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ABSTRACT i

ABSTRACT

The relationship between chemical composition, structure and optical property in alkali metal
tungsten oxides (tungsten bronzes) and niobium tungsten oxides (block type compounds) was
investigated using X-ray powder diffraction, optical microscopy, microprobe analysis, Raman

and optical spectroscopic techniques.

Substitution experiments of nominal compositions NagsNbyWi_.,O3 (y = 0.0 - 0.4) show a single
phase cubic perovskite tungsten bronze (PTB,) type structure up to y = 0.07. Further increase in
Nb content show an additional PTB, type phase up to y = 0.2. For nominal compositions y > 0.2
even a separation into three distinct colored crystallites with cubic perovskite type structure is
obtained: (i) red-orange Nay,WO; crystallites with slightly decreasing x (i.e. 0.8 to 0.72) with
increasing nominal y, (i1) bluish crystallites of variable compositions Na,Nb,W.,03 and (ii1)
white crystallites of a new phase with composition NaysNbO, 7s. Substitution experiments of
nominal compositions Ko ssNbyW;_,O3 show up to y = 0.07 tetragonal tungsten bronze (TTB)
type single phase. Samples with nominal niobium content y > 0.07 show an additional cubic

pyrochlore type phase.

Na,WO; samples reveal coexisting phases of cubic perovskite tungsten bronze (PTB,),
tetragonal tungsten bronze (TTB), and tetragonal perovskite tungsten bronze (PTBy) in the
range of 0.15 < x < 0.4, which has been quantified. Pure PTB; and orthorhombic perovskite
tungsten bronze (PTB,) appear for x = 0.1, and 0.05, respectively. Structural studies for single
phase PTB. NayWO; show that all compositions in the range of 0.4 < x < 0.9 can uniquely be
refined using space group Im-3. The linear increase in lattice parameters with increasing x in
PTB, NayWO; is explained by increasing W-O bond length, suggesting an x independent tilt of
about 3° of the WOg octahedra. For the PTB; phase it is shown that the puckering effect, i.e. the
off centering of W along c-axis, is insufficient to explain the structure. Additionally the WOq

octahedra show a tilt around the c axis, which is consistent with space group P4/ncc.

The optical properties of the metallic compositions of the systems LixWO3, Nay3WO3;, KyWOs3,
CsxWO3, NaNbyW;,03, and KNbyW; O3 reveal that the optical plasma edge shifts
systematically as a function of x and y, which enable to estimate the effect of doping and
pleochroism. However, the Drude free electron description of the optical properties is found to
be insufficient. Instead the optical spectra can be described using an oscillator function of a
transversal optical mode at about 2000 cm™ and high oscillator strength in addition to a Drude
free electron function. A similar quantification of the optical properties of NbigxWoxOg9 (x =0,

2, 4, 6, 8, and 9) block type compounds is obtained. It is concluded that a Feynman-polaron
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model which includes an oscillator effect for the internal polaron oscillations and a Drude term

for the polaron drift contribution could uniquely describe the optical features of the metallic

samples.

Keywords: Alkali metal tungsten bronzes, Optical properties, Polaron.
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ABSTRACT

Die Beziehung zwischen chemischer Zusammensetzung, Struktur und optischer Eigenschaft
von Alkalimetall-Wolframoxiden (Wolframbronzen) und Niob-Wolframoxiden (Blocktyp-
Verbindungen) wurde mit Hilfe von Rontgenpulvermethoden, optischer Mikroskopie,

Mikrosondenanalysen, Raman und optischer Spektroskopietechniken untersucht.

Substitutionsexperimente mit nominellen Zusammensetzungen Nag sNbyW;_,O3 (y = 0.0 - 0.4)
zeigen einphasige Perovskit-Wolframbronzen kubischer Symmetrie (PTB,) bis y = 0.07. Bei
einer weiteren Zunahme des Nb-Anteils zeigt sich eine zusétzliche PTB, Phase bis y = 0.2. Fiir
nominelle Zusammensetzungen y > 0.2 wird sogar eine Separation in drei verschieden farbige
Kristalltypen mit kubischer Perovskit Typ Struktur erhalten: (i) rot-orange Na,WOs-Kristalle
mit einem leicht abnehmendem x (d.h. 0.8 to 0.72) mit zunehmendem nominellen y, (ii)
blauliche Kristall variabler Zusammensetzungen Na,Nb,W;,O; und (iii) weille Kristalle einer
neuen Phase der Zusammensetzung NasNbO;7s. Substitutionsexperimente mit nominellen
Zusammensetzungen Ko ssNbyW;_,O3 zeigen bis y = 0.07 eine Phase vom Typ tetragonaler
Wolframbronzen (TTB). Proben mit nominellen Nb Anteil y > 0.07 zeigen eine zusétzliche

Phase vom Pyrochlore Typ.

NayWOs; Proben zeigen fiir 0.15 < x < 0.4 koexistierende Phasen vom Typ kubischer Perovskit
Wolframbronzen (PTB.), tetragonaler Wolframbronzen (TTB) und tetragonaler Perovskit
Wolframbronzen (PTBy), deren Anteile quantifiziert wurden. Fiir x = 0.1 erscheint einphasiges
PTBy, bzw. fiir x = 0.05 eine Perovskit Wolframbronze orthorhombischer Symmetrie (PTB,).
Strukturuntersuchungen an NayWOs des PTB,; Typs zeigen fiir alle Zusammensetzungen von
0.4 bis 0.9, dass einheitlich die Raumgruppe Im-3 fiir die Verfeinerung benutz werden kann.
Die lineare Zunahme der Gitterparameter mit zunehmendem x wird durch die Zunahme der W-
O Bindungsldnge erklirt, wobei von einem x unabhéngigen ,,tilt*“ der WOs Oktaeder von ca 3°
ausgegangen wird. Fiir PTB; wird gezeigt, dass ein “puckering”, d. h. ein “off centering” der
W-Atome parallel zur c-Achse, ungeniigend ist, die Struktur zu erkldren. Hinzu kommt ein

LIt der WOg-Oktaeder um die c-Achse, konsistent mit der Raumgruppe P4/ncc.

Die optischen Eigenschaften der metallischen Zusammensetzungen der Systeme LixyWOs3,
Na,WO3, K,\WO3, Cs,WO3, Na,Nb;W;,0;, and K\Nb;W;,O3 zeigen, dass die optischen
Plasmakanten systematisch als Funktion von x und y verschieben, was eine Abschitzung des
Dotiereffektes und des Pleochroismus ermoglicht. Eine Beschreibung dieser Eigenschaften
mittels des Drude-Modells freier Elektronen erscheint jedoch nicht ausreichend. Anstelle
dessen konnen die optischen Spektren mittels einer Oszillatorfunktion mit einer transversal

optischen Mode bei 2000 cm™ und einer grofen Oszillatorstirke, zusitzlich zu einer Drude
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Funktion freier Elektronen, beschrieben werden kann. Eine &hnliche Quantifizierung der
optischen Eigenschaften wird fiir NbigxWoxOg9 Block Typ Verbindungen erhalten. Es wird
geschlossen, dass das Feynman-Polaron Modell, das einen Oszillator-Effekt fiir die internen
Anregungen der Polaronen und einen Drude Term fiir den Polaron ,,Drift-Beitrag® beinhaltet,

einheitlich die optischen Eigenschaften der metallischen Proben beschreiben kann.

Schlagworter: Alkali metal Wolframbronzen, Optische Eigenschaften, Polaron.
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1. INTRODUCTION

The structure and properties like color and conductivity in tungsten oxides can largely be varied
with oxygen deficiency or incorporation of foreign ion or partial substitution of tungsten by
similar elements (e.g. Nb, Ta etc.). This has made the system practically important (e.g.
electrochromic devices) and also for the understanding of basic phenomena such as
superconductivity, metal to non-metal transition. Tungsten trioxide, WOs3, is basically the host
structure of these materials. Without doping or oxygen deficiencies, it is an insulator with a
band gap of about 3 eV. Structural changes of WO3 occur with both temperature and pressure,
possessing at least six structural modifications (Aird et al., 2000). Systematic incorporation of
foreign ions (e.g., alkali metal ions, rare-earth ions, etc) also lead to systematic structural
changes. An aristotype cubic phase of WOs; (space group Pm-3m) has never been observed at
room temperature, but such an hypothetical structure is taken into account to describe all actual
structures of WOs3 and also those of the derivatives (Salje, 1976; Vogt et al., 1999; Locherer et
al., 1999; Howard et al., 2002). The derivatives of WOj; having the general formula MyWO; are
called as tungsten bronzes. The name “tungsten bronzes” was applied only because of their
metallic lustre, but they are neither alloys nor intermetallic compounds. MyWO; are non-
stoichiometric compounds and M can be electropositive elements and the value of x can be

varied from 0O to 1.

Investigations of tungsten bronzes have a long history of about two hundred years. After
discovery of sodium tungsten bronze, Na,WO;, (Wohler, 1823) other alkali metal tungsten
bronzes have also been reported (Laurent, 1838; Hallopeau, 1900; Schifer, 1903; Brunner,
1903). The tungsten bronzes, however, regarded as stoichiometric compounds until 1935 when
Hiagg (1935) showed that the sodium bronzes of cubic symmetry belong to a continuous series
of solid solutions, NayWOj; of variable composition within an extended homogeneity range 0.32
<x <0.93. Magnéli and Blomberg (1951) reported the presence of such solid solution in other
alkali metal tungsten bronzes, too. In the past years an enormous amount of data was
accumulated on their crystal structure (Shanks, 1972; Hussain, 1978; Ekstrom and Tilley, 1980;
Labbe, 1992), electronic and magnetic properties (Sienko et al, 1963; Stanley et al, 1979;
Aristimuno et al, 1980), electrochromic property (Granqvist, 2000), superconductivity (Raub et
al., 1964; Skokan et al, 1979; Cadwell et al, 1980; Reich et al, 2000; Leitus et al, 2002). The
general formula M,WO; (M = alkali metal) can be formally written as My(W>",W°"|.,)Os,
which indicates the presence of pentavalent tungsten in the bronzes. This assumption is

supported by Yang et al. (2003) and Gu et al. (2006) who investigated the TTB (tetragonal
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tungsten bronze) and HTB (hexagonal tungsten bronze) phases of KyWO3; by XPS spectroscopy
and reported only the presence of W’ and W' states of W. It has been reported (Weller et al.,
1970; Miyamoto et al., 1983; Dubson et al., 1985) that pentavalent tungsten ions can be
partially replaced by other pentavalent ions of suitable sizes such as Nb°" and Ta’", which
results in a decrease of the electrical conductivity due to the d° character of Nb°* and Ta’".
Weller et al. (1970) obtained a substitution up to about 10% of niobium and tantalum in sodium
tungsten bronzes by electrolytic reduction method. Miyamoto et al. (1983) synthesized a series
of niobium containing solid solution, NaNb; W03, at high temperature (1550°C) and high
pressure (6 GPa) and could observe the formation of cubic phases of compositions y = 0.16 and
for 0.52 <y < 1. Dubson et al. (1985) prepared tantalum substituted sodium tungsten bronzes,
Na,Ta,W;,03, by electrolytic reduction method. Hussain et al. (2002) synthesized niobium
substituted hexagonal rubidium tungsten bronze and hexagonal potassium tungsten bronze.
Recently, Dey (2004) worked on niobium substituted Li- and Cs-tungsten bronzes. In this work
attempts were taken to synthesize Nb substituted cubic perovskite sodium tungsten bronzes, and
tetragonal potassium tungsten bronzes (TTB). The mother system Na,WO; has also been

rechecked to get better composition-structure relationship.

The “fully oxidized” phases analogous to bronzes are termed as “Bronzoids” (Kihlborg et al.,
1982) and this type of compound was reported by Galasso et al. (1959). There are reports of
substitution of the pentavalent tungsten atoms by other pentavalent atoms such as Nb or Ta
(Deschanvres et al, 1968; Sharma, 1981 and 1985; Klimova et al., 1995) in bronzoids. Not only
pentavalent but also lower valent metal can be substituted for pentavalent tungsten according to
the general formula My(T", W6+1_y03) where M = alkali metal atoms, u = oxidation state of T
and y = x/(6-u) for fully oxidized phases. It has been reported (Sabatier and Baud, 1972 and
references therein) that monovalent (Li), divalent (Mg), trivalent (Cr), tetravalent (Ti), and
hexavalent (Mo) can also partly replace tungsten in appropriate amount so that the resulted

compounds are completely oxidized.

