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New praseodymium intergrowth tungsten bronzes, Pr. WO,
of (n)-ITB structure type have been prepared by solid state
reaction at P =50 kbar and 7 = 1570 K. The ordered members
n=2, 3, and 4 were identified by high-resolution transmission
electron microscopy. The structure of (2)-ITB was deduced from
an electron micrograph, and the unit cell parameters were deter-
mined from the X-ray powder data: a =10.17 A, b ="7.418 A,
and ¢ =3.790 A. The praseodymium content (0.04 < x < 0.1),
corresponding to less than half-filled hexagonal tunnels in the
ITB-structures, was found by combining electron diffraction and
microanalysis studies of the same crystal fragments. An ordered
superstructure, designated (2);(3);-ITB, was also observed.
© 1999 Academic Press

INTRODUCTION

The possibility of preparing several new binary tungsten
oxides by solid state reaction under high pressure and high
temperature conditions has been demonstrated in our pre-
vious publications (1-4). These studies showed that the
application of high pressure (P = 50-80 kbar) during the
preparation process considerably changes the phase equilib-
rium in the tungsten-oxygen system and results in the
formation of the new phases W;Og(I), W3O4(II), WO, 4,35,

~WO, s, and hp-WO,. By similar experiments in the
Nd,03-WO; system (P = 50kbar and T = 1520 K), we
have synthesized compounds with intergrowth tungsten
bronze (ITB) and hexagonal tungsten bronze (HTB) type
structures (5). It has not been possible to prepare such
phases by solid state reaction at high temperature and
ambient pressure. The latter experimental conditions result
in the formation of some perovskite tungsten bronzes,
RE,WOj3; (RE = Ce-Lu and x ~ 0.1) (6-38).

The crystal structure of the hexagonal tungsten bronze,
A,WOj, is built up from WOjg octahedra joined by corners,
forming hexagonal tunnels in which the 4 atoms are located
(9). It has been found previously that the HTB-structure is
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formed with the larger alkali metals (4 = K, Rb, and Cs and
x =0.19-0.33) and with monovalent cations of thallium
and indium (10, 11). Hexagonal tungsten bronzes of the
alkaline earths metals Ca, Sr, and Ba have also been pre-
pared under high pressure (12, 13).

The HTB structure becomes unstable at lower alkali con-
centrations (x < 0.10), and the intergrowth tungsten bronze
(ITB) structure is formed instead. This structure type consists
of alternating HTB and WOj; slabs (10,14). The slabs of
WOs-type can have different widths (n) and are intergrown
with single or double slices of the HTB structure. According to
the nomenclature introduced by Hussain and Kihlborg (14),
single hexagonal tunnel row structures are denoted (n)-ITB,
while ITB-phases containing double tunnel rows are desig-
nated (1, n). Considerable disorder due to variation in width of
the two structural constituents has been seen in HREM images
(15). A large variation of tunnel occupancy in the intergrowth
tungsten bronzes, A,WO;3; (4 = Cs, Sn, Sb) has also been
observed by some authors (16-18). Both ordered and defect
structures of (2)-ITB were recently found for the neodymium
tungsten bronzes, (Nd,Ca),WO;, prepared at 50 kbar (5).

The present work is an investigation of the phase com-
position and the phase structures in a praseodymium-con-
taining tungsten-bronze sample synthesized by solid-state
reaction under high-pressure conditions by high-resolution
transmission electron microscopy (HRTEM).

EXPERIMENTAL

The sample was prepared by heating a pellet of a finely
ground mixture of 90 wt% WO; and 10 wt% Pr,O3 in
a graphite container in a high-pressure apparatus at
P =50kbar, T = 1570 K. A detailed description of the ex-
perimental setup is given in Ref. (19). The graphite caused
a very low oxygen pressure, thus reducing conditions at the
sample. The X-ray powder diffraction pattern was taken
with a Guinier-Hagg camera using CuKa radiation and

