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The crystal structure of the tetragonal sodium tungsten
bronze, Nao10WOs, was investigated by single-crystal X-ray and
electron diffraction methods. The average structure has space
group P4/nmm and cell constants a,, =5.2492(5)A, c., =
3.8953(4) A, and Z = 2. The superstructure has space group very
probably P4 and cell constants a, = 7.423(3) &, ¢, =7.791(1) A,
and Z=38. Full-matrix least-squares refinements resulted in
a conventional R value of 0.041 [86 observed unique reflections,
I > 20(I)] for the average structure and an R value of 0.086 [537
observed unique reflections, I > 26(I)] for the superstructure.
The general features of the average structure, which is of dis-
torted perovskite type, are the same as those reported earlier (A.
Magneli, 1951. Acta Chem Scand. 5, 670). The two axial bonds
of the WO octahedron are not equal (1.95 A) as observed in the
previous work but have significantly different lengths [1.63(6)
and 2.27(6) A]. The superstructure, reported for the first time,
results from the average structure by the combined effects of
tilting of the WQs octahedra about c leading to a doubling of this
axis (c; = 2cav) and of shape deformation of these octahedra in

the ab plane leading to a supercell in this plane with a,= /2 4.,.
© 1997 Academic Press

INTRODUCTION

Although sodium tungsten bronzes, Na,WO; (0 < x
< 1), have been known since long ago (1), they still attract
considerable attention due to their unusual electronic-trans-
port properties (2-5). Their crystal structures were first
investigated by Hagg (6), who was able to show that a single
cubic phase exists over the large composition range
0.32 < x < 1. Ribnick et al. (7) reported a detailed x—T
phase diagram for the composition range 0 < x < 0.5.
These authors established the existence of five phases, which
appear in the order monoclinic, orthorhombic, tetragonal I,

!To whom correspondence should be addressed.
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tetragonal I1,2 and cubic, as x increases from 0 to 0.5. All of
these phases, except the tetragonal II phase, are of distorted
perovskite type; the tetragonal II phase possesses a dis-
tinctly different structure type. It is worth noting that the
gradual insertion of Na atoms into the WO; array leads to
an evolution of structural types similar to that produced by
an increase in temperature. Numerous structure investiga-
tions have been performed on the various phases of
Na,WOj; involving X-ray, neutron, and electron diffraction
methods. Concerning the tetragonal phases of low sodium
content, their structures were first investigated by Magnéli
(8,9) from Weissenberg photographs and visually estimated
intensities. This author was able to determine the positions
of the tungsten atoms and to describe the general features of
the structures, but questions were left as to the accurate
positions of the oxygen and sodium atoms and to the
correct symmetries, due to the limited accuracy of the meas-
ured reflections. A later X-ray study on the tetragonal II
phase by Takusagawa and Jacobson (10), performed on the
two crystals with compositions Na, 33 WO;3; and Nag 4
WOjs, revealed that the WO¢ octahedra host lattice is essen-
tially the same for both crystals and corresponds to the
tetragonal potassium tungsten bronze basic structure, com-
monly referred to as TTB structure type (11). The only
difference lies in that the Nay 33WO;3 structure appears
more distorted than the Na, ,sWO3 one, which is also
reflected in the corresponding space groups ( P42,m for the
first and P4/mbm for the second crystal). In contrast to the
tetragonal II phase, no newer analysis has been performed
so far on the tetragonal I phase. We therefore considered it
to be worthwhile to carry out a detailed structure investiga-
tion of this phase with the aim of understanding the proper-
ties of the low sodium content phases and the mechanism

2 There is confusion in the literature concerning the designation of the
tetragonal sodium tungsten bronzes. In this article the designation of
Ribnick (7) is used, according to which the phase with lower Na content is
referred to as tetragonal I and the phase with higher Na content as
tetragonal II. Magnéli (9a) had previously used a reverse designation,
following the chronological order of discovery of these phases.
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of structural phase transitions taking place between them
(12).