The tungsten bronzes and bronzoids contain still unexplained informations about the interplay
of very basic phenomena like structural variation, electronic band structure formation,
magnetism and superconductivity, and their fine tuning depending on compositions. Therefore
it has been a central aim of this work to study the chemical composition, structure and optical
property relationship of tungsten bronze systems. Depending on the types and amount of the
incorporated metal ions, these materials display a large variety in structure types and electronic

properties. To understand the nature of doped electrons in these systems a key question is
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related with the interaction between electron and lattice vibration. Thus, another aim of this

study is to obtain a better understanding of the optical properties of these systems.

The color change in MyWO; with the increase in alkali ions was investigated more than half a
century ago by many groups starting with Glemser et al. (1943). The sodium tungsten bronze,
NayWOs (0 < x <1), exhibits most colors of the visible spectrum on varying Na content.
Because of their strong variation in colors with varying alkali metal content all known bronzes
attracted many scientists to investigate the optical properties and to understand the mechanism
of color variation. Brown et al. (1954) studied optical reflectivity on cubic Na,WO; system
where they measured the diffuse reflectivity of the compressed, powder sodium tungsten
bronzes and calculated the absorption spectra (% A = 100 - % R) between 335 and 1250 nm.
Two points of interest are apparent from their study: (i) a linear shift (A (A) = -3387x + 7488,
A is the position of the absorption peak at composition x) of absorption peak to low wave
lengths with increasing sodium content, and (ii) the width of the peaks increases with
decreasing sodium content. Brown et al. (1954) argued that the reflectance from powdered
samples is too complex to be simply related to their metallic behavior. Dickens et al. (1968)
also measured the diffuse reflectivity of compressed powder samples using both pure bronze
and bronzes mixed with powdered MgO and KCI before compacting, and showed qualitatively
similar results with those of Brown and Banks (1954). However, such spectra are not adaptable
to the usual Kramers-Kronig analysis as for specular reflectance. Therefore real and imaginary

part of the dielectric function is not easy to separate for powder reflectivity data.

King et al. (1972) measured the reflectivity of hexagonal tungsten bronzes (HTB) of RbyWO3
system at 4.2 K and described the spectrum by Drude free carrier model. Lynch et al. (1973)
measured the optical reflectivity of cubic perovskite tungsten bronzes (PTB.) of NayWOs3
system, and tetragonal tungsten bronzes (TTB) of KyWO; system at 4.2 K in the energy range
of 0.1 to 38 eV, and analyzed the reflectivity curves by Kramers-Kronig analysis method to get
optical dielectric functions. They interpreted the optical constants based on the band structure of
ReOs. A remarkable work on NayWOj; was done by Owen et al. (1978) who measured directly
the optical dielectric functions of single crystal (cubic) system by a polarization-modulation
ellipsometric technique. The data evaluation given by Owen et al. (1978) indicates a deviation
from Drude free carrier type behavior. Hussain et al. (1997) investigated the anisotropic optical
reflectivity of HTB phases of Ky\WO3;, RbyWOs3, CsxWO3, and TTB KyWO; systems at room
temperature. The authors explained the spectra using Drude free carrier model. An exclusion

from Drude free carrier type behavior was reported for the spectra of K-HTB system using
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alternatively a Lorentz oscillator function for the fit of the spectra. However, an interpretation
of such a deviation from the Drude free carrier effect was not given. By high-energy electron-
energy-loss spectroscopy (EELS) in transmission, Kielwein et al. (1995) showed that electron
effective mass (m*) increases linearly with increasing Na content in PTB, NayWO;. From this
findings they proposed narrowing of conduction band due to admixture of 3s states of Na and
2p states of O. Raj et al. (2005 and 2006) investigated the electronic structure of Na,WOs of
both metallic (x = 0.3, 0.58, 0.65, 0.7, and 0.8) and non-metallic (x = 0.025) region by high-
resolution angle-resolved photoemission spectroscopy (HR-ARPES). These authors noted that a
feature at about 2.5 eV survive in the metallic regime, which could be related to the polaron
formation. Recently, it has been questioned where the Drude free carrier model could really be
appropriate to describe the optical properties of metallic LiyWO3; (PTB,) or if for example a gas

of polarons could be more suitable to be considered (Riischer et al., 2008).

A “polaron” is a quasi-particle in which the phonon and electron degrees of freedom are
coupled. The presence of an electron is associated to a finite lattice distortion, which in turn
binds the electron leading to the so-called self-trapping effect. The polaron effect is thus an
extension to the Bloch wave function of an electron in an undistorted periodic lattice.
Historically self-trapping effect has first been noted by Landau (1933). A development of this
idea to the polaron concepts (large, intermediate, small) can be traced back to the works of
Landau and Pekar (1946), Frohlich, Pelzer and Zienau (1950), Holstein (1959), Feynman,
Hellwarth, Iddings and Platzman (1962), and Austin and Mott (1969). An overview of detailed
aspects of the understanding of polaron formation has been given by the various contributions
in the conference proceedings on “Polarons in ionic crystals and polar semiconductors” edited
by Devreese (1972), “Polarons and excitons in polar semiconductors and ionic crystals” edited
by Devreese and Peeters (1982). The importance of the polaron effect for a better understanding
of the propagation of electron and hole like charge carriers in solids becomes very clear,
however, systems to which polaron theory has been applied or the polaron state has been
experimentally proofed like those as the halide systems seems to be limited (e.g. Hirano, 1987).
Polarons also tend to create pairs called bipolaron. The formation and properties of bipolaron in
tungsten oxide based materials has been discussed in the book titled “ Polaron and bipolaron in

high T, superconductor and related material” edited by Salje et al. (1995).

A key for a better understanding of the polaron effect in particular for highly conducting oxide
systems could be related to a better understanding of their optical properties since any effect of

electron-phonon coupling should lead to a significant change in the joint density of states
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depending on the coupling strength compared to the free carrier behaviour. The strong increase
in the optical absorption peak at about 1 eV in WOs. (Salje and Giittler, 1984) is related to the
increase in polaron concentration. Thereby the electrical conductivity in WO; changes from
semiconducting to metallic type behavior for x > 0.1, which has been explained by an Anderson
type insulator to metal transition. Similar effects were observed for the niobium oxides (NbO; 5.
x) and niobium tungsten oxides Nb;sxWo:xOso (x = 0 - 9) with block type structure depending
on the degree of reduction (Riischer et al., 1988a and 1988b). With the increase in carrier
concentration the near infrared reflectivity changes from polaron absorption to a free carrier
plasma edge like appearance. Therefore, it was interesting to reinvestigate the optical properties
in particular of changes in optical properties at the non-metal to metal transition as for example

for the Nb;3.xWo:1xOgo system.
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2. STRUCTURAL DESCRIPTION OF THE INVESTIGATED SYSTEMS

Several different crystal structures of alkali metal tungsten bronzes, M,WO3; have been
identified (Magnéli, 1949, 1951, and 1953; Dickens et al., 1968). Each structure is based upon
a network of corner bonded WOg octahedra, which form channels into which the alkali metal
ions are inserted. The size and concentration of the M ions play major roles of forming different
types of tungsten bronze structures. In the following the different structure types of tungsten
bronzes and niobium tungsten oxides (block type structure) relevant to this work will be

described.

Perovskite tungsten bronze (PTB)

The structure of tungsten bronzes, MyWOs, of perovskite (ABO3) type but with the partially
occupied of A sites by the alkali metal atom M, was determined by H&agg (1935). It can be
regarded as comprising of four-membered rings of WOg octahedra sharing corner to form
tunnels of square cross-sections which contain the M atoms. The PTB structure permits only
atoms with maximum radius of 1.3A at normal pressure. Thus, among the alkali metals only Li
and Na are permitted. Perovskite tungsten bronzes, PTB can be further classified into mainly
PTB, (orthorhombic perovskite tungsten bronze), PTB; (tetragonal perovskite tungsten bronze),
and PTB. (cubic perovskite tungsten bronze) (Ribnick et al., 1963), are shown in Fig. 1(a), (b)
and (c), respectively. For example, Li\WO3; and NayWOj3; form all these types of PTBs but in
different region of x e.g., for Na,WO3 system: 0.03 <x < 0.04 (PTB,, 298K, pure phase), 0.07 <
x < 0.11 (PTB;, 298K, pure phase), and x > 0.43 (PTB., 298K, pure phase), respectively
(Ribnick et al., 1963).

The structures of all perovskite tungsten bronzes can be explained by considering three
different types of distortion: (i) distortions of the WOg octahedral units, (ii) W-displacements
within these octahedra, and (iii) the tilting of the corner-linked octahedral units relative to one
another. The tetragonal structure (PTB;) with P4/nmm symmetry differs from the cubic
aristotype (Pm-3m) by displacements of the W atoms, alternatively parallel and anti-parallel to
the z-axis. This antiferroelectric pattern of cation displacements seems to be preserved in the
low-symmetry structures (e.g., PTB,), the lower symmetries being associated with tilting of the
corner-linked WOg octahedral units. The tetragonal structure (PTB;) with P4/ncc symmetry

comprises both antiferroelectric displacements of W and tilting of WOg¢ octahedra around z-axis
(Fig. 2).
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(b)

Fig. 1 The structure models of PTB, (a), PTB;
(b), and PTB, (c). The blue and light blue
colored octahedra in (b) indicates that the W

atoms in PTB; phase are shifted alternatively.

The structure of PTB; MyWO3 (M = Na, Li) phases was determined by Magnéli (1951) by
P4/nmm space group. Ruscher et al. (2008) discussed the possibility of P4/ncc space group for

PTB: Lix\WO3 phase.

Fig. 2 The structure model of PTB; phase with P4/ncc symmetry. Both antiferroelectric displacements of

W (white balls) and tilting of WO, octahedra around z-axis are visualized.
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Brown and Banks (1954) refined the lattice parameters of PTB. Na,WO3 using space group
Pm-3m. Using neutron diffraction data Wiseman et al. (1976) have shown that the structure
belongs to the space group Im-3 due to successive rotations about three WOg rows parallel to
[100], [010] and [001] (Fig. 3).

Fig. 3 The structure model of PTB. with Im-3 symmetry obtained from asitotype Pm-3m structure after

successive rotations about three WOg rows parallel to [100], [010] and [001].

Tetragonal tungsten bronzes (TTB)

Among the alkali metals only sodium and potassium form a non-perovskite type tetragonal
tungsten bronzes (TTB) which consists of corner sharing of WOg octahedra forming three types
of tunnels, namely trigonal, tetragonal and pentagonal (Fig. 4). The M ions can be located either
in the tetragonal or pentagonal or both tunnels, but most of the metal ions show a preference for
the larger size pentavalent tunnels. The structure of tetragonal tungsten bronzes (TTB) was
determined by Magnéli (1949) for K;WO3 (x = 0.4 - 0.6). In the potassium TTB the tungsten
atoms and K atoms are located in the same plane. In a structural study of Kgq37;WO; Kihlborg
and Klug (1973) reported that about 88 % of the potassium ions were located in the pentagonal
tunnels and only about 10% were found in the tetragonal tunnels. When all the tetragonal and
pentagonal tunnels are occupied by the potassium ions, this corresponds to the KggWO3
composition. Takusagawa and Jacobson (1976) discussed the crystal structure of Na-TTB with
composition Nag33sWO3; and Nag4sWO3; and reported that in Nag4sWO3 all the pentagonal
tunnels are completely filled and only 40% of the tetragonal tunnels were occupied. Thus with
increasing the alkali metal content the pentagonal tunnels are filled first and then tetragonal

tunnels. This may be due to the fact that the pentagonal tunnels have more available space than
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those of tetragonal tunnels and therefore large cation favors the pentagonal tunnels first. The
authors (Takusagawa et al., 1976) also reported that the crystal structure of Nag33WO3 is more
distorted than that one of Nag 4WOs.

g
:’Qu

Fig. 4 The structure model of tetragonal tungsten bronze (TTB). The alkali metal atoms occupy

b

pentagonal and tetragonal tunnel sites indicated by big balls.

Hexagonal tungsten bronzes (HTB)

The hexagonal tungsten bronze (HTB) was reported by Magnéli (1953) for potassium, rubidium
and cesium tungsten bronzes. The crystal structure of HTB M,WO3; consists of layers made up
of WOgs octahedra joined at the corners to form a pattern of three and six membered rings (Fig.
5).

Fig. 5 The structure model of hexagonal tungsten bronze (HTB). The alkali metal atoms are situated in

the hexagonal tunnel sites indicated by big balls.
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The layers are connected to adjacent layers by the sharing of oxygen atoms at the octahedra
corners. The alkali metal ions are distributed in the channels formed by the six membered rings
and lie between the layers in the a-b plane. The hexagonal cage, bound by 18 oxygen atoms has
a diameter of about 4 A. Thus, the HTB structure is stabilized when this cage accommodates
atoms of large size, such as alkali metal ions K*, Rb* or Cs*. The upper limit for x in the HTB
phase in the formula MyWO3; is 0.33 and occurs when all the M sites are occupied.

