
not orthorhombic as is the Guinier X-ray 
diffraction pattern of the bulk sample (I); 
rather it is a simple hexagonal array of 
spots. However, the presence of crystals 
with superstructure would, for powder dif- 
fraction, mask the existence of those with- 
out superstructure. Assuming that this 
phase is nearly isostructural with the HTB 
structure, there are two A sites per unit 
cell, at z = 0 and f, within the hexagonal 
tunnels. Structure images down the c axis 
consist of dark spots in a hexagonal array 
with six light spots surrounding them. The 
contrast is inverted at low defocus values. 
Figure 2 shows an image of the former type 
from a sample with the composition 
&.25VF3, with the diffraction pattern and a 
calculated image included as insets. Since it 
was considered possible that the sample 
contained two phases with greatly differing 
compositions, calculations were made on 
models with a wide range of A atom occu- 
pancy factors. 

It is assumed in the model for the calcu- 
lated image (inset, Fig. 4) that all of the 
potassium sites at z = 0 are filled and all of 
the sites at z = B are empty. This gives an 

overall sample composition of Ko. i,VFj. 
This composition also corresponds to a uni- 
form overall occupancy of 0.5 in the direc- 
tion of the beam. The match of the calcu- 
lated with the observed image illustrated in 
Fig. 2 appears to be satisfactory. The light 
spots surrounding the dark tunnel, while 
appearing to correspond to the unoccupied 
trigonal tunnels apparent in Fig. 1, are well 
below the resolution of the microscope. 

A comparison of an averaged experimen- 
tal image with images calculated assuming 
different potassium occupancy factors is 
shown in Fig. 3. The dark spots in the aver- 
aged image and in the occupancy = 0.5 
image represent the hexagonal tunnels. The 
white background should be viewed as in- 
terlocking rings around each tunnel. The 
averaging process has made the small white 
center dots, apparent in the occupancy = 
0.5 image, less distinct than in the calcu- 
lated image or in some experimental im- 
ages. The averaging has also overempha- 
sized a trigonal symmetry not obvious in 
the raw experimental image, Fig. 2. This 
trigonal symmetry is possibly due to a slight 
shift of the potassium ions away from the 
center of the site. 

In the calculated images, the central 
white dots increase in intensity dramati- 
cally relative to the white rings as the potas- 
sium occupancy increases. At an occu- 
pancy of 0.5, the white dots are just visible. 
They increase in intensity until at 1.0 they 
are the main feature and the rings have 
nearly disappeared. This contrast reversal 
takes place with a change of only 6% in the 
unit cell weight. Under favorable circum- 
stances, an estimate of the occupancy fac- 
tor based on image comparison should have 
an error less than +O. 1. Changing thickness 
or defocus can affect the image in much the 
same way that changing the occupancy fac- 
tor does. Uncertainties in these and other 
imaging parameters limit the accuracy of 
the estimates of occupancy factors made in 
this paper to about 20.2 or kO.3. 
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FIG. 3. Comparisons between an averaged experimental image and images calculated with different 
potassium occupancy factors. 

Since neither microscopic observation 
nor the multislice method of calculation de- 
tects differences in models of ordering in 
the direction of the beam, it is necessary to 
image crystals from another direction to in- 
vestigate possible ordering along the c axis. 
Figure 4 shows a thin edge of a crystal of 
&.zsVF3 along [loo] with images calcu- 
lated at two thicknesses (22.47 and 44.94 A) 
inset for comparison. The crystal gains in 
thickness toward the top. 

The model used in this calculation, iden- 
tical with that used to calculate the image in 
Fig. 2, has alternating filled and empty po- 
tassium sites. The occupied layer yields a 
streak in the thin image, becoming a modu- 
lated streak in the thicker image. The large 

white dots correspond to the projection of a 
row of empty potassium sites. This image 
match demonstrates that a regular ordering 
along the c axis exists, however, occu- 
pancy factors are still only approximate. 