EXPERIMENTAL
Synthesis and Crystal Growth

The synthesis and growth of single crystals of Nay ;,WO;
were performed following the method of Straumanis (13, 14)
by reduction of a mixture of Na,WO, and WO; with
metallic tungsten:

3XNa2WO4 + (6 - 4x) WO3 + xW — 6NaXWO3.

The reaction took place in a sealed evacuated silica tube
at 1000°C and was complete in about 12 h.

X-Ray Diffraction

From powder X-ray diffraction patterns obtained with a
modernized Philips PW 1050 diffractometer (CuKo radi-
ation, Si external standard) it was concluded that the tetra-
gonal I phase (deformed perovskite) was obtained. All the
observed peaks could be readily indexed in terms of the cell
constants given by Magnéli (9) and no superstructure reflec-
tions could be clearly recognized in the pattern. SEM/EDX
were used for detecting the amount of Na. The crystals had
dark blue color and were of prismatic habit.

For the single-crystal X-ray diffraction study a fairly large
crystal was selected, which could be shaped by grinding into
a small sphere of 0.19 mm diameter. A preliminary invest-
igation of this crystal by the Buerger precession method
showed it to be suitable for such a study. The single-crystal
diffractometer used was a modernized Philips PW 1100. All
measurements were performed using graphite-monochrom-
ated MoK« radiation and a scintillation counter. The reflec-
tion search routine of the diffractometer led to a tetragonal
P lattice with parameters a, and ¢, related to those of
Magnéli (9b), a,, and c,,, by a, = \/2a,, and ¢, = 2¢,,. This
finding was also confirmed by the electron diffraction study
(vide infra). It was concluded, therefore, that the structure
described by Magnéli (9b) for Na,WOj; is only the average
one, while the true structure can be described by a supercell
with the parameters given above. Accurate cell parameters
were obtained by a least-squares fit of the accurate 26 values
of 60 reflections in the region 30.64° < 26 < 46.58° and are
given along with other crystallographic data in Table 1.
These parameters do not differ by more than 1 esd from the
corresponding ones obtained if triclinic symmetry is as-
sumed. Intensity data were collected for one hemisphere of
the reciprocal lattice in the region 5° < 20 < 55° (scintilla-
tion counter, 20/w scans, 40 steps/reflection increased for
oo, splitting, step width 0.02°, 0.5-2 sec/step, three stan-
dard reflections every 120 min). For better accuracy, every
reflection within the above region was measured at least
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TABLE 1
Crystallographic Data for Na, ,,WO,

Superstructure Average structure
This study This study  Magnéli (9b)
Space group P4 P4/nmm P4/nmm
a(A) 7.423(3) 5.2492(5) 5.248
¢ (A) 7.791(1) 3.8953(4) 3.895
v (A3 429.3(3) 107.33(2) 107.3
VA 8 2 2
F0O00) 792.8 198.2
Pear (gr-cm™3) 7.245
u (MoKa) (cm™1) 565.5
Diameter of crystal
sphere (mm) 0.19

twice. A total of 4365 reflections (excluding standards) were
measured, which were further corrected for Lorentz polar-
ization and absorption (spherical crystal) effects. The mean
intensity ratio {I/a(I)) varied for the different reflection
classes between 1 and 15 for the superstructure reflections
and between 53 and 127 for the average structure reflec-
tions. The internal agreement factor R;,, of all the intensities
was essentially the same (0.069) for the two Laue groups
4/mmm and 4/m. The same was also true for the average
structure reflections (R;,, = 0.063). For the superstructure
reflections, the R;,, factor was 0.177 for 4/mmm and 0.170 for
4/m. Hence, the Laue group 4/mmm was adopted for the
average structure, in accordance with Magnéli’s assump-
tion, while for the superstructure the possibility for a lower
symmetry was left open. By merging the symmetry equiva-
lent reflections (1174 ones) of the average structure, a set of
86 unique reflections were obtained, all of them having
I > 20 (I). The only extinction condition observed in this set
was hkO: h + k = 2n + 1, leading unequivocally to the space
group P4/nmm. For the superstructure determination two
sets of unique reflections were prepared from the complete
set of measured reflections, one set assuming 4/mmm as Laue
symmetry (337 reflections, 280 observed with I > 2¢(I)) and
another set assuming 4/m as Laue symmetry (537 reflec-
tions, 427 observed with I > 2¢(I)). No systematic extinc-
tions were observed for the superstructure reflections.