silicon as internal standard.
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The electron microscopy specimens were prepared by
crushing a small amount of the sample in an agate mortar,
dispersing the resulting fine powder in acetone, and putting
drops of the suspension on a holey carbon film supported
on a Cu grid. The phase composition and structure type
were investigated by electron diffraction combined with
energy-dispersive X-ray spectroscopy (EDX) on the indi-
vidual crystal fragments. Electron microscopes, Philips
CM20T with EDX (Voyager I, Ge detector) and JEOL
2000FXII with Link OX-200 (Si detector), were used for the
microanalysis studies. The results are based on the WL and
PrL lines in the EDX-spectra. As concerns the precision in
the EDX-analyses, repeated measurements on the same
crystal fragment gave a variation within + 5%. The crystal
structure was obtained from high-resolution transmission
electron microscopy (HRTEM) images taken in a JEOL
JEM-4000 EX microscope. The DigitalMicrograph 2.0 soft-
ware was used for image filtration and processing. Theoret-
ical images of the structure models were simulated with the
MacTempas program (20). The structure models were
drawn with ATOMS by Shape Software.

RESULTS

Both the X-ray powder pattern and the HRTEM study
showed a multiphase sample. Three members, n = 2, 3, and
4, of the (n)-1TB family of related phases were identified from
their electron diffraction patterns. The first member, (2)-
ITB, was more often observed, and its unit cell parameters
could be calculated from the X-ray powder data: a =
1017 A, b = 7.418 A, and ¢ = 3.790 A. It should be noted
that some unindexed lines in the X-ray powder pattern
could be assigned to an HTB-phase with the unit cell dimen-
sions a = 7.398 A and ¢ = 7.583 A, but such crystals have
not yet been seen by HRTEM.

a. (2)-ITB

An HRTEM image, the corresponding electron diffrac-
tion pattern, and the structure model of the (2)-ITB phase in
[001] projection are shown in Figs. 1a and 1b. The image
was taken close to Scherzer conditions where the dark spots
correspond to cation positions. The micrograph clearly il-
lustrates that the WOj slabs are two octahedra wide (n = 2),
because slabs consisting of two rows of dark spots are
regularly seen in the image. Figure 1a also shows a variation
of the filling of the hexagonal tunnels (see, for example,
tunnels at E and F). The white contrast (E) indicates empty
tunnels, and the dark dots at F probably indicate com-
pletely filled ones. Furthermore, partially filled tunnels seem
to be arranged in (010) planes, resulting in the appearance of
horizontal streaks (marked S) in the picture. A close inspec-
tion of the HRTEM image shows that some of the dark dots
are slightly displaced from the center of the six-sided tun-
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nels, which suggests that the Pr atoms can occupy an off-
center tunnel position. In order to reveal the atom positions
more accurately the experimental image was filtered by
a Fast Fourier Transform (FFT) procedure. This corres-
ponds to averaging the contrast over about 200 unit cells.
The tungsten and oxygen atom positions were deduced
from the processed image in Fig. 1c. There is a good accord-
ance between experimental and theoretical images, as can be
seen in Fig. 1d, for the set of coordinates listed in Table 1.
The correctness of the structure model of (2)-ITB shown in
Fig. 1b was checked by calculation of the interatomic W-W,
W-0, and O-O distances. The praseodymium atoms are
located in the center of the six-sided tunnels of the model in
Fig. 1b. It should be noted that the EDX results give less
than half-filled tunnels.

Unfortunately, we failed to get an electron diffraction
pattern of (2)-ITB in the [010] orientation, but we succeeded
in aligning a crystal along [012], as can be seen in Fig. 2a.
This orientation is obtained by rotating the unit cell 45°
around the a-axis from [001]. The appearance of weak odd
reflections in the diffraction pattern indicates that the cell in
this projection is centered, with a size of 20.3 and 5.3 A.
These values correspond to a unit cell with doubled a- and
c-axes (a =2x10.17 =20.34 A and ¢ =2x3.79 =758 A).
Weak superstructure spots which indicate a doubling of the
c-axis have previously been seen in electron diffraction pat-
terns taken in the [010] orientation of alkali ITB-crystals
(14).