The image of the thick part of this crystal 
was similar to the thick crystal [ 1001 images 
of (Y~ for all A cations. The detail is lost from 
the image for thicknesses much above 100 
A, leaving only one spot per unit cell. It is 
therefore uncertain whether a given [loo] 
image is of a structure having the two A 
sites equivalent, or if the crystal is just too 
thick to allow them both to be resolved. No 
regions less than 100 A thick were imaged 
for Rb, Cs, or Tl specimens, and so the 
evidence for ordering along the c axis for 
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FIG. 4. An image of phase at of K0.~sVF3 projected down a. The horizontal direction is parallel to 
[120], and c is marked by an arrow. The calculated images are for thicknesses of 27.47 (lower) and 
44.94 A (upper). The diffraction pattern is also inset, and a projection of the unit cell is outlined. 

these A atoms is less certain. Since the c 
axis is approximately the same length for all 
A atoms, a similar ordering may be ex- 
pected. 

Structure of the (~11 Phase 
Lattice images confirm the earlier con- 

clusion based on electron diffraction stud- 
ies that aI1 is a superstructure of ar. The 
orthorhombic aI1 unit cell is derived from 
that of cxI in the following way. Refer to the 
diagram in Fig. 5. Each dot represents a 
hexagonal tunnel, all of which are equiva- 
lent for CQ. Choosing a tunnel as the origin, 
the unit cell is defined by an a vector linking 
tunnels to form a row of identical tunnels, a 
b vector linking alternate rows of tunnels, 
and a c vector parallel to the tunnels. The 
unit cell dimensions, revised since (4, are 
approximately a = 7.39, b = 12.88, and c = 
7.53 A (1). The [OlO] direction of phase aII 

is therefore the [ 1201 direction of the hexag- 
onal subcell. For convenience all of the in- 
dices in this paper refer to the hexagonal 

PJI 
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. . . 4. 
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FIG. 5. A diagram of the relationship between a, and 
at,. The different-sized dots represent hexagonal tun- 
nels with different A atom occupancy factors. The 
rows of dots on the side and top show the projected 
repeat distances in the indicated (hexagonal index) di- 
rections. 
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FIG. 6. An image of phase all (for Rbo,IeVF,) with an inset showing the calculated image for 
R&.lsVF3) and the [OOl] diffraction pattern. 

subcell. The a and c axes are the same in 
phase q as in qi. Projections of rows of 
tunnels down the a axis are separated by 
6.5 A. Projection down [120] shows repeat 
distances of 3.70 A for (~1 and 7.39 A for CXII. 

In an, rows of tunnels alternate in their 
contrast in accord with the doubling of one 
of the a axes indicated by the superlat- 
tice spots in the [OOl] electron diffraction 
pattern. In Figs. 6 and 7, a comparison 
is shown between lattice images from 
Rb0.18VF3 and two calculated images. The 
calculated image in Fig. 6 was obtained 
from a model having Rb occupancy factors 
of 0.4 and 0.5, respectively, for the tunnels 
surrounded by six light spots and the dark 
tunnels between. This gives an overall com- 
position of Rbo.i5VF3. For Fig. 7 the light- 
ringed tunnels have an occupancy factor of 

0.5 and the dark tunnels 0.75, giving an 
overall composition of Rb0.21VFj. The 
white spots in the dark tunnels (marked by 
the arrow) appear in calculated images for 
occupancy factors of about 0.60 or greater. 

Image calculations of cxII with composi- 
tions intermediate between the two models 
do not appear to improve the match with 
the observed images. For example, agree- 
ment with the size of the white centered 
dots can be achieved at the expense of the 
match with the ring of lighter spots. The 
occupancy ratio of the two rows is as im- 
portant as the absolute values of the occu- 
pancies themselves. All reasonably suc- 
cessful models have about the same ratio, 
although the composition range covered 
was large. Images calculated using models 
where one tunnel was fully occupied gave 
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an unsatisfactory match. 
Images at greater thicknesses or different 

defocus where there was no hint of the six 
halo spots around each tunnel were more 
closely duplicated by calculations, but 
these less detailed images were even less 
sensitive to variations in the occupancy fac- 
tors. It is imperative in these comparisons 
to have images of thin regions. A nearly 
perfect match to two rows of large white 
spots could be obtained with almost any 
proposed structure, so that such a compari- 
son was not informative in the case of thick 
crystals. 