Electron Diffraction

The electron diffraction study was performed using finely
crushed particles of the bulk material glued on copper grids
on a Jeol 120CX microscope operating at 120 kV. From the
tilting experiments a tetragonal reciprocal space was de-
duced for the superstructure with lattice parameters a, =
745A and ¢, =7.76 A, in very good agreement with the
values found by X-ray diffraction. Figure 1 shows the ED
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FIG. 1. Electron diffraction patterns along the [001], zone axis. Extra
weak spots with h, k = 2n + 1 indicated by small arrows suggest that there
is no systematic extinction condition. Subscripts av and s refer to the
average and superstructure tetragonal cell, respectively.

pattern from the [001], zone. The main characteristic sug-
gesting the appearance of the superstructure is the presence
of weak spots violating the extinction condition hkO:
h + k = 2n + 1 of the P4/nmm space group accepted for the
average structure. No systematic extinctions were observed
for the superstructure reflections. There are spots hk0 with h,
k =2n + 1 that are very weak, but the tilting experiments
confirm that their appearance is not caused from double
diffraction.

STRUCTURE DETERMINATION AND REFINEMENT
Average Structure

Most of the subsequent crystallographic calculations
were carried out with the XTAL system of programs (15).
Moreover, complex atomic scattering factors taken from
(16) were used throughout. The position of the W atom
reported by Magnéli (9b) was confirmed in a sharpened
Patterson map. The positions of the O atoms could be
obtained from a difference Fourier synthesis computed with
the refined position of the W atom alone. A full-matrix
least-squares refinement based on Fy’s and using unit
weights and isotropic displacement parameters for all atoms
gave R =0.057 (R,, = 0.069). Next, anisotropic displace-
ment parameters were introduced, first for the W atom and
then for the O atoms, while the weighting scheme w =
1/6*(F,) was found as the most appropriate. A difference
Fourier synthesis computed at this stage was almost fea-
tureless in regions of the unit cell far from the W positions,
and only a small spherical peak of 1 e A~3 height appeared
at the position 2(a) 3, 4, 0 (center of the major perovskite
cavity). This peak may be assigned to the Na™ ion, in
accordance with Magnéli’s (9b) model. Hence, in the final
stage of refinement the Na atom was also introduced at this
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TABLE 2
Atomic Positional,” Displacement, and Site Occupation
Parameters for the Average Structure of Na,;,WO;

This study Magnéli (9b)
Atom X oy z U pp x y z
w 20¢) L L 04307(2) 0.0187(5" 1 i 1 0435
o1 2 L+ 1 101D 0.08(1) 1 i L 0935
02 4 0 O 3 0.074(9) 1 0 0 1}
Na 2@ 3 1 0 0.05 0.1 i L0

“The cell origin in this study was taken at center 2/m [choice 2 of
International Tables, Vol. A, Ref. (17)]. Magnéli’s atomic coordinates were
accordingly transformed for comparison.

b These values are equivalent isotropic displacement parameters:

1
Uy =3, Y Ujafara; a;.

i

site with occupancy factor 0.1 and an isotropic displacement
parameter equal to the structure’s overall one. Due to the
very small scattering contribution of the Na atom, its para-
meters were kept fixed during the refinement. When conver-
gence was reached it was R = 0.041, R,, = 0.048, GOF =
2.29, and maximum Ap/s(p) = 0.18 x 107 3. The residual
electron density extrema (— 3.1 and 3.0 e A ~3) were found
near the W position. Atomic positional and displacement
parameters of the average structure are given in Tables
2 and 3, and bond lengths and angles are given in Table 4.