In the thinner region of the HRTEM image (Fig. 2a) it is
possible to observe an ordered arrangement of pairs of dark
dots closer together in the planes corresponding to the
hexagonal tunnel rows in the structure (see arrows). The
observed contrast features indicate an ordered displacement
of the praseodymium atoms from the tunnel center. In the
plausible structure model in Figs. 2b and 2c, the Pr atoms
have been shifted approximately 0.3 A along the b-axis and
0.1 A along the c-axis. Figure 2c shows pairs of atoms closer
together along the hexagonal tunnel rows in the structure
projected along [012]¢pcen- A simulated image of the sug-
gested structure model is also in good agreement with the
observation made in the HRTEM image.

Furthermore, about half of the recorded electron diffrac-
tion patterns along [001] of the (2)-ITB crystals showed
weak odd reflections (Fig. 3), which indicate a doubling of
the unit cell parameters a = 2 x 10.14 = 20.28 A and b =
2x74 =148 A It was impossible to take HRTEM images
of these crystals, because the short-range order in the struc-
ture was unstable and disappeared under the high intensity
of the electron beam used to get the image.

When all hexagonal tunnel positions are occupied by
praseodymium, the stoichiometric composition of the (2)-
ITB structure (Fig. 1b) is PrW 5Oy 5. This means that x in the
formula Pr,WO; cannot exceed 0.2. In order to determine
the value of x and thus the occupancy of the tunnel
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FIG. 1. (a) HRTEM image of Pr _, ,;WO,, showing an ordered (2)-ITB phase in [001] projection. The corresponding electron diffraction pattern is
inserted. E and F represent hexagonal tunnels which are likely to be empty and completely filled. White streaks (S) parallel to [100] are due to rows of
partially filled tunnels. (b) Structure model of (2)-ITB deduced from the HRTEM image in (a). The black spots in the middle of the tunnels represent
praseodymium atoms. (c) Fourier-filtered image of a region (approximately 200 unit cells) in (a). (d) Theoretical HRTEM image calculated from the
structure model in (b). Crystal thickness, 24 1&; defocus value, —450 A
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TABLE 1
Approximate Atomic Coordinates for Pr.WO; ((2)-ITB
structure), Obtained from the Processed HRTEM image (a =
10.17 A, b="7.418 A, and ¢ =3.79 A, space group P222)

Atom x/a y/b z/c
Pri 12 12 12
VA 12 0 0
W2 0.19 0.26 0
O1 0.15 0 0
02 0 0.30 0
03 0.37 0.18 0
04 0.21 12 0
05 1/2 0 1/2
06 0.19 0.26 12

positions, electron diffraction patterns and EDX-analyses
were taken from the same crystal fragments. Of special
interest was to relate the appearance of weak superstructure
reflections in the diffraction patterns with the composition
of the crystal. The EDX-results showed that the (2)-1TB
phase is formed for 0.04 < x < 0.1, and it follows that less
than half of the available atom positions are occupied by
praseodymium. It should be noted that no impurity peaks
were observed in the EDX spectra. Weak superstructure
reflections (see above) were observed in the electron diffrac-
tion patterns taken from approximately half of the investi-
gated crystals, but no clear correlation between the
appearance of superstructure reflections and the composi-
tion was observed.

In order to investigate the local ordering of praseodym-
ium in the tunnels, we measured the intensity variation of
the black spots along an hexagonal tunnel row in the experi-
mental image as indicated in Fig. 4a. The intensities were
measured in the scanned image by averaging overa 1 x 1 A
square region centered on the corresponding cation
position. One can clearly see in Fig. 4b that the intensities
of the W positions do not vary very much, whereas
the intensities of the Pr atom positions in the hexagonal
tunnels change drastically. This fact indicates different occu-
pancy of the hexagonal tunnel sites by praseodymium.
Figure 4b also shows that the occupancy varies more or less
periodically, and usually highly occupied tunnels (lower
intensity) alternate with those of lower occupancy (high
intensity). An ordered arrangement of Pr atoms and va-
cancies in the tunnels will give rise to weak superstructure
spots in the electron diffraction patterns like those seen in
Fig. 3.

