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The high-resolution electron microscopy (HREM) technique was used to characterize phases in the 
Cu,O-Taz05 system. The structures are closely related. They contain edge-sharing pentagonal Tao, 
bipyramids, forming layers of cu-U,Os type. These layers are either single or double, the latter linked 
by apex oxygens. The layers are interleaved by octahedral Ta sites and linearly coordinated Cu positions 
so that a three-dimensional network is formed. The symmetry is hexagonal (or trigonal). Varying 
sequences of single (S) and double (D) layers give different c-axis lengths. The phases CuSTal,Oro and 
Cu,Ta,O,s are well ordered, with SDSD and DD sequences, respectively. Other ordered sequences, 
(SS) in ‘Cu2Ta40t1” and (SDSSDS) in L‘Cu7Ta,5041,” were also observed. Defects and disorder 
sometimes occur. 0 1992 Academic Press, Inc 

Introduction 

In the system Cu,O-Ta,O, some phases 
have been observed which are structurally 
closely related to each other (1) and to the 
Cu,Ta, ,O,, structure (2). TheyOhave similar 
unit cells with a = b = 6.23 A (hexagonal 
axes) but different c-axis lengths. The struc- 
tures may be expected to be built up of lay- 
ers of edge-sharing pentagonal Tao, bi- 
pyramids (a-U,Os type), single or double 
(sharing apex oxygens), connected by Tao, 
octahedra and linearly coordinated Cu, as 
determined from single-crystal X-ray data 
for the Cu,Ta,,O,, phase (2). The length of 
the c-axis thus depends on the numbers of 
single and double layers (3). Figure 1 shows 
the layer types and layer sequences ob- 
served in the Cu,Ta,,O,, structure and sug- 
gested for Cu,Ta,O,, by the length of the 
c-axis. 

Since the compositions of the two phases 
are very close to each other (68.75 and 70.00 
mol% Ta,O,), small variations in sample 
composition may be expected to reflect 
layer sequence irregularities, such as were 
often indicated by diffuse powder patterns. 
A high-resolution electron microscopy 
(HREM) investigation was started in order 
to verify the previously suggested ordered 
structure models, but also at the atomic 
level to elucidate the presence of order, dis- 
order, and intergrowth between the various 
structures formed. Some preliminary results 
are presented below. 

Experimental 

The samples were prepared from mix- 
tures of Cu,O and Ta,O, in evacuated silica 
tubes and were characterized by Guinier 
powder diffraction (I). In this study all syn- 
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FIG. I. (a) The layers of polyhedra projected along 
the c-axis. A and C: Edge-sharing pentagonal Tao, 
bipyramids yielding layer composition Ta30s. B: Tao6 
octahedra and linear CuOz yielding layer composition 
A,TaOs; with A = Cu, the sites are not always fully 
occupied. Black dots are oxygens in adjacent octahe- 
dra. (b) The structure of Cu5Ta,,030 viewed along the 
a-axis. (c) The structure model of Cu3Ta,0,, projected 
along [lOO]. 

theses were made in the temperature range 
1000-l 100°C. 

The electron microscope specimens were 
prepared in the following way: a small 
amount of the sample was crushed in an 
agate mortar and dispersed in n-butanol. A 
few drops of the resultant suspension were 
put on a holey carbon film supported on a 
Cu grid and were left to dry. The grids were 
then examined in a JEOL 200CX electron 
microscope equipped with a double-tilt lift 
goniometer stage and operated at an acceler- 
ating voltage of 200kV. The HREM images 
were recorded with an objective aperture 

corresponding to approximately 0.41 A-’ in 
reciprocal space. Simulated images were 
calculated with a slightly modified local ver- 
sion of the SHRLI-suite of programs (4). 