Superstructure

The starting model for the refinement of the superstruc-
ture was derived from the average one, from which some
interesting conclusions can be drawn a priori. First, the data
for the atomic displacement ellipsoids of Table 3 suggest
that the most pronounced anisotropy is exhibited by the
equatorial O2 atom, which has its major axis perpendicular
to the W—O bond direction. This orientation is in agreement
with the electron distribution around the O2 site computed
from a difference synthesis with isotropically vibrating oxy-
gen atoms. Hence, the tilting of the WO¢ octahedra about
the ¢ axis should play an important role in the superstruc-
ture formation. Second, from the data of Table 3 for the
displacement ellipsoid of the W atom it is inferred that no
significant deviations of the W atoms from their mean
structure positions occur in the superstructure, which
implies that these atoms should play a minor role in its
appearance.

Concerning the superstructure space group determina-
tion it is noticed that, since no extinction condition is
observed, no glide plane is expected for the true structure, in
contrast to the average one. Moreover, because of the off-
center position of the W atoms in the WO octahedra along
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TABLE 3
RMS Amplitudes (A) along the Principal Axes of the Atomic
Displacement Ellipsoids for the Average Structure of Na,;,WO;*

TRIANTAFYLLOU, CHRISTIDIS, AND LIOUTAS

TABLE 4
Interatomic Distances (A) and Bond Angles (°)
for the Average Structure of Na,;,WO;

Atom RMS amplitudes a* b* c*

w 0.1366 1.0000 0.0000 0.0000
0.1366 0.0000 1.0000 0.0000
0.1366 0.0000 0.0000 1.0000

0Ol 0.1842 0.0000 0.0000 1.0000
0.3160 0.0000 1.0000 0.0000
0.3160 — 1.0000 0.0000 0.0000

02 0.0913 0.7061 0.7061 0.0544
0.2587 0.0384 0.0384 —0.9985
0.3824 —0.7071 0.7071 0.0000

“The direction cosines of the principal axes in terms of the reciprocal
crystal axes are also given.

the c axis, it is concluded that any mirror plane perpendicu-
lar to this axis is incompatible with the structure. Hence, the
following acentric space groups come into consideration:
P4, P4, P4mm, and P42m, all of which are subgroups of the
space group P4/nmm. It is worth noting at this point that
the acentricity of the structure is strongly supported by the
intensity statistics.

Refinement tests were made for all the aforementioned
space groups. In view of the inherent difficulty in refining
the O atom positions from X-ray data in the presence of the
heavy W atoms, it was found necessary to introduce re-
straints for the WOg octahedra, so that their shapes and
dimensions do not deviate considerably from the corres-
ponding ones of the average structure. Also, the refinement
strategy was found to be important for the steady conver-
gence of the refinement, because of the presence of strong
correlations between certain variables. The alternate refine-
ment of the W and O atoms combined with small damping
factors for the parameter shifts was proved most effective.
Finally, the unit weighting scheme was found as the most
appropriate one in the present case. In the final stage of each
refinement model anisotropic displacement parameters
were applied for the W atoms and isotropic ones for the
O and Na atoms, the latter being kept fixed. The obtained
discrepancy factors for only the superstructure reflections,
which are more sensitive to the O atom displacements, were
0.207, 0.222, 0.238, and 0.428 for the models P4, P4, P4mm,
and P42m, respectively. In view of these values the P42m
model can be safely excluded, while for the remaining three
models one can notice the following: (a) In the P4mm model
all oxygen atoms are forced to lie on mirror planes parallel
to ¢, which rules out the possibility of tilting the WOg
octahedra about this axis. However, such a tilting is sup-
ported by the displacement ellipsoids of the oxygen atoms,
as was mentioned earlier. Moreover, the agreement of inten-
sities of the symmetry-related reflections slightly favors the

This study Magnéli (9b)
Symmetry*
W-01 2.26(6) 1L 1.95
W-01 1.63(6) 1,2 1.95
W-02 1.8754(2) 1L 1.8726
W-02 1.8754(2) 1,3) 1.8726
W-02 1.8754(2) 1, 4) 1.8726
W-02 1.8754(2) 1,95 1.8726
Na-O1 4 % 2.690 — 2.6362
Na-02 8 x2.625 — 2.6899
01-W-02 81.72(2) (1,1, 1) 82.23
01-W-02 81.72(2) 1, 1,3) 82.23
01-W-02 81.72(2) 1,1,4) 82.23
01-W-02 81.72(2) (1, 1,5 82.23
01-W-02 98.28(2) 2,1,1) 97.77
01-W-02 98.28(2) 2,1,3) 97.77
01-W-02 98.28(2) 2,1, 4 97.77
01-W-02 98.28(2) 2, 1,5 97.77
02-W-02 88.81(1) 1,1,4) 88.95
02-W-02 88.81(1) (1, 1,5 88.95
02-W-02 88.81(1) (3, 1,4 88.95
02-W-02 88.81(1) 3, 1,95 88.95