b. (3)-ITB

Some crystal fragments showing an ordered (3)-ITB
phase were also observed in the Pr,WOj; sample. The
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HRTEM image, the corresponding electron diffraction pat-
tern, and the structure model are illustrated in Figs. Sa-5c,
respectively. According to the diffraction pattern (Fig. 5b)
the unit cell is C-centered and has the unit cell parameters
a~27.5A and b ~ 7.4 A. The structure (Fig. 5c) contains
rows of hexagonal tunnels which are separated by WO;
slabs, three octahedra wide. The stoichiometric composition
is PrW-0,; (Pry.14WO3) when all hexagonal tunnel posi-
tions are fully occupied by praseodymium. EDX analyses of
(3)-1TB fragments showed approximately half-filled tunnels.
It should be pointed out that we did not observe a strong
contrast variation of the hexagonal tunnel spots in the
HRTEM images, as in the (2)-ITB structure. This suggests
that the tunnels are almost uniformly occupied by praseo-
dymium in the (3)-ITB structure.

c. (4)-1TB

The electron diffraction pattern in Fig. 6a shows a well-
ordered (4)-ITB phase. Such patterns were taken from a few
crystal fragments. The unit cell dimensions of (4)-ITB were
foundtobea ~ 17.8 A,b ~ 7.4 A, and ¢ ~ 3.8 A, and also in
this case the EDX-analyses showed approximately half-
filled hexagonal tunnels. The HRTEM image in Fig. 6a,
taken close to Scherzer conditions of a somewhat thicker
crystal than that in Fig. la, shows a well-ordered crystal
with all hexagonal tunnels partly occupied. The black spots
corresponding to the projected metal atoms have almost the
same darkness, which indicates that praseodymium atoms
(ions) and vacancies are fairly evenly distributed over the
hexagonal tunnels. The WOj; slabs are four octahedra wide
in the (4)-ITB structure (Fig. 6b), and the stoichiometric
composition corresponds to PrWy0,, (Pry.1;WO3). The
EDX-results of examined fragments indicate a composition
of ~PryosWOs;.

d. Intergrowth Structures

Most of the examined crystals seemed to be free from
large structural defects such as WO;-type slabs of different
widths and wider HTB-type slabs. However, we have found
one crystal showing a structure with long-range order
(Fig. 7). The substructure reflections in the electron diffrac-
tion pattern correspond to the (2)-1TB structure. The sharp-
ness of the superstructure spots indicates that the
superstructure extends over a large region. Unfortunately
the crystal was too thick to give an atomic-resolution image,
but even so, it is possible to distinguish an ordered inter-
growth of five slabs of the (2)-ITB phase with three slabs of
the (3)-ITB structure. This superstructure will be designated
(2)5(3)3-1TB according to the notation introduced by Hus-
sain and Kihlborg (14). The un1t cell dlmensmns of (2)5(3)
ITB are a ~185A, b~ 744, and ¢~ 384 (prQ]CCthIl
axis).
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FIG. 2. (a) HRTEM image of a Pr WO, crystal projected along [012]. The corresponding electron diffraction pattern is inserted. A plausible
structure model of (2)-1TB with the Pr atoms displaced from the tunnel center, projected along (b) [001] and (c) [012] (¢ &~ 3.8 A). The hexagonal tunnel
rows are marked by arrows. The large black spots represent Pr atoms, and the small black dots show W atoms.
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FIG. 3. The electron diffraction pattern of a 2-1TB crystal shows weak
superstructure spots, which indicate a doubling of the a- and b-axes
parameters.

DISCUSSION

This study has shown that praseodymium intergrowth
tungsten bronzes, Pr,WOj3, prepared under high-pressure
and high-temperature conditions form ordered members of
the (n)-1TB family of related phases with n = 2, 3, and 4. The
HRTEM images indicate that the Pr atoms (ions) in the
six-sided tunnels might be locally shifted from the tunnel
center in the +[010] and + [001] directions. Similar shifts
of indium atoms (ions) have been observed by Labbe¢ et al. in
the hexagonal tungsten bronzes of indium (11). In the latter
compounds, the In' " cations occupy one of six off-center
positions in the tunnels, which are actually sixfold degen-
erated due to crystal symmetry. However, this was con-
sidered to be related to the presence of the lone pair of In* *.