Results and Discussion 

Electron microscopy studies of the Cu, 
Ta,,O,, phase showed that most of the crys- 
tal fragments tended to orient themselves 
with the c-axis (c = 32.550 A) parallel to the 
electron beam. Figure 2a (top) illustrates the 
corresponding HREM image. However, a 
micrograph in this projection will not con- 
tain any direct information on stacking se- 
quences or defects along the c-axis. Such 
information will instead be obtained from 
HREM images recorded along [ 1001 or some 
other [hkO] direction of the orthohexagonal 
cell with a -L 6.23 A and b = 10.79 A, i.e., 
perpendicular to the direction of varying 
layer sequences. Figure 2b shows an HREM 
image of a thin crystal fragment aligned with 
[100],,,,,. parallel to the electron beam. The 
contrast in the micrograph can be described 
as an ordered arrangement of double and 
single black lines parallel to the [OlO] direc- 
tion. Simulated images of the Cu,Ta,,O,, 
structure were calculated using the atomic 
parameters from the single-crystal X-ray in- 
vestigation (2). However, the coordinates 
were first transformed to the orthohexago- 
nal cell given above. Figure 2c shows the 
projected electron density of Cu,Ta, ,OjO 
along [ ~W,,,h. with an overlay of the corre- 
sponding structure model. In the micro- 
graph the layers of seven-coordinated tanta- 
lum atoms all appear as unresolved black 
lines, whereas the octahedrally coordinated 
Ta atoms are seen as black dots. A set of 
calculated images projected along [loo] is 
shown in Fig. 2d, and a calculated image 
([OOl] zone) is inserted in Fig. 2a (bottom). 
There is good agreement between the con- 
trast features in the HREM images and the 
calculated images. The typical sequence for 
the Cu,Ta,,O,, structure (Fig. 2c) is single 
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FIG. 2. (a) HREM image of the Cu5Ta,r030 phase along [OOl], with a simulated image inserted: crystal 
thickness 32.6 A, defocus value: - 1100 A. (b) HREM image of CusTa,,O,a, [loo] zone. (c) Electron 
density projection along [loo] with an overlay of the structure model in Fig. lb. S = single pentagonal 
Tao, bipyramid layer, D = double pentagonal Tao, bipyramid layer. (d) Simulated images along [loo], 
crystal thickness 18.7 A (top), 39.4 A (bottom). Defocus values (a-d): - 400- - 700 A in steps of - 100 A. 

layer of pentagonal Tao, bipyramids (S), up one unit cell width in the c-axis direction, 
layer of octahedra, double layer of pentago- as can be distinguished in Fig. 2b. 
nal Tao, bipyramids (D), layer of octahedra. We have not yet been able to prepare any 
Thus, the structure is characterized by the single-phase Cu,Ta,O,, samples with our 
stacking sequence SD, with SDSD making method. The Guinier powder pattern of the 



ALPHA-U,O,-TYPE LAYERS 

FIG. 3. (a) HREM image of Cu3Ta,0,, ([loo] projection) with a defect marked by arrows. (b) The 
corresponding electron diffraction pattern. (c) Simulated images of the model in Fig. lc: crystal 
thickness 18.7 A, defocus values -600 A (left) and -700 A (right). 

sample used in this study showed the pres- 
ence of Cu,Ta,,O,O, Cu,Ta,O,g, and an 
L-Ta,05-type phase. The HREM image in 
Fig. 3a was obtained from a thin crystal frag- 
ment believed to represent the Cu,Ta,O,, 
phase, as c = 19.9 A from the corresponding 
electron diffraction pattern (Fig. 3b). The 
micrograph shows an ordered region with 
pairs (doublets) of black lines separated by 
dotted lines. The suggested structure of Cu, 
Ta,O,, in Fig. lc contains only double layers 
of Tao, bipyramids alternating with octahe- 
drally coordinated Ta and linearly coordi- 
nated Cu. Simulated images of this structure 
model (Table I) were calculated. There is 
good agreement between the observed im- 
age, at the thin crystal edge in Fig. 3a, and 
the calculated one to the left in Fig. 3c, 
which verifies the suggested structure 
model. Typical for the Cu,Ta,O,, structure 
is the stacking of only D layers, with DD 
renresentine one unit cell width. One tvne of 

structural defect observed in the examined 
crystals can be seen in Fig. 3a. The black 
contrast features (marked by arrows) indi- 
cate that some other type of atom arrange- 
ment is present in a layer consisting of octa- 
hedrally coordinated Ta atoms and linearly 
coordinated Cu atoms. 