In HTB structure W atoms are slightly off-centered in regular WOg octahedra, with alternates
displacement parallel to a or b of W atoms located on a same row along ¢ axis (Magnéli, 1953).
Since the displacement is in opposite direction in neighboring layers, the c¢ axis is doubled and
the unit cell comprises two layers and the atomic set is compatible with the space group

P63/mcm.

Nb-W oxides with block type structure

Nb,Os / WO3 form a series of complex shear structures (Gatehouse and Wadsley, 1964; Roth
and Wadsley, 1965a, 1965b, 1965c, and 1965d). A complete study of the phase relationships in
the system Nb,Os / WO3 has been conducted by Roth and Waring (1966). A classification of
different structure types has been given by Wadsley et al. (1970). Since optical properties of the
“Block type compounds” have been studied in the present investigation, only their structural
description will be given. The structural building of blocks consist of n*m*w of regularly top
shared [TOg] (T = Nb, W) octahedral units (Fig. 6). The block columns are linked together by
edge-shared octahedra yielding two sets of perpendicular “shear planes”. Therefore, ordinary
“Re03” type structure is observed only within the blocks. i.e., in block type structure the units
of ReOj are limited by two sets of shear planes arranged in vertical position to each other. This
structural building principle has been verified by many groups of authors, especially in the field
of high-resolution transmission electron microscopy (HRTEM) studies (Nimmo et al., 1972;
Obayashi et al., 1976, Heurung et al., 1980, Groh et al., 1982). The compounds having block
type structures exist in the Nb rich part of the system at Nb,Os:WOj3 ratios of 6:1, 7:3, 8:5, and
9:8. Their formation temperatures, stability limits, and crystallographic data are collected by
Hussain et al.(1989 and references therein). The limiting value of block type structures in these
“fully oxidized” phases is W/Nb = 0.444 and O/> M = 2.654 which is corresponding to a 5x5
block structure. In the system Nb,Os/WO3 block structures with a size of blocks larger than 5x5
are not stable under equilibrium conditions (Hussain et al., 1989). Groh et al. (1983a and

1983b) could extend the limiting value of Nb/W ratio for the block structure region using the
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formation of thermodynamic solid solution series. Starting from the fully oxidized phases Nb
was replaced systematically by W and in this way they prepared four series of “reduced” solid
solution series. Within each of these series the initial block size and the ratio O/3M remained
unchanged but the tungsten content given by W/Nb was enhanced significantly. For example, in
the Nb,Os5:WO;3 = 9:8 series (5x5 block) the W/NDb ratio increases from 0.444 to 1.346 (Groh et
al., 1983b).

Fig. 6 The model structure of “5x5 block” type compounds in projection along the crystallographic y-
axis. The “top shared” and “edge shared” octahedral (TOs, T = Nb, W) are distinguished by blue and
red colored octahedra, respectively. The “edge shared” octahedra are shifted by y = b/2 (b = one
octahedral diameter) against each other and thus forming block columns with different heights of the
block planes. Inside the block only “top shared” octahedra exist (i.e. ReOs-type structure).
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3. EXPERIMENTAL

3.1 Sample preparation

Na,WO; system

Polycrystalline powder materials were prepared by solid state synthesis method. Starting
materials were reagent grade (Alfa Aesar) chemicals, Na,WO4-2H,0 (99.9%), WO3 (99.998%),
and WO, (99.9%). Anhydrous Na,WO, was prepared by heating Na,WO4-2HO in air at 150°C
for 24 hours. WO3 was preheated for 24 hours in air at 700°C before use. The purity of all
reactants was checked before use by taking IR absorption spectra and X-ray powder patterns
and checking for a single phase. The reactants were taken with appropriate molar ratio

according to Eq. 1.
x/2 Na;WO4 + (1-x)WOs3 + x/2 WO, = NayWO; Eq. 01

The reactants were mixed intimately in an agate mortar and transferred into clean, dry silica
tubes (6 mm inner diameter and about 100 mm in length), evacuated (0.13 Pa) at room
temperature for two hours and then sealed. Series of sample prepared in this way were heated in
a Muffle Furnace at a temperature of 600°C for seven days. The ampoules were quenched to

room temperature. The picture of an isothermally heated reaction tube in shown in Fig. 7a.

Crystals of sizes up to few hundred micrometers were prepared by chemical vapor transport
method using HgCl, (99.9995%, Alfa Aesar) as a transporting agent and same reactants as used
for the preparation of polycrystalline materials. About 5-10 % (by weight) of HgCl, was loaded

in the silica tubes (6 mm inner diameter and about 100 mm in length) before evacuation.

Fig. 7 Pictures of typical reaction tubes: (a) isothermally heated in a Muffle Furnace for the
preparation of polycrystalline samples, (b) headed in a double-zoned furnace using temperature
gradient for the preparation of big crystals.
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The reaction tubes were then heated in a double-zone furnace for about 7 days with a
temperature gradient between 700°C for the sink and 800°C for the source side (for details see
Hussain et al., 1997). In this way, only PTB, and PTB, could be grown as a transported product
in the sink side. But TTB crystals were formed in the source side and so in this case HgCl,
works as a mineralizer. The picture of a typical reaction tube used for chemical transport

reaction is shown in Fig. 7b.

Na,Nb,W,., O3 system

Attempts were made to prepare niobium substituted sodium tungsten bronzes by solid state
synthesis method. Starting materials were reagent grade (Alfa Aesar) chemicals, Na,WO42H,0
(99.9%), WO;3 (99.998%), WO; (99.9%) and Nb,Os (99.9985%). Both WO3 and Nb,Os were
heated for 24 hours in air at 700°C before use. Anhydrous Na, WO, was prepared by heating
Na,WO42H0 in air at 150°C for 24 hours. The reactants were mixed according to Eq. 2 and

same procedure was applied as used for the preparation of polycrystalline Na,WOs.

x/2 N32W04 + (1-X-y/2)W03 + (x-y)/2 W02 + y/2 Nb205 = Nabeywl_y03 Eq. 02

K«NbyW,.,0; system

Samples of nominal composition K,Nb,W,.,O3; were taken as prepared by Roy (2007) where
the same method of preparation was used as described for the other polycrystalline materials. In
this case the reaction temperature was 800°C and starting materials were WO3 (99.998%), WO,
(99.9%), Nb,Os5(99.9985%) and K, WO,. All the reactants except K;WO, were from Alfa Aesar
whereas K, WO, was prepared by heating the equimolar mixture of K,COs (99.95%, Alfa
Aesar) and WOs at 600°C. Eq. 3 was used to prepare nominal composition K,NbyW;_,Os.
KNbWOs (pyrochlore type phase) was prepared by heating equimolar mixtures (according to
Eq. 4) of K;WO4, WO;3 and Nb,Os in air in an open silica glass tube at 800°C for 3 days.

X/2K, WO, +(1-x-y2)WO, +(x-y)2WO, +y/2Nb,0, =K Nb W, O, Eq. 03

K,WO, + WO, + Nb,O, =2KNbWO, Eq. 04

(NayLix)04sWO3 system

Attempts were taken to prepare mixed metal sodium-lithium tungsten bronzes by the same
method and conditions used for the preparation of polycrystalline Na,WOs3. The reactants were

mixed according to Eq. 5.
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0.225x Na;WO4+0.225(1-x)L1i,WO4 +0.55 WO3 +0.225 WO, = (NasLi;x)04sWO3  Eq. 05

Crystals in Li,WO3;, K,WO;, Cs,WO; and Nb-W oxide systems

For these samples published data (Riischer et al., 2008; Hussain et al., 1997; Riischer et al.,

1993) were used and remeasured in MIR spectral range additionally.

LiyWO; (PTB,): Single crystal slices were taken from the earlier study (Riischer et al., 2008),
where the crystals were prepared from the appropriate amounts of Li,WO,4, WO; and WO,
mixture in a silica glass tube. HgCl, was used as a transporting agent. The reaction tubes were
heated in a double-zoned furnace for about 5-7 days with a temperature gradient between 700

°C for the sink 800 °C for the source.

K«WO;3; (HTB) and CsyWO; (HTB): Single crystal slices were taken from the earlier study
(Hussain et al., 1997). The crystals were prepared using appropriate amount of reactants
Ko;WO,s, WO;3 and WO, (for KxWO3), and Cs;WO,, WO3 and WO, (for CsxWO3). The
preparation procedure and temperature gradient was almost same as described for LiyWOs3

system. In this case HgCl,/ HgBr, / Hgl, was used as a transporting agent.

Nb-W oxide (block type structure, 5 x 5): Single crystal slices were taken from Riischer et al.
(1993). Appropriate amounts of reactants (Nb,Os, WO3, and NbO,) were mixed, transferred in
a dry silica glass tube, evacuated and sealed. HgCl, was used as a mineralizer before sealing.

The reaction tubes were heated isothermally at 1300 °C for 2-7 days.

3.2 Sample characterization methods

X-ray diffraction method

The products were characterized by X-ray powder patterns recorded in a Stoe Stadi P
diffractometer (transmission geometry, CuKo,; radiation by a focusing Ge (111) monocromator,
linear PSD) and in a Bruker D8 diffractometer (transmission geometry, CuKa radiation) at
room temperature (298K). Structure refinements were performed using the Rietveld software
Diffrac Plus TOPAS (Bruker AXS, Karlsruhe, Germany). For the calculation of the reflex
profiles fundamental parameters were used on the basis of instrumental parameters calculated
out of a silicon standard measurement. As an additional general parameter the zero point of the
centre was varied and a polarization parameter was fixed. The absolute values of lattice
parameter (for single phase samples) were determined by using X-ray powder photographs in a

Guinier-Hiigg focusing camera (CuKo;) using Si as internal standard (a = 5.430879 A).
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Selected films were read using an automatic film scanner (Johansson et al., 1980) and evaluated

with use of computer programs SCANPI and PIRUM (Werner, 1970).

Infrared absorption spectroscopy

For the IR investigation 1mg of the finely ground sample was dispersed into 199 mg potassium
bromide (KBr) and pressed into pellet (13 mm diameter). The spectrum of pure KBr pellet
prepared in same way was used as a reference. For most of the samples measurements were
done in the range of 230-4000 cm™ (Bruker IFS66v FTIR spectrometer equipped with standard
DTGS detector). The absorption spectra of some samples were measured down to 50 cm™ using
polyethylene instead of KBr as a reference material. Spectra are given in absorbance units (—
lg(I/lo), o, 1 are transmitted intensities through “reference” and “reference + sample”,

respectively).

Powder reflectivity

The optical reflectivity was measured in the range of 10000 - 24000 cm™ from the undiluted
powders against a suitable reference (KBr or MgO) by using Bruker IFS88 FTIR spectrometer.
The optical reflectivity of the series of powder samples were also measured in the range 10000

to 40000 cm™' against MgO as a reference by using a Zeiss-Specord S10 spectrometer.

Optical micrography

For optical microscopy samples were glued to plane sample holder (ordinary glass) and
mechanically abraded and finally polished (0.2 pum diamond paste) to show optically high
quality surfaces. Optical micrographs were taken in reflection mode using a Leica microscope

with an attached CCD camera (Sony).

Raman spectroscopy

Raman spectroscopic measurements were performed on polished samples using a confocal
Raman microscope (CRM 200, frequency doubled Nd:YAG laser with maximal power of 20-
mW). All spectra were obtained in backscattering geometry using a microscope device that

allows the incident light to be focused on the sample as a spot of about 2 pm in diameter.
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Single crystal reflectivity

The optical reflectivity of selected crystals slices as well as polished powder samples were
measured using an FTIR spectrometer (Bruker IFS88) with an attached microscope IR scope
IT). An Al-mirror was used for reference measurements. The reflectivity measurements were
carried out between 550 cm™ and 18000 cm™ with special detector settings and beam splitters
for the ranges 550 to 4000, 3000 to 10000 and 8000 to 18000 cm™ providing a sufficient
spectral overlap. A spot size of above 30 pum in diameter and polarized light (only for
anisotropic phases) (KRS5 and Glan Thompson polarizer) at nearly normal incidence onto the

surfaces were used.

Electron microscopy

The scanning electron microscopy (SEM) images of samples NayWO3, (NayLi;«)o4sWOs3, and
K«NbyW,_,0O3 were taken in JEOL-6060, where the powders were smeared on adhesive carbon

films and mounted on aluminium plates.