“Symmetry codes: 1, x, 1, 2,2, %, y,z — 1;3, 4 —x, L —y,z;4, —x, 3+,
1—z53+x, —y1—2z

first two models, i.c., P4 and P4 (vide supra). (b) Comparing
the models P4 and P4 one observes that in the P4 model
there are six independent WOy octahedra, four of them
constrained to the point group symmetry 4 and the remain-
ing two to the point group symmetry 2. On the other hand,
in the P4 model there are only two independent WO, octa-
hedra with no symmetry restrictions. Although this latter
model seems more flexible, its refinement led to very strong-
ly deformed WOg octahedra. Hence, in absence of any other
indication from an independent experiment, the P4 model
was adopted for the true structure of Na, ;,WOs. Since in
this model the displacement parameters of the axial
O atoms (those lying on the 4-fold or 2-fold axes) showed
a tendency for steady increase, they were kept fixed and
equal to the equivalent isotropic displacement parameter of
the axial O1 atom of the average structure. At convergence
the maximum Ap/o(p) value was 2.18, observed for the
U,, parameter of W5, while the average Ap/a(p) value for
the W atoms was 0.28 and the corresponding value for the
O atoms was 0.33. The final discrepancy factors obtained
were R = 0.086 (R, = 0.075) for all the reflections, R =
0.207 for only the superstructure reflections, and R =
0.047 for only the average structure reflections. The atomic
parameters obtained are given in Table 5, while selected
bond lengths and angles are given in Table 6.
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TABLE 5
Atomic Positional, Displacement and Site Occupation Para-
meters and Atomic Anisotropic Displacement Parameters for
the Superstructure of Nay;,WO;

Atom X y z U pp
Wi 0 0 0.255(3) 0.011(1)° 1
w2 0 0 0.752(3) 0.017(2) 1
W3 i 0 0.323(3) 0.021(1)° 1
W4 i 0 0.823(3) 0.016(1)* 1
W5 3 ! 0.250(4) 0.079(3)° 1
Wé ] 1 0.759(4) 0.028(2)* 1
Ol11 0 0 0.02(1) 0.08 1
012 0 0 0.53(1) 0.08 1
031 i 0 0.55(1) 0.08 1
032 i 0 1.05(1) 0.08 1
051 3 ! 0.01(1) 0.08 1
052 ) 1 0.52(1) 0.08 1
013 0.245(5) —0.038(4) 0.310(5) 0.008(8) 1
023 0.248(6) 0.031(6) 0.810(8) 0.03(1) 1
033 0.475(5) 0.261(5) 0.248(6) 0.020(9) 1
043 0.56(1) 0.275(9) 0.78(1) 0.09(2) 1
Nal 0.25 0.25 0.00 0.05 0.1
Na2 0.25 0.25 0.50 0.05 0.1
Atom Uiy U,, Us; Ui, Uis Uss
W1 0.011(1) 0.011(1)  0.013(4) 0 0 0
w2 0.019(2) 0.019(2) 0.012(4) 0 0 0
W3 0.014(2)  0.033(2)  0.015(3) 0.000(1) 0 0
w4 0.008(2)  0.023(2) 0.016(3) — 0.000(1)" 0 0
VAl 0.112(5)  0.112(5)  0.014(6) 0 0 0
W6 0.0352)  0.0352) 0.014(4) 0 0 0

“These values denote equivalent isotropic displacement parameters:

1 * %k .
Ueg =3 ). 2, Ujjatafa;-a,
i

RESULTS AND DISCUSSION
Average X-Ray Structure

A projection of the average structure of Nay WO;
along [001] is depicted in Fig. 2, where the selected unit cells
for the description of the average structure and the super-
structure are also shown. The present study confirmed the
model proposed by Magnéli (9b) for Nay 1o WO5. The struc-
ture is of distorted perovskite type and can be described as
a framework of deformed WOy octahedra joined by sharing
corners, all octahedra being in parallel orientation. The
main feature of this structure is the puckered network of the
W atoms extending parallel to (001) by being displaced from
the octahedra midpoints alternately + 0.270(3) A along
[001]. It is worth noting that, while the length of the ¢ axis
equals the height of a single WO, octahedron (which is also
the cell constant of the undeformed cubic perovskite WO3)
the a (and b) cell constants are /2 times larger, due to the
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TABLE 6
Selected Interatomic Distances (A) and Bond Angles (°)
for the Superstructure of Na,y;,WO;*

Symmetry Symmetry
Wi1-011 1.8(1) (1, 1) W4-031  2.12(9) (1, 1)
-012 2.1(1) (1, 1) -032  1.7509) (1, 1)
-013 1.89(3) (1, 1) -023  1.89(4) (1, 1)
-013 1.89(3) (1,2) -023  1.89(4) (1,9)
-013 1.89(3) (1, 3) -043  2.12(7) (1, 1)
-013 1.89(3) (1, 4) -043  2.12(7) (1,9)
W2-0O11 2.1(1) (5, 1) W5-051  1.8(1) (1, 1)
-012 1.8(1) (5, 5) -052  2.1(1) (1, 1)
-023 1.91(4) 5,5) -033  1.79(4) (1, 1)
-023 1.91(4) (5, 6) -033  1.794) (1, 10)
-023 1.91(4) (5,7 -033  1.79(4) (1, 11)
-023 1.91(4) (5, 8) -033  1.794) (1, 12)
W3-031 1.77(9) (1, 1) W6-051  2.0(1) (5, 1)
-032 2.15(09) (1, 5) -052  1.9(1) (5, 5)
-013 1.91(3) (1, 1) -043  1.74(7) (5, 5)
-013 1.91(3) (1,9) -043  1.74(7) (5, 13)
-033 2.03(4) (1, 1) -043  1.74(7) (5, 14)
-033 2.03(4) (1,9) -043  1.74(7) (5, 15)
O11-W1-013  103(1) (1,1, 1) 031-W4-023 872) (1,1,1)
012-W1-013 77(1) (1,1, 1) 031-W4-043 81(2) (I, 1,1
013-W1-013 87(1) (1,1, 3) 032-W4-023 932) (1,1, 1)
011-W2-023 76(2) (1,5,5) 032-W4-043 929(2) (1,1, 1)
012-W2-023  104(2) (5, 5,5) 023-W4-043 9(2) (1,1,1)
023-W2-023 87(2) (5,57 023-W4-043 832 (1,19
031-W3-013 93(1) (1,1, 1) 051-W5-033 902) (1,1,1)
031-W3-033  107(2) (1,1, 1) 052-W5-033 90(2) (1,1, 1)
032-W3-013 87(1) (5, 1,1) 033-W5-033 90(2) (1,1, 11)
032-W3-033 732) (5,1, 1) 0O51-W6-043 84(3) (1,5,5)
013-W3-033 92(2) (1,1, 1) 052-W6-043 96(3) (5,5,9)
013-W3-033 86(1) (1,1,9) 043-W6-043 89(3) (5,5, 14)
“Symmetry codes:
L, x, 5z 6, —x, —y, —z—1 11, 1—y,x,z
2, —XxX, — Wz 7, —yx,z—1; 12, y,1—x,z
3, —yXxz 8 »v —x,z—1 13, 1—x,1—y,z—1;
4, y, —Xx,z; 9, 1—x, —yz 14, 11—y, x,z—1;
S, x,y,z—1 10, 1—x,1—y,z 15 y,1—x,z—1

puckering of the W atoms with respect to the ab plane. The
main difference of our results in respect to those of Magnéli
(9b) concerns the two axial W—O bonds, which in this study
were found to have significantly different lengths [1.63(6)
and 2.27(6) A] while in Magnéli’s (9b) work they appeared
with equal lengths [1.95 A]. Thus, it is established by this
study the existence in the structure of ... O-W-O-W ...
chains running parallel to [001] with alternate short and
long lengths.