In the praseodymium ITB-bronzes the hexagonal tunnels
seem to be slightly elongated in the [010] direction. This
probably means that there will be two off-axis positions that
correspond to sites of minimum energy. A displacement of
the praseodymium atom from the tunnel center can be
explained by the small jonic radius of Pr* (r ~ 1.29 A (21)),
which is even less than that of In'* (r = 1.35 A (11)) and
much less than the radius of the cavity. It is interesting to
note that Jefferson et al. (22) have observed a slight displace-
ment of the Bi atoms within the hexagonal tunnel in an
HREM image of an (8)-ITB crystal from a Big;WO;
sample. Isotypic tungsten bronzes, 4, WO3, of (n)-ITB struc-
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ture type have also been reported for 4 = Cs, Ba, Sn, and
Pb (15,23).

There is a strong similarity between the ordered Pr,WO;
bronzes of (n)-ITB structure type with n = 2, 3, and 4 and
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FIG. 4. (a) HRTEM image of (2)-ITB taken close to Scherzer defocus.
(b) Variation of the intensities on a logarithmic scale at Pr (dotted) and
W (black) positions measured along AB in (a).



542

ZAKHAROV ET AL.

<\ o>
' /

@
<V

Al

FIG.5. (a) HRTEM image of a Pr WO, crystal with x & 0.06. (b) The corresponding electron diffraction pattern shows a (3)-ITB structure projected
along the c-axis (¢ ~ 3.8 A). (c) The crystal structure of (3)-1TB. The black spots represent the Pr atoms.

the complex uranium-molybdenum and uranium-molyb-
denum-tungsten oxides of (n)-HB structure type with n = 2,
3, and 4 (23, 24). The structures have the same basic frame-
work and differ only in the filling of the hexagonal tunnels.
In the praseodymium bronzes there are both ordered and
disordered arrangements of praseodymium atoms and va-
cancies in the tunnels, whereas in the uranium compounds
the six-sided tunnels are filled by -U-O-U-O- atom strings

in such a way that hexagonal UOg-bipyramids (HB:s) are
formed. Different ordered arrangements of uranium atoms
and vacancies in the six-sided tunnels give rise to different
types of superstructures, which seem to be similar to those
observed for the Pr,WOj; bronzes.

There is an obvious difference between the results ob-
tained in this study on the Pr,WO; bronzes and those
previously reported on the ITB bronzes containing
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FIG. 6.

(a) HRTEM image of a Pr_, ., WO, crystal projected along the c-axis. The corresponding electron diffraction pattern is inserted. (b) The

crystal structure of (4)-ITB with the prascodymium atoms shown as dark spots.

neodymium (5), despite the fact that the samples were pre-
pared under the same conditions. The Pr,WQO;3; bronzes
formed well-ordered (n)-ITB phases with n =2, 3, and 4,
whereas both ordered and defect-rich structures of (2)-ITB
type were observed in the Nd-containing crystals. The latter
crystals contained, however, a small amount of calcium due
to the reaction of the sample with the high-pressure cham-
ber wall during the synthesis. The difference in structures
might therefore be due to the presence of calcium in the
neodymium case. Calcium has previously been observed to
contribute to formation of an HTB bronze structure under

high-pressure conditions (12, 13). The ionic radii of Pr**
(r~ 129 A), Nd** (r ~ 1.27 A), and Ca®" (r ~ 1.34 A) (21)
are similar, but the valence state of calcium differs from
those of the other two elements. Thus the (Nd,Ca),WO;
crystals contain tunnel ions of mixed oxidation states, which
might be important for the formation of the defect struc-
tures. The results warrant further investigations, under care-
fully controlled high-pressure and high-temperature
conditions, of the formation of Nd,WO;, Ca,WO3;, and
(Pr,Ca),WO3; bronzes. Such experiments are now under-
way.
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FIG.7. The HRTEM image of a fairly thick Pr WO, crystal shows an
ordered superstructure of (1n)-1TB type. The corresponding electron diffrac-
tion pattern is inserted ([001] zone).
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