Microprobe analysis

The elemental compositions were analyzed with a “Cameca SX100” electron microprobe. Some
selected samples from the systems Na,WO;, NagsNb,W;,0;3 and KNbyW;,0O3 were
investigated. For microprobe analysis, polycrystalline samples were glued to plane sample
holder (ordinary glass) and mechanically abraded and finally polished (0.2 pm diamond paste)
and coated with a carbon layer. All data were obtained using 15 kV acceleration potential, a
static (fixed) beam, Ko emission from sodium, Ko emission from potassium, Lo emission from
Nb and Ma emission from tungsten. The standards Nb on metallic Nb, NbO,, and Nb,Os; W on
metallic W; Na on albite (composition: O = 48.65%, Na = 8.52%, Al = 10.12%, Si = 31.34%,
Ca = 0.45%), and K on orthoclase (composition: O = 46.11%, Na = 0.33%, Al = 9.09%, Si =
30.56%, K = 13.03%, Fe = 0.88%) were used for calibration. The samples were analyzed with a
focused beam, 15 nA beam current and counting times of 3 s for each elements. A beam

diameter of about 2 - 5 um was used.

3.3 Data evaluation of single crystal reflectivity spectra

Specular reflectivity spectra contain an interplay of the real and the imaginary parts of the
complex dielectric function £*(w) = € + ig; or complex refractive index n*(®w) = n + ik. At

normal incidence the reflectivity is given by the Fresnel formula (Eq. 6).
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(-1 +k?
m+1)” +k’

Eq. 06

It has been shown (Rimmer et al, 1960 and references therein) that the Kramers-Kronig (K-K)
relation provides a powerful tool for analyzing the specular reflectivity to obtain £*(w) or
i0

n*(w). If the reflectivity amplitude is written re”, R = rr*, the K-K relation results:

“1n R (0o
6(m)=2jn24(mz)d0)o Eq. 07
1 0o Wo — M

which enables to calculate the real (n) and imaginary part (k) of the refractive index as

n=(1-R)/ (1+ R -2 R"*cos6(w)) Eq. 08
k= (2 R"sin0(®)) / (1+ R - 2 R"cosB(w)) Eq. 09

The optical and dielectric constants are related as

(n-1-ik) /(n+1-ik) = R"%e, Eq. 10
€ =g — ig = (n-ik)?, Eq. 11
g1= nz-kz, g = 2nk Eq. 12

Thus by calculating 0 and by suitable algebraic manipulations, one can obtain the dielectric
constants from the reflectivity data. However, since R is not known over the entire energy
spectrum, it is necessary to extrapolate R. One can also use an extrapolation, which will force
the optical or dielectric functions to agree with some independent measurement at a particular
energy range. For example, ellipsometric measurements on metals will yield g, €, or n, k

directly.

In the present study the reflectivity spectra were transformed to the real and imaginary part of

the complex dielectric function by the Kramers-Kronig transformation using computer program

(OPUS).

To explain the reflectivity of metallic samples the classical Drude theory for free electrons was
used (Drude, 1900). It accounts for free electrons undergoing scattering, characterized by a
constant relaxation frequency (damping constant). The dielectric function for Drude free carrier

model can be written as
€= aw(l—wpz/(c)eryz)), Eq. 13

€2 = €Y (npz/((n (c)2+y2)) Eq. 14
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The wavenumber (®), screened plasma frequency (o), and damping constant (y), are given in
wavenumber units (cm™). The “high wavenumber dielectric constant” €., contains the summed
contributions of the valence band electrons.

For the description of phonon peaks or the electronic excitation, the dielectric functions

g1 = &, + Zi[Fioi (0 — o)]/[( o — @°)* + yizo)z] Eq. 15

&= Si[Fiovio)/[(of — o) + 1o, Eq. 16

were used. Here, F; = oscillator strength, y; = damping constant, and ®; = oscillator frequency of
the ith phonon.
The frequency dependence of the conductivity (c(®)) is related with the imaginary part of the

dielectric function (g;) according to Eq. 17.

o(w) (in Sem™)=0.0167x &% ® Eq. 17
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4. RESULTS

4.1 Characterization of Na,WOQO; system

4.1.1 Samples prepared by isothermal condition

XRD results

Polycrystalline sodium tungsten bronzes, Na,WO;, were prepared and systematically

investigated. The structural information and relative phase contributions of Na,WO; obtained

by Rietveld refinement of X-ray diffraction data are listed in Table 1. The samples NayWOs3

show pure PTB, phase for x = 0.05, pure PTB; phase for x = 0.10, a mixture of three phases
(PTB;+ TTB + PTBq,) for 0.15 <x < 0.25, a mixture of two phases (TTB + PTB,) for 0.30 <x <

0.4, and pure PTB, phase for x > 0.4.

Table 1 List of lattice parameters of polycrystalline Na,WQOj series and relative contribution of different

phases (according to Rietveld refinement of XRD data).

Nominal Crystal Relative Space Lattice parameter / A
composition, | structure | contribution /| group a a. (= a/2) b c
X wt %

0.05 PTB, Pcnb 7.4068 (5) 7.4410(4) |7.7580(4)

0.10 PTB; P4/ncc | 5.2567(6) - 7.8085(5)

0.15 PTB; 71 P4/ncc | 5.2595(5) - 7.8133(8)
TTB 5 P4/mbm | 12.0773(13) - 3.7535(5)
PTB, 24 Im-3 7.5970 (10) 3.7985 - -

0.20 PTB, 48 P4/ncc | 5.2601(5) - 7.8139(7)
TTB 16 P4/mbm | 12.0744(4) - 3.7560(5)
PTB. 36 Im-3 7.5968 (7) 3.7984 - -

0.25 PTB, 17 P4/ncc | 5.2607(6) - 7.8143(9)
TTB 36 P4/mbm | 12.0705(5) - 3.7554(8)
PTB, 47 Im-3 7.6009 (6) 3.8005 - -

0.30 TTB 42 P4/mbm | 12.0751(4) - 3.7550(3)
PTB. 58 Im-3 7.6049 (5) 3.8025 - -

0.35 TTB 34 P4/mbm | 12.0851(3) - 3.7551(4)
PTB, 66 Im-3 7.6171 (4) 3.8086 - -

0.40 TTB 3 P4/mbm | 12.0982(14) - 3.7572(5)
PTB. 97 Im-3 7.6290 (5) 3.8145 - -

0.45 PTB. Im-3 7.6355 (4) 3.8178 - -

0.50 PTB, Im-3 7.6416 (3) 3.8208 - -

0.60 PTB, Im-3 7.6636 (4) 3.8318 - -

0.70 PTB. Im-3 7.6798 (4) 3.8399 - -

0.80 PTB. Im-3 7.6959 (3) 3.8480 - -

0.90 PTB.+ A Im-3 7.7199 (5) 3.8600 - -

A = few lines from impurity phase
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PTB, pure phase

The sample having nominal composition Naj ¢osWO3 shows PTB, crystal structure. Fig. 8 shows
the X-ray diffraction pattern along with the Rietveld refinement fit using space group Pcbn,
which is comparable to the high temperature 3 phase of WO3; (Woodward et al., 1997). The
atomic coordinates and displacement parameters obtained from Rietveld refinement method are

listed in Table 2.
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Fig. 8 Rietveld refinement fit for nominal NaysWO; sample. Blue dots, red line and tick marks represent
the observed pattern, the refined pattern and the positions of the refined reflection peaks, respectively.
The black line indicates the difference of observed and calculated pattern. Rietveld refinement was done
in the range of 20 =20 - 110°. For the sake of clarity the diffraction pattern is shown only up to 260 =
85°.

Table 2 Atomic coordinates and displacement parameters of nominal NaosWO;. (Space group: Pcnb,
R, = 11%, Z = 8). The occupancy factor of Na is constrained to nominal value because of very low

amount. The displacement parameter of Na is chosen as an arbitrary constant value of 1.0.

Atom Site X y z Occ. Biso

w 8d  0.2451(3) 0.01509 (16)  0.2844(2) 1 0.82 (2)
o(1) 8d 09640 (23)  0.0138(40)  0.2971(24) 1 1.5(3)
0(2) 8d  0.2938(22)  0.2423(22)  02512(52) 1 1.5(3)
0(3) 8d  0.2859(28)  0.0028 (22)  0.9820(14) 1 1.5(3)

Na 4a 1/2 1/4 0 0.05 1.0




4. RESULTS 21

PTB: pure phase

The sample of nominal composition Nay;WO; with the PTB; phase was refined earlier
(Magneli, 1951) using P4/nmm space group. Fig. 9 shows the Rielveld refinement fit for
Nay.1WOs3 using P4/ncc space group. There is a small hint for the presence of a reflection in the
range between 40 and 41 2theta that can be indexed as 211 diffraction line (Fig. 9 inset), which
is inconsistent with the P4/nmm space group but is consistent with the P4/ncc space group. The
atomic coordinates and displacement parameters obtained from Rietveld refinement are listed in

Table 3.
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Fig. 9 Rietveld refinement fit for nominal Nay ;WO; sample. Blue dots, red line and tick marks represent
the observed pattern, the refined pattern and the positions of the refined reflection peaks, respectively.
The black line indicates the difference of observed and calculated pattern. Rietveld refinement was done
in the range of 260 = 20 - 110°. Inset shows the presence of 211, and 202 diffraction lines of space group
P4/ncc.

Table 3 Atomic coordinates and displacement parameters of nominal Nay;WO;. (Space group: P4/ncc,
Ry=7%2=4)

Atom Site X y Z Occ. Biso

W 4 1/4 1/4 0.2842 (6) 1 0.62 (2)
0(1) 4¢  1/4 1/4 0.952 (8) 1 1.4 (4)
0(2) 8f  0.7120(11)  0.0288(11) 0.2500 1 1.4 (4)

Na 40 3/4 0 0 0.12(4)  2.0(3)
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PTB. pure phase

The samples with nominal composition x > 0.4 show pure cubic phase. Rietveld refinements
were carried out using space group Im-3 and the same setting of positional parameters given by
Clarke (1977). Fig. 10 shows the Rietveld refinement fit for a typical cubic phase taking
Nay4sWO; as an example. This setting corresponds to a doubling of unit cell dimension with
eight formula units (z = 8) per unit cell compared to a primitive unit cell Pm-3m (z = 1). This
leads to indexing of all diffraction peaks including the weak ones which could not be indexed

using Pm-3m as shown in Fig. 10.
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Fig. 10 Rietveld refinement fit for nominal Nay,sWOj; sample. Blue dots, red line and tick marks
represent the observed pattern, the refined pattern and the positions of the refined reflection peaks,
respectively. The black line indicates the difference of observed and calculated pattern. Rietveld
refinement was done in the range of 20 =20 - 110°. Inset shows the presence of 310, 222, and 321
diffraction lines of space group Im-3.

The XRD patterns of other PTB, Na,WOs (i.e., x = 0.5, 0.6, 0.7, 0.8, and 0.9) are shown in Fig.
11. The structures were refined using space group Im-3 (calculated patterns are not shown in
the figure). The XRD pattern of nominal composition Nayg9yWO3 shows the presence of few
additional diffraction lines (marked as star), which can be indexed with the high intensity peaks

of WO, 9, phase (ICDD-30 1387).
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Fig. 11 XRD patterns of Na,WQO; samples with nominal composition x = 0.5, 0.6, 0.7, 0.8, and 0.9. The
diffractograms are shifted vertically for the sake of clarity. The presence of 310 diffraction line, which

consistent with the space group Im-3, is shown in inset as an example for x = 0.5 composition.

The range of PTB;, TTB, and PTB.; mixed phases

NayWOs; with nominal compositions 0.15 < x < 0.40 show mixture of different phases (PTB,
TTB and PTB,). Starting with the lattice parameters and atomic setting used earlier for PTB,,
PTB. and TTB (will be shown later) phases, Rietveld refinements were done. Fig. 12a, b, and ¢
show the Rietveld refinement fit for nominal composition x = 0.15, 0.20 and 0.25, respectively.
Rietveld refinements were done by considering alternatively two phases (PTB; and TTB) and
three phases (PTB, TTB and PTB,) for nominal compositions 0.15 < x < 0.25. The difference

curve implies a better fit when three phases are considered in refinement (Fig. 13).
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Fig. 12 Rietveld refinement fit for nominal Nay;sWOj3, Nay20WO;, and Nag,sWO; samples (as denoted).

The structure refinements were done considering coexisting phases of PTB, TTB and PTB,. Blue dots,

red line, and tick marks represent the observed pattern, the refined pattern and the positions of the

refined reflection peaks, respectively. The top, middle and down ticks belong to PTB, TTB and PTB.

phase, respectively. The black line indicates the difference of observed and calculated patterns. Rietveld

refinement was done in the range of 26 =20 - 110°.
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Fig. 13 The differences curves obtained from Rietveld refinement fit for nominal Nag ;sWO3, Nag 0WO;,

and Nay ;sWOj; sample including two and three phases (as denoted).