TABLE 1 

ATOMIC PARAMETERS OF THE Cu,Ta,O,, MODEL 

Atom x Y 2 

‘Ml) 
Tat21 
cu 
O(l) 
O(2) 
O(3) 
O(4) 
O(5) 

0 0 0 
0.69 0.03 0.156 
1 0 0 
0.76 0.03 0.057 
3 f 0.140 
0.34 0.92 0.156 
0 0 0.164 
0.70 0.06 f 

Note. Space group P6,lm; cell parameters a = 
~- 6.2323 A and c = 20.156 A. 



216 JAHNBERG AND SUNDBERG 

FIG. 4. HREM image ([loo] projection) showing a 
disordered region. 

Figure 4 shows an HREM image of a dif- 
ferent part of the same crystal fragment as 
in Fig. 3. The micrograph illustrates an inter- 
growth of the Cu,Ta,O,, and Cu5Ta,,0,, 
structures. Doublets of black lines (D) rep- 
resentative of the Cu,Ta,O,, phase are seen 
to the left, while an ordered arrangement of 
single and double black lines (SD), t,ypical 
of the Cu,Ta,,O,, structure, can be distin- 
guished in the middle of Fig. 4. A new type 
of stacking sequence @SD), corresponding 
to two single and one double layer, can also 
be discerned to the right in Fig. 4. 

A Cu,Ta,O, 1 phase, with only single Tao, 
bipyramid layers as in the CaTa,O,, (5) and 
Na,Ta,O,, (6) phases, is normally not 
formed at the stoichiometric composition. 
However, it was observed occasionally to- 
gether with other phases. The powder pat- 
terns showed that the copper and sodium 
compounds had closely similar trigonal 
(rhomboedral) unit cells and thus the same 
tantalum-oxygen framework. The electron 
diffraction pattern (Fig. 5a) of the Cu,Ta,O,, 
phase showed the typical monoclinic ap- 
pearance of this type of cell viewed along 
[ lOO],,i,. The connection between these trig- 

onal and monoclinic cells has been dis- 
cussed in Ref. (7). The micrograph in Fig. 
5b shows an ordered region with single black 
lines. In analogy with the Cu5Ta,r03,, struc- 
ture, these black lines were interpreted as 
corresponding to single (S) layers separated 
by Tao, octahedra and Cu atoms. The struc- 
ture model is illustrated in Fig. 5c and shows 
a characteristic stacking sequence of S. Sim- 
ulated images of the structure (Table II) con- 
firmed the interpretation of the HREM im- 
age. There is good agreement between the 
recorded image of the thinner part of the 
crystal in Fig. 5b and the calculated image 
(Fig. 5d). The stoichiometry of Cu, 
Ta,Ol, allows only 2/3 of the Cu positions 
to be occupied. The Cu,Ta,O,, phase can 
be stabilized by the increase in Cu content 
concomitant with substituting some Zr 
for Ta. 

Figure 6 shows another occasionally oc- 
curring ordered phase. The length of the 
c-axis indicates that the structure should 
contain four S and two D layers. However, 
the stacking sequence could only be deter- 
mined from the HREM images. The micro- 
graphs in Fig. 6a and Fig. 6b ([OlO] and [loo] 
projections, respectively) clearly show an 
ordered arrangement of two single black 
lines and one doublet of black lines. In anal- 
ogy with the results obtained above, this 
was interpreted as shown in the structure 
model (Fig. 6~). A set of simulated images 
was calculated from the atomic coordinates 
given in Table III. There is good agreement 
between the observed (Fig. 6b) and calcu- 
lated images. The structure can be described 
as two S layers followed by one D layer 
(SSD). The composition of the structure 
corresponds to Cu,Ta,,O,, and the layer se- 
quence SDSSDS represents one unit-cell 
width. The stacking sequence SSD was also 
observed as a defect in the right-hand part 
of Fig. 4. Like the single-layer phase, Cu, 
Tads ) this phase has not been reproduci- 
bly obtained so far, and it does not form at 
the stoichiometric composition. The Cu, 
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FIG. 5. (a) Electron diffraction pattern of ‘QTa,O,, ,” [ 1001 zone. (b) The corresponding HREM 
image. (c) Structure model of Cu2Ta40,, (d) Calculated image: crystal thickness = 19 A, defocus value 
-500 A. 

TaId41 structure can be described as 
twinning of slabs of the S-layer phase, where 
the twin plane corresponds to the plane of 
interleaving apex oxygen atoms in the dou- 
ble layer. With a similar description of the 
Cu,Ta,,O,, and Cu,Ta,O,, structures, the 
spacing between the twin planes decreases 
with decreasing Cu,O content. 