Images of phase oll were also obtained 
from the [120] ([OlO] orthorhombic) direc- 
tion. Figure 8 shows such an image from 

the K0.27VF3 sample. The horizontal separa- 
tion between the white dots in Fig. 8 is 
about 7.4 A. Reference to Fig. 5 shows that 
this is expected only for the [ 1201 direction, 
and only in qI. The ratio of the tunnel occu- 
pancy factors used in this calculation is 
close to that used for the [OOI] phase (YII 
calculations for the rubidium sample, but 
the overall occupancy in this calculation is 
higher. The tunnel occupancy factors are 
0.68 and 0.95. For this calculation, how- 
ever, all four A atom positions must be de- 
scribed separately, since they do not 
eclipse each other in this direction. The oc- 
cupancy factor is 0.4 at (0 0 0), and is 0.95 at 
the other three positions. The light streaks 
in the images are at c = f, and the large 

FIG. 7. An image of Rb0.,*VF3 (phase q) projected down [OOlI. The calculated image inset is for 
Rbo2,VF3. The arrow marks the row of tunnels assumed in the model to be more completely filled. 
(Note the white dots at the centers.) 
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FIG. 8. Phase CL,, in K0.27VF) projected down [120]. The c axis is vertical and shows the 3.76-A 
spacings. The horizontal direction is the a axis with 7.39-A repeat spacings. The left side is the 
calculated image, and the right side is the averaged experimental image. 

white dots in the dark streaks are projec- 
tions through (0 0 0). This image match 
demonstrates that (~~1 is ordered in the [OOI] 
direction as well as in [ 1201. 

The agreement between a model and an 
observed image can be measured by a “cor- 
relation coefficient” as described by Rae 
Smith and Eyring (IO). The correlation co- 
efficient (CC) for the match in Fig. 8 was 
0.747. This compares with 0.687 for a 
model having three sites fully occupied and 
one empty, and other similar numbers for 
the wide range of other models tested. The 
correlation coefficient provides an objec- 
tive measure of the correctness of an image 
match and a quantitative method of com- 
paring different models. Since experimental 

conditions affect an image in ways that are 
difficult to account for completely it is not 
necessarily proven that the model having 
the highest CC is the best model. This is 
especially true for CC values less than 0.8. A 
CC value above 0.85 is a very good match, 
and the eye cannot readily see any differ- 
ence between images that correlate above 
0.9 (10). 

Agreement between calculated and ob- 
served images from the [ 1201 direction dem- 
onstrates that phase CQ in the potassium 
compounds is a superstructure of phase (~1 
caused by an ordering of the potassium 
ions. These results are consistent with [OOl] 
calculations for the Rb0.,sVF3 sample. 
Within the limitations described above, the 
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A site at (0 0 0) is less than half occupied, 
and the sites at (i 4 0), (4 f )), and (0 0 f) are 
nearly fully occupied. The site at (0 0 4) may 
have a different occupancy than that of the 
(8 f 0) or (f t t) sites. 

Evidence for Other Phases 

Diffraction patterns for a few crystals 
down the c axis indicated doubling along 
two hexagonal a directions as shown in Fig. 
9. This would result from ordering along 
two a axes to form an orthorhombic cell 
twice the volume of the (~11 unit cell (assum- 
ing the c axis length did not change). This 
cell is designated cyIII. Phase (~~11 may be a 
low-temperature structure which disorders 
to olII on beam heating. This transition was 
possibly seen in the microscope, but it al- 
ways happened too fast for the original au1 
diffraction pattern to be photographed. 
Some oIII diffraction patterns were stable 

indefinitely. Unfortunately, images of a111 

could not be distinguished from those of au. 
Diffraction patterns having superstruc- 

ture spots on two and sometimes on all 
three a* axes also result from twins and 
from overlays of phase (~~1 rotated by 60” 
from each other (II). These features are 
easily seen on an image, and areas desig- 
nated atI1 do not contain them. There are 
seldom equal amounts of the different ori- 
entations in the diffraction aperture, so the 
resulting sets of superstructure spots are 
not of equal intensity. For twins, the inten- 
sity is also shifted away from the central 
spot in a different direction for each set of 
superstructure spots, according to the loca- 
tion of the domains in the aperture. There is 
no evidence for twinning on a unit cell level 
as another possible cause of the aIn diffrac- 
tion pattern. 