Fig. 14a, b, and ¢ show the Rielveld refinement for nominal composition x = 0.30, 0.35 and

0.40, respectively. According to refinement results, cubic phase is the dominating phase in this

range (x = 0.30 - 0.40). The relative phase contribution of different phases is given in Table 1.
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Fig. 14 Rietveld refinement fit for nominal Nay3;WOj3, NagssWOs, and Nag W03 sample (including two

phases). Blue dots, red line and tick marks represent the observed pattern, the refined pattern and the

positions of refined reflection peaks respectively. The black line indicates the difference of observed and

calculated patterns. Rietveld refinement was done in the range of 20 =20 - 110°. Inset shows clearly the

presence of diffraction line from the TTB phase (c) (marked as star).

The lattice parameters of PTB; increases slightly up to x = 0.15 and no further increase for x >

0.15 (Table 1). This increase in lattice parameters could indicate the increase in sodium content.
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Although, the PTB, phase start to form from nominal composition x = 0.15, the calculation of
sodium content using lattice parameter value and Brown and Bank relation (1954) shows that
the composition can be Nay,WO;. For TTB phase mainly the a lattice parameter increases and
may be explained by the increase in sodium content in the product, which is similar for PTB,
system. The increase in cell parameter in TTB phase has also been reported for KyWOs3 system
(Hussain, 1978). For KyWO; system the TTB phase form within 0.42 < x < 0.57 (Hussain,
1978), whereas in NayWO3; system it forms when x < 0.48 (Takusagawa et al., 1976).

Infrared absorption spectroscopy of polycrystalline Na,WOj; series

Infrared absorption spectra of polycrystalline NayWO; samples measured at room temperature
are shown in Fig. 15. For direct comparison, the IR absorption spectrum of WO; (monoclinic,
room temperature) is also included in Fig. 15. The spectra are measured in the range of 50 cm™

- 4000 cm™. Below 220 cm™ and above 1250 cm™ all spectra appear featureless (not shown).

Absorption

250 450 650 850 1050 1250 1450

Wavenumber c:m'l

Fig. 15 The infrared absorption spectra of polycrystalline Na,WOj series. The spectrum of WOj is
multiplied by a factor of 0.7 for direct comparison. The spectra are shifted vertically for better

comparison.

Peak positions for nominal composition 0.05 < x < 0.20 are listed in Table 4. Nag osWO3 shows

4 peaks with maxima at about 300, 316, 375, and 866 cm’! and a sign of a broad peak with
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maximum at about 750 cm™'. The samples with nominal compositions Nag ;0WO3, Nag sWO;

and Nay>WO3 show same number of absorption peaks.

Table 4 List of IR absorption peak positions and corresponding XRD results of Na,WO:;.

Nominal 1% peak | 2™ peak | 3™ peak | 4™ peak | 5" peak |Phase | Lattice
composition, x |cm™ cm” cm’ cm’ cm’ parameter / A
0.05 300 316 375 866 PTB, | a=7.4068 (5)
b=7.4410(4)
c =7.7580(4)
0.10 311 375 416 862 PTB, | a=5.2567(6)
c = 7.8085(5)
0.15 311 368 416 851 PTB; | a=5.2595(5)
+ A c=7.8133(8)
0.20 311 367 417 849 PTB, | a=5.2601(5)
+A c=7.8139(7)

A = mixture of PTB. and TTB Na,WOj;, which do not show any phonon peak.

The broad peak with maximum at about 750 cm™ is present in all samples (0.05 < x < 0.20).
The absorption band near 850 cm™ can be assigned to the stretching mode of W-O bonds and
absorption band near 350 cm™ is due to O-W-O bending character in WOj octahedra. The peaks
centered at 375 and 862 ¢cm™ for Nay 1 WO; sample shifts to 368 and 851 cm'l, respectively for
nominal Nay;sWO3 sample and for nominal Nay,WO; the peak positions are 367 and 849 cm'l,
respectively. This significance shift in peak positions to low wavenumber can be explained with
the increase in sodium content in the PTB; phase with increasing nominal composition. This
effect could correspond to the increase in lattice parameters (Table 4). The systematic decrease
in phonon absorption intensity with increasing x from 0.1 to 0.20 can be explained by the

decreasing contribution of the PTB; phase.

The samples with nominal composition x > 0.25 do not show any significant phonon
absorption. In Fig. 16 the spectra of a few samples (x > 0.25) are shown as a typical example in
comparison to spectra of WO; (monoclinic) and Nay ;WOs (PTBy). The featureless increase in
intensity with increasing wavenumber can be related to metallic behavior of the samples which
will be discussed below (see page 56, 3™ para). The broad hump in the range between 800 cm’™
and 400 cm™ can be related to the surface oxidation during grinding of the samples for the

preparation of pellet for IR absorption spectra.
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Fig. 16 IR absorption spectra of some Na,WO; samples (as denoted) down to 50 cm™. The spectrum of
WOj; is multiplied by a factor of 0.65 for better comparison.

Raman spectra of polycrystalline Na,WO; series

Raman spectra of polycrystalline NagosWO; and Nag;WO; samples measured at room
temperature are shown in Fig. 17. For direct comparison, the Raman spectrum of WOs3

(monoclinic, room temperature) is also included in Fig. 17.

PTB; (x = 0.1)

PTBo (x = 0.05)

Intensity (a. u.)

Fig. 17 Raman spectra of polycrystalline

Na,WO; samples (as denoted) at room

500 600 700 800 900 1000 1100 1200

temperature.
Raman shift cm-1

The Raman spectrum of polycrystalline monoclinic WO3 shows two strong peaks centered at
720 cm™ and 809 cm™, which are due to the phonons in W-O framework (Salje, 1975). The
peak centered at 720 cm’! exhibit downward shift to 650 cm™ for nominal NagosWO3 (PTB,)
and the intensity of the peak decreases as well as broadening increases, whereas the second
peak (centered at 809 cm™ ) does not shift. The Raman peak centered at 720 cm™ disappears
completely for nominal composition Nay;WOs (PTBy). However, Egdel et al. (1989) reported
two Raman peaks centered at about 700 cm”! and 803 cm! for PTB; Nay;WOs. This
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discrepancy may be due to the use of different laser for excitation. Lee et al. (2003) measured
the Raman spectra of crystalline thin films of Li\WO; system and reported similar spectral

change as obtained for present investigation of crystalline Na,WOj; system.

Reflectivity spectra of polycrystalline Na,WO; series (UV-VIS range)

The reflectivity spectra of polycrystalline PTB, Na,WOs is shown in Fig. 18. The minima of the
reflectivity spectra shift to low frequencies with decreasing nominal sodium content in
NayWO;. The measured powder reflectivities were directly compared with the single crystal

data given by Owen et al. (1978).
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Fig. 18 Powder reflectivity spectra of PTB. Na,WOj series. The spectra are shifted vertically for the
sake of clarity. The dashed curves represent the calculated reflectivity from single crystal data of Owen

etal (1978).

Owen et al. (1978) measured directly the real and imaginary part of complex dielectric function
by ellipsometric method. In Fig. 18, single crystal reflectivity was calculated from the reported
data of real and imaginary parts of complex dielectric function as described in data evaluation
section of experimental part (Eqs. 6, 12 - 14; page 17). The present reflectivity spectra,
therefore, shows a direct link between the earlier powder data (Brown et al., 1954 and Dickens

et al., 1968), present powder data and earlier single crystal data (Owen et al., 1978). Thus, the
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reflectivity of powder samples can be used to follow the shift of the minima and measure the

doping effect.

Scanning electron microscopy of polycrystalline Na,WO3 series

The scanning electron microscopy (SEM) images of the polycrystalline samples, NayWO3, are
shown in Fig. 19a, b, and c. Crystallites with rectangular, truncated octahedron and cubic

morphology are clearly visible in the images.

Fig. 19a SEM images of polycrystalline Na,WO; (x = 0.05 - 0.30). The needle shaped crystals belong to
TTB phase.
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For samples x = 0.05, 0.10 stubby irregular shaped crystallites can be seen. For x = 0.15 - 0.35
samples, long rectangular crystallites (TTB phase) along with stubby irregular shaped
crystallites are visible. These rectangular needles are up to 30 ym long and belong to TTB phase
as reported for K-TTB system (Debnath et al., 2008b). The crystal shape of x = 0.4 - 0.5
samples are truncated octahedron whereas x = 0.6 - 0.8 samples show cubic morphology. The
sample x = 0.9 shows morphology as x = 0.8 sample but additionally some needle shaped

crystals, which can also be identified in XRD pattern as impurity phase.

Fig. 19b SEM images of polycrystalline Na,WOj; (x = 0.35 - 0.70). The SEM images of samples with x =
0.40, 0.45, and 0.5 show truncated octahedron shaped crystals, whereas the samples with x = 0.6, and

0.7 show the cubic morphology.
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Fig. 19c SEM images of polycrystalline Na,WOj3 (x = 0.8, 0.9). The SEM image of sample with x = 0.9

show the presence of some small needles belong to the impurity phase.

4.1.2 Samples (Na,WO3) prepared by chemical transport method

It was possible to grow up to about 0.2 mm large crystals, which belong to PTB,, TTB, and
PTB. phases. It was, however, not successful to grow PTB; crystal big enough to study optical
reflectivity by available instrumental facilities. The properties and characterization of PTB,,

TTB, and PTB;, crystals will be described in the following.

PTB, crystal

PTB, NayWO; was prepared by chemical transport method using HgCl, as a transporting agent.
Few crystals were crushed into powder for characterization by X-ray diffraction technique and
IR absorption spectroscopy. Fig. 20 shows the X-ray diffraction pattern along with Rietveld
refinement, which reveals a very good agreement between the experimental and theoretical
pattern using space group Pcnb supporting earlier results for PTB, phase of WOs;. Scanning
electron microscopy (SEM) images of some selected crystals are shown in Fig. 21a. The
crystals show rectangular morphology and crystal size up to 150 pum x 100 pm x 80 pm. A
close look of the SEM images (Fig. 21b) show these larger crystals formed by staking of
thinner “flake crystals”. The picture of a polished crystal from the same batch is shown in Fig.
21c. Polarized micro reflectivity measurement were carried out on this polished crystal slices
in the optical range 550 cm™ to 10000 cm™ using a rectangular aperture of size about 90 pm x
60 um and the reflectivity spectra are shown in Fig. 22a, which shows highly anisotropy.
These reflectivity spectra were fitted using Lorentz oscillator model. Details will be discussed
below (page 83). Although the crystal structure is orthorhombic, the polarized reflectivity
spectra were measured only in two directions. No attempts was taken to measure the reflectivity

in third direction because from the SEM images it is apparent that larger crystals formed by
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staking of thinner “flake crystals” and measurement of reflectivity on this inhomogeneous

surface may include large error.

12000
@ 9000
=
=
o}
S 6000
z ¥
2 I
5 3000 I
= i 5 - 4
i Y
0 e ) M e S Ak g e
O B A [ I L R e e e B I e N N N N N I AT
20 25 30 35 40 45 50 55 60

Diffraction angle 2Theta / ©

Fig. 20 Rietveld refinement fit for Nago;;WOj3 (composition from microprobe) sample. The blue dots
indicates the observed pattern, the red line through the blue dots indicates the refined pattern. The
positions of the refined reflection peaks are shown by the ticks. The black line above the ticks indicates
the difference of observed and calculated pattern. Rietveld refinement was done in the range of 260 =20 -
110°.

Fig. 21 SEM images(a and b) and optical micrograph of polished crystal (c) of Nayo3;;WO;3 (PTB,). The
parallel flake like crystals are clearly visible (b).

The chemical composition was measured by electron microprobe analysis of polished crystal.
According to this an average value of Nag373WO; is obtained. The O shoichiometry was

calculated as NayWO;. The Raman spectrum (Fig. 22b) of polished Nag 37 WO; crystal shows
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the similar spectral feature that of the polycrystalline PTB, phase (compare Fig. 17, page 29).
IR absorption spectrum of crushed Nag 37 WO; crystals was measured and shown in Fig. 22c.
The spectrum shows similar spectral feature with the polycrystalline PTB, phase (compare Fig.