Superstructure

A projection of the superstructure of Na,y ;oWO; along
[001] showing two layers of WOy octahedra is depicted in
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FIG. 2. Normal projection along [001] of the average structure of Nay ;,WO; showing the selected subcell and supercell. The atoms of the
asymmetric unit of the average structure are labeled with the larger letters, while the atoms of the asymmetric unit of the superstructure are labeled with

the smaller letters.

Fig. 3. It is of interest to compare the true structure of
Nag.10WOj3 with the structures of orthorhombic (18), mon-
oclinic (19), and triclinic (20) modifications of the pure
WO3, since all of them are of distorted perovskite type with
comparable unit cell parameters, ie., about twice longer
than those of the undistorted cubic WO; (a ~ 3.8 A).

In WOj;, as in most perovskite-like structures, two princi-
pal sets of critical modes appear: (a) the torsional modes
giving rise to tilt structures and (b) the deformation modes,
which induce distortion of the individual WOg octahedra
and/or displacement of the W atoms from their central
positions (21). Starting from the high-temperature tetrag-
onal phase of WO; with the highest symmetry [SG P4/nmm,
a, = 5.25, ¢, = 3.91 A, Ref. (22)], whose octahedra network
is identical to that of Na, ;,WO3;, the transition to the
high-temperature orthorhombic phase (SG Pmnb, a, =

7.341, b, = 7.570, ¢, = 7.754 A) can be explained by freezing
a critical mode with normal coordinates parallel to [010],,
which leads to an orthorhombic cell with a, = \/Eat and
b, = \/Eb[. Furthermore, a torsional mode gives rise to a tilt
structure with ¢, = 2¢,, the tilt axis being parallel to a. The
transition from the orthorhombic to the room temperature
monoclinic phase (SG P2y/n, a,= 7297, b, =7.539,
cm = 7.688 A, B, = 90.91°) implies another torsional mode
with tilt axis about c. Finally, the transition from the
monoclinic to the low-temperature triclinic phase (SG
P1, a,=7309, b,=7522, c,=7678A, o,=288.81°
. =90.92° 7y, =90.93°) involves one additional tilt of the
WOy octahedra about the b axis, the tilting angle being
about 17°.

By analogy to the aforementioned phase transitions of
WO;, the derivation of the true structure of Nagy ;,WO;
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FIG. 3. Normal projection of the supercell contents of Nay ;,WO3
along [001]. The tilting of the WO¢ octahedra about the ¢ axis, as well as
their shape deformation, is clearly seen.

from the average one may be thought of as resulting
from the combined effects of rotation and deformation of
the WOy octahedra. The rotation occurs about the ¢ axis
and in the opposite sense for successive WOy octahedra
along [001] (see Fig. 3), giving rise to a doubling of this axis
(cs = 2c,y). The tilting angles for the different WOg oc-
tahedra range approximately between 2° and 8°, which im-
plies a maximum shift of the O positions from the
corresponding mean structure ones by about 0.27 A. On the
other hand, alternate WO, octahedra along the {110),,
directions are deformed in such a way that their point group
symmetry degenerates from 4 to 2, the W atoms being neg-
ligibly displaced from their mean structure positions. This
gives rise to a supercell in the ab plane with a, = \/5 gy .
Concerning the Na atoms, although an ordered distribu-
tion of these atoms in the major interstices of the structure
cannot be ruled out, it is outside the detection capability of
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the performed X-ray experiment, due to the very small
scattering contribution of these atoms.

In conclusion, it can be said that despite the relatively
low accuracy of the derived atomic parameters of the
superstructure of Nay ;o,WO3, especially those of the oxy-
gen atoms, which is due to the aforementioned problems in
its refinement, the present study was able to provide the
main features of the superstructure and to correlate it with
the corresponding average structure.
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