A few examples of a tripled c axis were 

FIG. 9. An electron diffraction pattern for phase (~11, showing equal intensities of the superstructure 
spots. 



270 RIECK, LANGLEY, AND EYRING 

FIG. 10. A diffraction pattern of Rb0.225VF3 projected down the a axis. Superstructure spots indicate 
a tripling of the c axis. (The vertical direction is [OlO]*.) 

seen in the samples of K0.225VF3, RbO.zSVF3, 
and Rb0.225VF3 (Fig. 10). Several diffraction 
patterns showed this superstructure 
clearly, but only one region was imaged. 
The thickness of the imaged crystal was es- 
timated to be a few hundred angstroms. 
Only 7.5-A fringes were visible, in a repeat- 
ing pattern of two light fringes and one 
darkez one. The total periodicity was thus 
22.5 A, corresponding to six A atom sites 
along c. The number and clarity of these 
diffraction patterns, together with the cor- 
responding fringe image and the observa- 
tion that they occur in a specific narrow 
composition range, are sufficient evidence 
to designate this as a separate phase, qv. 

A doubling of the a axis could be seen 
only in one of the three possible [120] pro- 

jections since the specimen tilt is not 
enough to see both [120] and [OOl]. This 
doubling was not observed on any diffrac- 
tion pattern, but too few diffraction pat- 
terns were taken to conclude that the a axis 
is definitely not doubled. It is therefore un- 
certain whether the c axis image of this 
structure appears as fq or qt. 

Elemental Analysis 

A number of crystals from each of the 
two samples Rb0,20VF3 and Rbo,25VF3 were 
studied by quantitative X-ray microanaly- 
sis. Both q and arI crystals were included. 
In both cases an even distribution was ob- 
served across a composition range of three 
to four in weight percent Rb, or about 0.04 
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to 0.05 in x for Rb,VFj. The error involved 
is probably great enough that a change of 
eO.03 in x would not be significant, but it is 
certain that, for instance, Rb0.20VF3 and 
Rbo.ojoVFj would be distinguishable from 
each other in the Rbo.zsVFj bulk sample. 
Since crystals of both (~1 and cqI were ana- 
lyzed, this indicates that there is no large 
composition difference between them. The 
resolution and distribution of the data 
would allow a single composition or a mod- 
erate composition separation equally well. 

Ionic Mobility 

On several occasions it appeared that an 
an diffraction pattern changed to that of (Y~ 
before it could be photographed. This led to 
attempts to induce the transition in crystals 
that were more stable. The results of one 
partially successful attempt are shown in 
Fig. 11. The three figures are sequential im- 
ages of a crystal from a Rb,,zsVF3 sample. 
The zone axis is [ 11 I]. Figure 1 la shows the 
a11 structure with alternating fringe con- 
trast. Figures 1 lb and c follow at intervals 
of about 1 min, after heating the crystal 
with a bright, somewhat over-biased beam. 
It is clear that the thin edge of the crystal 
has undergone a structural change. 

In Fig. lla, the fringes are all 12.88 A 
apart, indicating phase CQ. In Fig. 1 lb, after 
beam heating, some streaks have appeared 
where the 12.88-A fringes have been re- 
placed by a pattern of equivalent dots re- 
peating every 6.44 A in the direction per- 
pendicular to the remaining fringes. These 
dots are characteristic of phase (Y~. The 
streaks of phase oI have grown into larger 
areas of aI in Fig. 1 lc. The subcell structure 
appears to remain intact. The change prop- 
agates easily along a row of tunnels once it 
has begun, but does not extend into the 
thick region. This observation suggests that 
there can be considerable ionic mobility for 
the A cations at temperatures where the 
network of VF6 octahedra is quite stable. 