15, page 27).
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TTB crystal

Tetragonal (TTB) NayWO; crystal was prepared by using HgCl, as a mineralizer. Scanning
electron microscopy (SEM) images of TTB crystals (Fig. 23a) show very long needle-type
crystals of length up to 250 um or more. A close look of the SEM image shows parallel growth
of many thinner needles. For characterization by X-ray diffraction technique and IR absorption
spectroscopy, few crystals were grinded in a mortar. Fig. 23b shows the X-ray diffraction
pattern along with Rietveld refinement, which reveals a very good agreement between the
experimental and theoretical pattern using space group P4/mbm supporting earlier results for

TTB phase of Na,WO:s.
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Fig. 23 SEM image (a), and Rietveld refinement fit of XRD pattern (b) for Nay;sWOj; (composition from

microprobe) sample. The descriptions of the symbols in XRD pattern are same as described in Fig. 20.

The picture of the two biggest polished Nay 33WOs crystals from the same batch is shown in Fig.
24a. Polarized micro reflectivity measurement were carried out on this polished crystal slices
in the optical range 2000 cm™ to 18000 cm™ using a rectangular aperture of size about 90 pum x

30 um. The reflectivity spectra (Fig. 24b) show strong anisotropy.
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Due to inadequate crystal size the reflectivity spectra could be measured only above 2000 cm™.
The E I ¢ spectrum could be fitted using Drude equation for reflectivity as well as an over-

damped oscillator with high oscillator strength. For E L ¢ spectrum, an additional minimum
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structure appears at about 4500 cm'l, which was also reported for tetragonal Ky sWO;, Ko sWOs
(Hussain et al., 1997; Lynch et al., 1973). Lynch et al. (1973) explained this minimum feature

considering the pentagonal tunnel, which exists in the crystal structure.

The chemical composition obtained by electron microprobe analysis of polished crystal give an
average value of Nag 330)WOs3. The IR absorption spectrum of Nag33WO3 is shown in Fig. 24c.
The spectrum shows typical spectral feature for metallic oxides e.g., ReOs (Feinleib et al.,

1968), KyWOs (Hussain et al., 2002 ).

PTB. crystal

Attempts were taken to prepare bigger cubic Na,WO; crystal by chemical transport method
using HgCl, as a transporting agent. Crystals up to 50 um x 40 pum in size could be grown but
only very less amount of product has been transported. Fig. 25a shows the optical micrograph
of three selected polished crystals. Polarized reflectivity reveals the isotropic nature of these
crystals. The typical red color indicates that the sodium content must be more than 0.5 and that

the crystal symmetry should be cubic, too.

measured (b))
e ——- Calculated
0.8 1
g - Fig. 2.5. Optical micrograph (a), | and
é ’ reflectivity spectrum (b) of polished
g o 4 crystals, NayssWOj; (PTB,.). The spectrum
was fitted (dashed curve) with Drude free
0.2 4 carrier model. The parameter values are,
wp = 16300 em’ y= 1550 em”, and &,
OI(LDOO IDSIOO IZ(I)OO 135IOD IS(I}DD IﬁSIOO =4.85.

Wavenumber cm™1
According to microprobe analysis the chemical composition of these crystal is Nag sg)WOs.
The optical micro-reflectivity was measured above 9000 cm™. The spectrum can be fitted

reasonably with Owen et al. (1978) single crystal data and Drude free carrier model (Fig. 25b).
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4.2 Characterization of (NayLi;)o4sWO3 (x = 0.0 - 1.0) system

A series of polycrystalline samples with nominal composition (NaxLij«)o4sWO3 were prepared
by conventional solid state method. The SEM images of the samples show cubic morphology
(Fig. 26a). The SEM/EDX analysis show that some crystals contain sodium, tungsten and
oxygen and some crystals contain only tungsten and oxygen. It was not, however, possible to
detect Li due to instrumental limitations. The X-ray diffraction results obtained by Giiinier

photographic method are listed in Table 5.

Table 5 XRD results of (Na,Li;.,)o.4sWO3 system and calculated M in M,WO; (M = Na / Li).
(Na,Li;)o.4sWO3 = Naxxo.4sWO3 + Li1x)x0.4sWO3

Nominal composition, | Phase Lattice Calculated Lattice Calculated
xx0.45 (1-x)x0.45 | observed, parameter compositiom x | parameter compositiom, x
Giiinier Na-PTB, in Na,WO; Li-PTB, in LiyWO; (Eq.
photographic system, A (Brown et al., system, A 19)
method 1954)
0.45 0.0 Single phase, 3.8223 (1) 0.460 - -
PTB,
0.36 0.09 Single phase, 3.8121 (2) 0.337 - -
PTB,
0.27 0.18 Two PTB, 3.8050 (2) 0.250 3.7501 (3) | 0.297
phases
0.225 0.225 Two PTB, 3.8010 (3) 0.201 3.7448 (3) | 0.324
phases
0.135 0.315 Two PTB, 3.7982 (3) 0.167 3.7391 (2) | 0.354
phases
0.09 0.36 Two PTB, 3.7980 (4) 0.165 3.7371 (3) | 0.364
phases
0.0 0.45 Single phase - - 3.7223 (2) 0.440
PTB,

The samples (NaxLijx)o4sWO3 show a mixture of two cubic phases for x = 0.2, 0.3, 0.5, and
0.6, which could be related to a LixWO;3; phase (smaller lattice parameters values) and a
NayWO; phase (larger lattice parameter values). This assumption is supported by SEM/EDX
analysis. Selected samples were further characterized by X-ray diffraction technique using
Bruker D8 diffractometer (transmission geometry, CuK, radiation). As an example the typical
XRD pattern of a sample with nominal composition x = 0.3 is shown in Fig. 26b. The Na
content, x, of cubic NayWOs3 phases were calculated by using the Brown and Bank relation (Eq.
18) and Li content is calculated by using a linear extrapolation of lattice parameter values for
Lio4sWO3 (ac = 3.7204(15) A) and Lip4sWOs5 (a. = 3.7301(7) A) to zero as Eq. 19 as taken from
Riischer et al. (2008).

a. (x) in A =3.7845 + 0.082x Eq. 18

a. (x) in A =3.8077 — 0.194x Eq. 19
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Fig. 26 SEM image (a), and Rietveld refinement fit of XRD pattern (b) of nominal (Na,Li;..).4ssWO;3 (x
= 0.3) sample. The descriptions of the symbols in XRD pattern are same as described in Fig. 20.

It is seen that the lattice parameter of one PTB, phase increases with decreasing nominal Li
content (= increasing nominal Na content) whereas the lattice parameters of the second PTB,
phase increases. Therefore, it is suggested that the systematic decreasing value is due to the
decreasing sodium in NayWO; and opposite case for LiyWO;. The crystal sizes have been too

small (Fig. 26a) for further characterization of their optical properties.

4.3 Characterization of NaggNb,W;.,0O3 (y = 0.0 - 0.4) system

Optical micrographs (reflection mode) of samples with a nominal composition 0.25 <y < 0.4
show a mixture of crystallites with three different colors: red-orange, bluish and white. A
representative example is shown for a sample of nominal composition y = 0.4 in Fig. 27.
Micrographs of samples with nominal composition 0.0 < y < 0.07 show only red-orange
crystals. For y = 0.1, bluish particle appears which increases in contribution with increasing

nominal y.

Fig. 27 Optical micrograph of a polished sample of
nominal composition NaysNboWys0; showing a

mixture of three different coloured crystals: red, light

blue and white. The scale bar is 30 um.
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Fig. 28 Observed (dotted) and refined (solid line) XRD pattern for samples of nominal composition

NaysNbyW,;.,0s, (a) y = 0.07, (b) y = 0.20 and (c) y = 0.40. The respective difference curve and indexed

peak positions (bars) are also shown. For y = 0.40 (c), the additional refined pattern of the third phase

is shown separately. Inset shows an enlarge scale for 220 peaks.

The X-ray diffraction pattern for 0.0 <y < 0.07 samples could uniquely be refined as single
cubic PTB, phase (Fig. 28a). With a further increase in nominal niobium content (y > 0.1) there
is a splitting of all diffraction peaks corresponding to two cubic phases of well separated lattice

parameters as shown for the y = 0.2 sample (Fig. 28b).

For the samples with nominal niobium content y > 0.25, a third characteristic diffraction peak
(Fig. 28c) appears. This peak could well be described in a three phase Rietveld refinement as a

third cubic phase as shown in Fig. 28c for the y = 0.4 sample. For better comparison the effect



4. RESULTS

41

of phase separation into the two leading perovskite type phases is shown more clearly in Fig. 29

for the 210 diffraction peak. There is a gradual decrease in peak height together with growing

of a low angle shoulder with increasing y which becomes significant in the refinement at y =
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Fig. 29 An enlarge view of 210 X-ray diffraction
line of samples NaysNb,W,, 03 showing a
systematic development of second phase for y >

0.1. The peaks are shifted vertically for the sake
of clarity.

The refined lattice parameters of the phases and their relative contributions are plotted in Fig.

30 and 31, respectively.
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Fig. 30 The refined cell parameter of products
from nominal composition NaysNb,W,,0; (closed
symbols) compared with that of the reported (open
circles) for cubic and pseudo-cubic NaNb,W,,0;
system (Miyamoto et al, 1983). Single phase
(closed circles), two phases (closed triangle top
down, “phase a”’) and three phases (closed triangle
top up, “phase b” and closed square ‘“phase c”)
refinement were done for samples with nominal
compositiony = 0.0-0.07, y = 0.10 - 0.20, and y =
0.25 - 0.40, respectively.

Fig. 31 Contribution of different phases according
to Rietveld refinement. Two phases and three
phases refinements were done for samples
NaysNb,W .03 with nominal composition y = 0.10
-0.20 and y = 0.25 - 0.40, respectively (symbols as

given in Fig. 30).
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There is a systematic decrease in lattice parameter value for “phase a” and an increase for
“phase b” related on increasing nominal y whereas for “phase c” the lattice parameter values
remain constant. The X-ray diffraction pattern for 0.0 <y < 0.07 samples could uniquely be
refined as single cubic PTB, phase (Fig. 28a). With a further increase in nominal niobium
content (y > 0.1) there is a splitting of all diffraction peaks corresponding to two cubic phases

of well separated lattice parameters as shown for the y = 0.2 sample (Fig. 28b).

The relative contributions in the two phase range show approximately complementary behavior
for a (decrease) and b (increase) up to y = 0.25. For y > 0.25 the contributions of “phase b”
saturates or even tend to decrease whereas the contribution of “phase ¢’ strongly increases.
With the help of microprobe analysis, it is shown (see below) that “phase a” corresponds to
pure sodium tungsten bronze, NayWQOs, which appear as red-orange coloured crystals in Fig.
27. The white crystals corresponds to a composition NaysNbO; 75, which is related with the y
independent cell parameter of about 389.7 pm. Consequently the values of increasing lattice
parameters are related to bluish colored crystals in Fig. 27. The systematic increase in lattice
parameters of “phase b” is related to an increasing substitution of Nb for W as reported by
results of Miyamoto et al. (1983), which are given for comparison in Fig. 30. These authors
observed an increase in lattice parameter values for NaW;_,Nb,Os for increasing z which could

tentatively be described as
a(z) in pm = 4*z + 386.66 Eq. 20

The slope here is about half of that reported by Dubson et al. (1985) for the system Na,W,.
ZTa203

a(x,z) in pm = 8.21*x + (0.87 + 8.07*x)*z + 378.45 Eq. 21

Eq. 21 becomes the Brown and Banks relation (Eq. 18) for z = 0, which applies for the cubic
NayWOs; system. A similar dependency as for the system Na,W;_,Ta,O3 may also be suggested
for the Na,W;,NbyOs; system. The results of the two phase refinements could imply a
successful substitution with x about 0.8 and an increase in z as given by the nominal

composition y according to
a(x,z) in pm = 8.21*x + 4*z + 378 .4, for x close to 1 Eq. 22

In Fig. 32 the reflectivity spectra of two powder samples with nominal composition
Nag sNbyW.yO;3 are shown. A decrease in reflectivity minimum for y = 0.07 sample compare to
y = 0, indicates the counter doping effect. The shift of reflectivity minima is also observed for

other systems (e.g., K\NbyW,,O3 (TTB) system, will be shown later). It may note that for
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nominal y > 0.1 samples a mixture of phases appear, which makes the system more complicated

to explain further the reflectivity spectra.
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Fig. 32 Reflectivity spectra of powder
NaosNb,W,,0s samples (as denoted)
showing the shift of minima towards

the low wavenumber after doping Nb.

According to microprobe analysis the “red-orange crystals” contain sodium and tungsten, and

no niobium. Quantitative evaluation of the Na / W ratios, show a decrease in x (Table 6 ) with

increasing nominal niobium content in the synthesis batches. The cell parameter decrease from

385.01 to 384.48 pm. Using the Brown and Bank relation (1954) (Eq. 18) the composition of

Na in NayWOs; were calculated and show very good agreement to the Na / W ratio that

obtained from microprobe analysis (Table 6 ).