Two electron microscopy investigations 
have previously been published on the re- 
lated structures CaTa,O,, (8) and LaTa,O,, 
(9). These structures were only examined 
with the [OOl] direction parallel to the 
electron beam, however, which means that 
no direct information on the stacking se- 
quences perpendicular to the c-axis could 
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FIG. 6. HREM images of ordered regions of the “Cu,Ta Is 0 4,” phase: (a) [OlO] projection, (b) [loo] 
projection. (c) Structure model of Cu,Ta150,, in [loo] projection. (d) Simulated image of the model in 
Fig. 6c. Crystal thickness 18.7 A, defocus value -500 A. 

be obtained. In the present study theoreti- 
cal image calculations of the Cu phases 
along the [OOl] direction clearly showed 
that it was not possible to distinguish be- 
tween the closely related structures in this 
projection. However, the HREM results 
presented above along the [loo] direction 
confirm that the ordered phases are built 
up of different combinations of single and 
double layers of pentagonal Tao7 bipyra- 
mids, and they also reveal occasionally 

occurring defects as deviating stacking ar- 
rangements. 

Several structures with single or double 
pentagonal-bipyramid layers have been re- 
ported earlier and have been summarized 
as a family of related structures with the 
general formula AxM3,+ 1 08n+3 (M = Nb 
or Ta) with n = 1 for single layers and 
n = 2 for double layers. Layers of pentago- 
nal MO7 bipyramids have the composition 
M308 9 and layers of octahedra A,MO, 
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TABLE II 

ATOMIC PARAMETERS OF THE CuzTa401, MODEL 

Atom x Y Z 

Wl) 0 0 0 

W2) 0.36 0 I 

CUU t 0 i 

O(l) 0 0 0.092 

O(2) 0.75 0 a 
O(3) 0.43 0.06 0.302 

Note. Space group R%; cell parameters a = 6.23 A 
and c = 37.34 A. 

’ 3 occupancy. 

(3). The phases studied in this work are 
combinations of n = 1 and 12 = 2. For 
full occupancy of the linearly coordinated 
Cu(1) position the value of x is 3 (compare 
Fig. la). In Cu,Ta,O,, this high value is 
reached, but for Cu,Ta,,O,, the occupancy 
is 5/6, for Cu,Ta,,O,, , 7/9, and for Cu, 
Ta4011 j only 213. Vacancies at the Cu 
positions are thus necessary for forming 
different sequences of S and D. 

TABLE III 

ATOMIC PARAMETERS OF THE Cu,Ta,50,, MODEL 

Atom x Y Z 

Ta(l) 0 0 0 

Ta(2) 0.70 0.03 0.069 

TN31 ;i f 0.139 

TN 0.36 0 0.208 
Cu(1)” I 0 0 
Cu(2)” ;.67 0.84 0.139 

O(l) 0.77 0.04 0.026 

O(2) 3 f 0.062 

O(3) 0.58 0.67 0.069 

O(4) 0 0 0.076 

O(5) 0.70 0.09 0.112 

O(6) 0.43 0.06 0.166 

O(7) f $ 0.201 

O(8) 0.75 0 0.208 

O(9) % j 0.212 

O(10) 0.37 0.96 f 

Note. Space group P63/m; cell parameters CI = 
6.2262 I% and c = 44.877 A. 

n 719 occupancy. 

The fact that different sequences occur 
in the same crystal explains the difficulty 
met in getting single-phase samples, and it 
also shows why the powder patterns are 
often diffuse at the stoichiometric composi- 
tion. So far, Cu,Ta,,O,, with some Cu 
vacancies seems to be stable, but very 
careful control of the formation conditions 
is necessary to establish if a phase is stable 
or metastable. 

There are several compounds ATa,O,,, 
where A is eight-coordinated in a fully 
occupied position, e.g., A = La-Nd (9-11) 
and Bi (12). For a corresponding single- 
layer structure the composition should be 
AdW4~ ) where the eight-coordinated 
position would be only 2/3 occupied. If an 
incomplete occupancy is possible, phases 
similar to those in the Cu,O-Ta,O, system, 
with both S and D layers, might form. 
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