Discussion 

Some general conclusions regarding the 
structure of (~1 and cr.iI phases can be drawn 
from the TEM images. Phase oI is partially 
ordered such that alternate (001) planes of 
K atom sites in the [OOl] direction have dif- 
ferent occupancy factors. This may also be 
true for the other A atoms. Phase cxri also 
has ordering along [OOl], and an additional 
ordering of alternate (120) planes. 

Several other observations must be con- 
sidered in assigning the structures de- 
scribed above to temperature and composi- 
tion ranges. For all A cations except Cs, (~1 
and aI1 both exist across the entire compo- 
sition range as shown by the c axis electron 
diffraction patterns (Table II). Also cxri is 
converted to oI by electron beam heating in 
the microscope, which suggests high ionic 
mobility. Elemental analysis indicates that 
oI and aI1 cover the same composition 
range. A summary of the data suggests the 
diagram in Fig. 12. This drawing is intro- 
duced to make the following discussion 
clearer. Construction of a more complete 
phase diagram could be accomplished with 
data from high-temperature X-ray powder 
diffraction. 

The fact that for most A cations both (Y~ 
and aI1 appear across the entire composi- 
tion range of this study might suggest a 
wide two-phase region, however, the X-ray 
elemental analysis indicates that no such 
region exists. Evidence that aI1 can trans- 
form to (Y~ on heating places (Y~ at a higher 
temperature than aII, and suggests that they 
can have the same composition. This is in 
agreement with the X-ray elemental analy- 
sis. 

It is estimated that the temperature of the 
phase transition in the microscope was be- 
tween 300 and 500°C. Since this transfor- 
mation occurs rather quickly in the micro- 
scope, it seems reasonable that there was 
sufficient time and enough ionic mobility 
for a partial transition from (Y~ and alI to 
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FIG. 12. Unscaled sketch of hexagonal A,VFr phase 
relationships. 

take place during the slow quench from 
800°C in the synthesis. Their wide composi- 
tion ranges show that 0~~ and (~11 are nonstoi- 
chiometric, and so to some extent disor- 
dered . 

The negative slope of the phase boundary 
is somewhat arbitrary, but the fact that the 
Cs-containing samples change to CQ for low 
x values but not for higher ones indicates 
that the additional ordering takes place 
more easily at x = 0.18. The ordering is 
more accessible at x = 0.18 compared to 
the other compositions either because the 
transition temperature is higher at x = 0.18 
or because the A atom mobility is greater at 
a given temperature for that composition. 
Both of these conditions imply a downward 
slope. Figure 12 is a composite sketch, in- 
cluding features from each system. 

The phase with the tripled c axis ((~iv) is 
found only near x = 0.225. The range of 
temperature over which it exists is un- 
known, and the representation on the 
sketch was chosen because it is a construc- 
tion which is common in order-disorder 
phase diagrams. There is insufficient data 
to assign ~~~~ a position on the sketch. 

It is observed for all A cations that the 
site is larger than the ion. The Shannon and 
Prewitt radius of the 12-coordinate Cs+ ion 
(1.88 A) still leaves it about 0.1 8, from con- 

tact with the fluoride ions. Further, the flu- 
oride ions do not touch each other around 
the Vu1 ions, assuming a perfect octahe- 
dron. That suggests that the energy cost of 
distorting an octahedron is small. All of the 
ions have the possibility of being off-center 
in the tunnel. This may account for order- 
ing of cations to form oII, even for composi- 
tions where x is nearly 0.33. 

Movement from one site to another is 
hindered for all A cations. The K ionic ra- 
dius interpenetrates the fluoride ions by 
about 0.2 A on each of six ions when mov- 
ing between sites in a tunnel. Rb interpene- 
trates the fluoride ions by 0.3 A, Tl by 0.4 
A, and Cs by 0.5 A. This represents a sig- 
nificant hindrance in the case of Cs, and is 
consistent with the fact that CQ is not ob- 
served in two of the Cs-containing samples. 
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