Table 6 Comparison of X-ray diffraction results and electron microprobe analysis results of ‘“red-

orange crystals” from the batches of nominal composition NaysNb,W ., 0;.

Nominal Lattice parameter / Calculated Na Na / W ratio from
composition, y pm content (Na/ W) microprobe analysis
from Eq. 18

0.0 385.01 (2) 0.80 0.80

0.10 384.97 (1) 0.79 0.77

0.20 384.88 (2) 0.78 0.75

0.25 384.60 (2) 0.75 0.74

0.30 384.62 (2) 0.75 0.74

0.35 384.63 (2) 0.75 0.72

0.40 384.48 (10) 0.74 0.72

A systematic decrease in Na content with increasing nominal y content is also deduced

analyzing the optical properties of the red-orange crystals by micro reflection spectroscopy
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(Fig. 33). The spectra closely agree with spectra calculated from single crystal data given for

the compositions NaggosWO; and NagesWO; by Owen et al. (1978). These results thus

independently support the systematic decrease in x of red-orange crystals with increasing

nominal y as obtained by the decreasing lattice parameter (Fig. 30) and microprobe results.
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Fig. 33 Optical micro reflectivity spectra
of polished crystals, which show Drude
type reflectivity for “red-orange” crystals
with a systematic change in reflectivity
minima  with  nominal  composition
NaysNbyW 1,03 (v = 0.40 and 0.0), which
corresponds to the composition Nay;,WOj;
and NaysWO;, respectively (details given
in text). The reflectivity of “white” crystals
(inset) shows a complete flat behaviour of

about 19%.

The optical reflectivity of the white crystals reveals a complete flat behaviour (Fig. 34) down to

1000 cm™ (compare inset in Fig. 33). Below 1000 cm™ the strong increase in reflectivity can be

attributed to phonon absorption, which could not be measured to lower wavenumber because of

the limited frequency range of the instrument.
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Fig. 34 The reflectivity spectrum of
white crystal shows the appearance of

strong phonon effect below 1000 cm™.

Fig. 35 Backscattered electron picture of a
“white” crystal. The white arrow (of length
14 um) corresponds to the position of the
microprobe line scan. The numbers are the
analyzed points of performed line scan (see

Table 7).
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Electron beam back scattering pictures of white crystals reveal in most cases a zoned nature
concerning their chemical composition (Fig. 35). By scanning along lines as depicted in Fig. 35
obtains that the brighter parts (high scatter) contains Na, W and Nb (Table 7). In the darker

inner part the W content is below detection limit and only Na and Nb signals are observed.

Table 7 Results of electron beam line scan of a white crystal which is shown in Fig. 35.

Points Na / wt% Nb / wt% W / wt% "0/ wt% Total / wt%
1 10.13 37.05 25.26 26.07 98.51

2 8.30 55.28 5.79 28.20 97.56

3 8.26 61.34 0.71 29.47 99.78

4 7.40 61.51 0.92 29.30 99.13

5 8.33 61.21 0.52 29.39 99.45

6 10.44 37.80 26.05 26.71 101.00

7 9.61 31.65 32.55 25.47 99.28

' O determined by stoichiometry

Data collected on the central part of the white crystals for samples having nominal composition
y = 0.25, 0.30, 0.35 and 0.40 are given in Table 8. These data are average values from three
measurement spots each and only those contributions were taken where the tungsten contents
were below the detection limit. The absolute values were calibrated against albite (NaAlSi;Og),
niobium(V)oxide (Nb,Os) and niobium(IV)oxide (NbO,) as standards. The values given in

Table 8 for Na and Nb are measured absolute values in wt % elemental concentrations.

Table 8 Results of electron microprobe analysis for white crystals from batches of nominal composition

Na()‘ Sbe W].ij.

Nominal Average Na | Average Nb/ | Average 'O/ | Total / wt% | Corresponding
composition, y | / wt% wit% wt% stoichiometry
0.25 7.40 63.71 30.00 101.11 Nay47NbO, 73
0.30 7.99 61.35 29.39 99.45 Nag 5:NbO; 73
0.35 7.53 62.28 29.58 99.95 Nap .49NbO; 76
0.40 7.62 61.80 29.42 99.39 Nay s0NbO; 76

' O determined by stoichiometry

The oxygen content has been calculated assuming Nb as +5 and alternatively for Nb**. With Nb
taken as +5 lead to a total wt% in the range between 99.4 and 100.2 whereas for Nb** the values
would become between 94.0-93.0 +/- 0.2 wt%. The values close to 100 % are very significant
and indicate that Nb can be taken as +5. As an independent check we investigated the crystals
of NbO; and Nb,Os phases from samples characterized earlier (Riischer, 1992). The measured

data (all in wt %) for the Nb content are 74.6 and 70.11 for NbO, and Nb,Os crystals,
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respectively. With the oxidation state of Nb in NbO; (+4) and Nb,Os (+5) the total wt% comes
out at 100.2. According to this there is a very good reproduction for the calculation of these
oxidation states using microprobe measurements. Therefore, the corresponding composition of

the “white crystals” (central part) can be written as Nag s.0.0sNbO7 7s.

Raman spectroscopic study of white crystals (Fig. 36) show the high intensity peak centered at
about 618 cm™', which is in the same range as observed for the room temperature phase of
lushite, NaNbOs (Shen et al., 1998 and Yuzyuk et al., 2004). Yuzyuk et al. (2004) reported
Nb-O stretching bands at 557 and 601 cm’'. The much broader peaks for NagsNbO, ;s
compared to those for NaNbOs can be related to the high number of vacancies and their random
distribution conserving the higher symmetry. Yuzyuk et al. (2004) assigned a high frequency
Raman peak centered at 875 cm™ as an “impurity band”. However, for NagsNbO, s the peak
can be related to stretching mode of terminal -M=0 (M = Nb/W) bonds as in pyrochlore type
phase (KNbWOg) (Debnath et al., 2008b) and in NaNbWOg phase (Kuhn et al., 2004).

_(“

150 250 350 450 550 650 750 850 950 1050 composition NaysNbO; 7s.
1

Intensity

Fig. 36 Raman spectrum of white crystal of

Raman shift cm™

In all the Rietveld refinements, concerning this system, the cubic perovskite structure with
space group Pm-3m have been used since the XRD pattern did not give any hint of unit cell
doubling or a significant lowering of the symmetry. Thus for NagsNbO,7s calculation were
carried out with Nb (%2 2 %2), O (%2 2 0) and Na (0 0 0) with occupation factors 1, 2.75/3 and
1/2, respectively. The lattice parameter obtained in the refinement reads 389.7 pm. Darlington
and Knight (1999) reported for cubic lushite lattice parameter values for temperatures between

920 and 1030 K, which show a linear increase with temperature according to
a.(T) in pm = 0.008*T + 386.9 Eq. 23

Using Eq. 23, the lattice parameter of a hypothetical room temperature form of cubic lushite is

estimated to be 389.2 pm at 290 K. The value obtained in this investigation for the cubic
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perovskite NagsNbO,7s is very close to the extrapolated value for the hypothetical room

temperature form of a defect free cubic lushite.

The elemental composition of the bluish crystals obtained by microprobe analysis vary from
crystal to crystal and imply always too large Na and Nb contents as expected from the variation
in lattice parameter values (Eq. 22). This variation may be due to varying intergrowth of bluish

and white crystals.

4.4 Characterisation of NagsNby,W,.,O3 (y = 0.0 - 0.15) system

The X-ray powder diffraction patterns of samples with nominal composition NagsNb,W;.,0;3
are given in Fig. 37. The samples having nominal composition y = 0.0 and 0.05 are pure single
phase and could be indexed as PTB, type phase. The samples with nominal niobium content y =
0.10, 0.15 show PTB, phase and an additional phase, which could be indexed as a non-bronze
phase, Na;Nb;sW;30g¢ (ICSD-30722) For the PTB, phase Rietveld refinements reveal a very
good agreement between the experimental and theoretical pattern using space group Im-3. The
refined lattice parameters (Table 9) show a very less increase in lattice parameters up to y =
0.05, and decrease for further increase in y. This increase in lattice parameters could be related
to the partial substitution of W by Nb in NagsNb,W;_,O3 as reported for NagsNb,W;.,0O3 series
(Debnath et al., 2008a). However, the decrease in lattice parameters as well as appearance and
subsequent increase in second phase for y > 0.1 indicate that further niobium is used for the
formation of non-bronze phase and equivalent amount of sodium may also be used by the non-

bronze phase under present experimental conditions.

Table 9 List of lattice parameters of nominal NaysNb,W,,03samples.

Nominal Phase observed Lattice parameter, Lattice parameter,
composition, y alA a.=(a/2)/ A
0.00 PTB, 7.6595 (2) 3.8298 (2)

0.05 PTB. 7.6599 (2) 3.8300 (2)

0.10 PTB. + A 7.6566 (3) 3.8283 (3)

0.15 PTB.+ A 7.6541 (2) 3.8271 (2)

A = few extra diffraction lines of Na;Nb;sW130g, phase.



4. RESULTS

Intensity / counts

40000

30000

20000

10000

40000

30000

20000

10000

50000

40000

30000

20000

10000

30000

20000

10000

y=0.0
|
. ] !
i ‘ i y i 4
{ i i
e = : E : L1 :
| T I YT P R TR T T I ) o
v =0.05
l | .
I : E l ! 1 g "
l - . e A -
I R [ IR
40000 = y=0.1
1 I \'{:%m..._:.. I |
3000.0 4 : ""6*_\,%_' S * .I 1
| | o s :d
v"'-'i"":"-'-a,tmn-{ x
2000.0 4 ry S,
L} AT 'k"“""""'.“&qﬁ'-;‘"mm%,
25 1 30 35 an
1 | _
T j | by g ]
r | T T [ R A O Y [
4000.0 * | y=0.15
1 R |
2000.0 b N bl i 4
- | }ﬁig,:%:}h g4
l 3006.0 4 e N R %*
e are e
3 i {1 s A0
7 1
| |
__r""-*-e—-— A A - S gk
- e — T e e
I | I I | Y S T | ] | | 1 | | I I A B | | |
20 30 40 50 60 70 80 90 100

Diffraction angle 2Theta / ©

Fig. 37 Rietveld refinement of nominal Na,sNb,Nb,,Os samples (as denoted). The descriptions of the

symbols in XRD patterns are same as described in Fig. 20. Samples with nominal composition y = 0.1

and 0.15 show (inset, marked as star) the presence of additional phase, which was not included in the

refinement.
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4.5 Characterization of Kqs5NbyW;.,O3 (y = 0.0 - 0.55) system

The X-ray diffraction patterns of the samples having nominal composition y = 0.0, 0.05, and

0.07 show pure single phase and could be indexed as TTB type phase (Fig. 38a-c).
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Fig. 38 Observed X-ray diffraction pattern (dotted) and calculated pattern (solid line) using the Rietveld
method for samples (a) y = 0; (b) y = 0.05; (c) y = 0.07 and (d) y = 0.10. The respective difference
curve and indexed peak positions (bars) are also shown. The black and red “bars” show the calculated
peak positions of TTB and pyrochlore type phase, respectively. Inset ((c), y = 0.1) shows the 222
diffraction line at 20 = 29.55° for pyrochlore type phase. Rietveld refinements were done in whole
measured range (20 =10 - 100°).
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The samples with nominal niobium content 0.10 < y < 0.40 show TTB phase and also an
additional phase, which could be indexed as a cubic pyrochlore type phase (ICDD 21-1003)
(Raveau et al., 1968) (Fig. 38d). For y = 0.50 and 0.55 samples TTB phase was absent. Here a
mixture of cubic pyrochlore type phase and a non-bronze phase (K,(NbO),Si40,,, ICSD-72111
) was identified. For the TTB phase Rietveld refinements reveal a very good agreement
between the experimental and theoretical pattern using space group P4/mbm supporting earlier
results for TTB phases of composition KyWO;3 (Hussain, 1978). Data of present investigation
show that Nb substituted forms are isostructural with the TTB phase. As a typical example, the
detail of the structural parameters, obtained for the sample y = 0.07 by Rietveld method, are

given in Table 10 and Table 11.

Table 10 Crystallographic data for Ko ,7Nbgo;W5.030;5. Rp, Rwp and GOF refer to the Rietveld criteria of
fit as defined in the manual of the “TOPAS Diffrac Plus” program.

Formula Ko0.47Nbg.07W0.9303
Temperature [K] 298

Space group P4/mbm

Z 10

a[A] 12.2826(3)

b [A] 12.2826(3)
c[A] 3.8332(1)

V [A’] 578.275(29)
p-cal [g/cm’] 6.8680(4)

20 range [°] 10-100

Step size [°26] 0.02
Wavelength [A] CuKo radiation
Rp 6.15 %

Rwp 7.81 %

GOF 1.26

Table 11 Atomic coordinates and displacement parameter of Ky 47Nbg 97 Wy.0303.

Atom  Site X y z Occ. Biso

K 2a 0.00000 0.00000 0.00000 0.207(2) 2.78(3)
K 4g 0.1723(6) 0.6723(6) 0.00000 0.982(3) 2.78(3)
W 2¢ 0.00000 0.50000 0.50000 0.907(6) 1.458(4)
W 8j 0.0754(1) 0.2080(1) 0.50000 0.891(7) 1.458(4)
Nb 2¢ 0.00000 0.50000 0.50000 0.0931 1.458(4)
Nb 8j 0.0754(1) 0.2080(1) 0.50000 0.1093 1.458(4)
O 2d 0.00000 0.50000 0.00000 1 2.04(2)
@) 81 0.0740(2) 0.2103(15) 0.00000 1 2.04(2)
O 4h 0.2899(2) 0.7899(14) 0.50000 1 2.04(2)
@) 8] 0.9980(10) 0.3485(17) 0.50000 1 2.04(2)
O 8j 0.1457(2) 0.0754(21) 0.50000 1 2.04(2)
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A distorted cubic pyrochlore type phase along with TTB found as second phase in the XRD
pattern of nominal compositions y > 0.1 was included in the refinement using space group Fd-
3m (Fig. 38d). The XRD patterns of other samples with nominal composition y = 0.2, 0.25, 0.3,
0.35, 0.4, 0.5, and 0.55 is shown in Fig. 39. The XRD patterns of samples with nominal
composition Kys5sWOs (i.e., y = 0) and KNbWOg are also included in Fig. 39. The results of
quantitative Rietveld refinement with estimated weight fraction of different phases are listed in

Table 12.
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Fig. 39 The XRD patterns of KNbWOgs and samples with nominal composition y = 0.0, 0.2, 0.25, 0.3,
0.35, 0.4, 0.5, and 0.55.
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Table 12 Collection of cell parameters and microprobe analysis of nominal K.Nb,W,,O; system.

Composition x Composition Crystal Lattice parameter Lattice parameter
P P y structure (Diffractometer) (Guinier)
Nominal Microprobe [Nominal Microprobe alA cl/A al A c/A
0.55 0.46(1) 0.00 0.0 (Siggl]:phase) 12.2647(3) 3.8271(1) 12.278(1) | 3.8288(8)
TTB
0.55 0.46(2) 0.05 003D | iiole phasey | 1227984) | 38318(1) | 1229502) | 3.8354(2)
0.55 0.47(1) 0.07 0.07(2) (Ziflgle shase) | 1228260) | 38332(1) | 12.296(1) | 3.8363(8)
0.48(1) 0.06(2) (;;E’t 04%) 12.2823(4) | 3.8332(2) .
0.55 0.10 Cubic 2
0.47(3) 0.49(2) (about 6%) 10.4883(4) - -
TTB
0.46(3) 0.06(2) (about 90%) 12.2810(5) 3.8336(4) -
0.55 0.15 Cubic >
0.46(3) 0.48(2) (about 10%) 10.4879(6) - -
TTB
0.47(2) 0.052) | (apout 55%) 12.2656(6) | 3.8304(2) .
0.55 0.20 Cubic 2
0.47(2) 0492) | (oot 45%) 10.4790(5) . .
TTB
- - (about 48%), 12.2691(5) 3.8298 (3) -
0.55 0.25 Cubic
. . (about 520%). | 1047574 . -
TTB
0.46(2) 0.06(2) (about 44%) 12.2812(5) 3.8340(7)
0.55 0.30 Cubic 2
0.48(2) 0.48(3) (about 56%) 10.4780(6)
TTB
. - (about 32%), | 122804(5) | 3.8345(5)
0.55 0.35 Cubic
. - (about 68%), | 1047990)
TTB
0.46(2) 0.06(2) (about 15%) 12.2791(9) 3.8341(4)
0.55 0.40 Cubic >
0.47(2) 0.49(2) (about 85%) 10.4811(3)

The unit cell parameters of the corresponding samples are also given in Table 12. There is a

slight increase in lattice parameters with increasing Nb content. The values obtained from the

diffractometer data are systematically less by about 1 pm than that of the Guinier data. Such

deviations are generally accepted when cell parameters are determined from these two methods.

Scanning electron microscopy (SEM) images (Fig. 40) show crystallites with rectangular

morphology are clearly visible in the images. The maximum size of the rectangular crystals is

up to 5 ym x 5 pm X 40 pm. The SEM images of the sample with nominal y > 0.10 shows some

additional octahedral shaped crystals up to 10 ym size edges. It is observed that the octahedral

shaped crystals are pyrochlore type phase.
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Fig. 40a Scanning electron micrograph (SEM) of K, 5sNb,W,,05 (v = 0.0, 0.05, 0.07, 0.10, 0.15, and
0.20) samples showing typical TTB phase (needle type crystals) in all compositions but pyrochlore type

phase (octahedral shaped crystals) can be seen only when gross composition, y > 0.1.
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Fig. 40b Scanning electron micrograph (SEM) of samples with nominal composition Ky ssNb,W;.,0s (v =
0.25, 0.30, 0.35, 0.40, 0.50, and 0.55).

The results of microprobe analysis are given in Table 12. The experimental Nb content of the
TTB phase fits well with the nominal composition of the samples up to y = 0.07. The samples
with nominal composition y > 0.07 show Nb content is about 0.06(2) for the needle shaped
crystals, which supports that the maximum amount of doped Nb is about 0.07(2) in TTB phase.
The pyrochlore type crystals (octahedral shape crystals) show Nb content 0.49(2). The
potassium contents range in all cases between 0.46 - 0.48, which is systematically lower than

the nominal value (0.55) implying a systematical loss during synthesis. The potassium content
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(TTB phase, y = 0.0) calculated from the cell parameters (Magnéli, 1949 and Hussain, 1978) is
between 0.45 - 0.50, which is also a bit less than the nominal composition, x = 0.55. An
increase in lattice parameter values with increasing amount of substitution of Nb>* or Ta" has
been observed in cubic perovskite tungsten bronzes, Na,Nb,W;,O; and Na,Ta,W;,O;
(Miyamoto ef al., 1983; Debnath et al., 2008a; Dubson et al., 1985). This trend is also observed
in K.\NbyW,,03, too. The composition found for the pyrochlore type phase (ICDD 21-1003)
from the microprobe analysis is Ko473)Nbo492)Wos512)03. Taking into account the standard
deviation of the microprobe analysis, the composition may be written as K¢ so0NbgsoWo.5003 (=
KNbWOg). The formation of pyrochlore type phase in this field is not unexpected and has been
reported during the synthesis of bronzoid type phase, too (Deschanvres ef al., 1968; Raveau et
al., 1968; Darriet et al., 1970).

The VIS-NIR reflectivity of the samples was measured in the spectral range between 8500 and
20000 cm™.

Wavenumber cm™
8500 10000 12000 16666 20000
L 1 L

Reflectance (a.u.)

T T T T T T

1000 300 600

Wavelength nm
Fig. 41 VIS-NIR reflectivity spectra of powder samples showing the shift of minima towards the low
wavenumber (as marked with arrow) with increasing Nb content up to y = 0.07. The spectra are shifted

vertically for the sake of clarity.

The pure TTB (i.e. y = 0 ) sample shows a pronounced minimum at about 17500 cm™ together
with a sharp increase in reflectivity towards lower wavenumber (Fig. 41). For y = 0.05 and 0.07
sample the minima position is shifted to about 16700 and 16400 cm™, respectively. The
position of the minima for the y = 0 sample is in very good agreement with the minima reported

earlier (Hussain et al., 1997) for K-TTB single crystals of composition KgsWO; for the
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electrical field polarized parallel to the ¢ axis (E//c). Having the potassium content fixed as
authenticated by microprobe for the series here the shift of the reflectivity minima towards
lower wavenumber can entirely be related to the effect of Nb substitution which thus decreases
the effective amount of W>'. Similar effect has been reported by Hussain et al. (2002) for
Rb,Nb,W;.,0O3 HTB system. In a simple free carrier picture for a rigid lattice, the position of
the reflectivity minimum related to the plasma edge of the carriers is proportional to the square

root of the relative charge carrier concentration (Eq. 24).

wp = /nlj— Eq. 24

(wp = plasma frequency, N = concentration of carriers, e = charge of electron, m = effective

electron mass, and &, = effective high frequency dielectric constant.)

The effect of Nb doping may be written formally as K, (Nb’ +yW5+x_yW6+1_x)03. Considering the
chemical formula for sample with nominal composition y = 0.07 (=
Ko.sNb>0.07W 043W°7(50;3), the concentration of effective charge carriers would be 0.43 (i.e.,
x-y). Thus, for a counterdoping effect of y = 0.07 a shift of the minima by a factor of
(0.43/0.5)1/ 2 can be expected for Ko sNbg07Wo.9303, i.e. to about 16230 cm’! which is close to the
value observed experimentally. For the y > 0.1 samples, no further shift is observed indicating

that a maximum of counterdoping effect has been reached for y less than 0.1.

Fig. 42 shows the IR spectra of nominal K s5sNb,W;.,O;3 series, where the samples 0.0 <y <
0.07 show the characteristic increase, typical for metallic samples (e.g. ReOs) (Feinleib et al.,
1968), which could be explained as proportional to (1-R), where R is the Drude reflectivity.
Similar results has been reported for Nb doped HTB system (Hussain et al., 2002). The
appearance of broad peak for nominal y > 0.10 is due to the systematic development of second
phase (pyrocholore type, KNbWOy) (see XRD results, Table 12). For direct comparison, the IR
absorption spectrum of pure KNbWOg phase is included in Fig. 42a. Calculated IR absorption
spectum using the as measured IR absorption spectra of 90 % pure TTB (y = 0.07) + 10% pure
KNbWOs generate almost similar feature as for the IR absorption spectrum of nominal y = 0.15
(Fig. 42a), which support the XRD results where a mixture of about 90 % TTB and 10 %
KNbWOs has been estimated (Table 12). The IR absorption peaks of pure KNbWOg centered
at about 650 cm™ is due to the M-O (M = Nb or W) stretching mode, which can be compared
with the IR absorption spectrum of NaNbWOg (Kuhn et al., 2004). The absorption peaks below
450 cm™ is likely to be due to the bending mode of M-O. The samples y = 0.50 and 0.55 show
two additional peaks at about 1000 and 1200 cm™! which could be related to K>(NbO),Si401,

phase (formed due to the silica attack from silica glass tube) as observed in XRD patterns.
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Fig. 42 IR absorption spectra (KBr-method) of nominal K, ssNb,W,,O; series. The spectra are shifted
vertically for the sake of clarity. The broad peaks below 1000 cm™ for samples y > 0.1 is due to the
presence of pyrochlore type phase. (a) The IR absorption spectrum of pure KNbWOy is also included (as
denoted). Calculated spectrum (as denoted), adding as measured spectra of 90% (y = 0.07) + 10%
KNbWOg, shows similar IR absorption feature of nominal y = 0.15 sample. (b) The spectra of samples of
nominal composition y = 0.0 - 0.55, where y = 0.5 and 0.55 samples show some additional peaks (as

denoted), which may be due to the presence of K;(NbO),Si,0;, phase.

Optical micrographs of polished samples show (Fig. 43) the presence of additional “white
crystallites” for nominal y > 0.1, which are related to the formation of pyrochlore type phase as
explained before (by XRD, Microprobe, IR absorption spectra). The needle shaped red and
blue crystallites are from the same TTB phase. This pleochroism coincides with the strong
anisotropy in optical properties as observed for single crystal K\WO; (TTB) (Hussain ef al.,
1997). The optical micrographs confirm that the limit of TTB phase formation is in between y =
0.4 and 0.50 as the photograph for y = 0.5 does not show any blue or red crystallites as
observed by XRD pattern of y = 0.5 sample (compare Fig. 39, Tablel2 ).

The micro-reflectivity of “white crystallites” measured on polished samples for nominal
composition y > 0.10 are shown in Fig. 44. The spectra are identical in all samples. The phonon
peak with maximum at about 745 cm™ can be assigned to the M-O (M = Nb/W) stretching

mode.
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Fig. 43 Optical micrograph of polished samples of nominal compositions K,ssNb,W,,03 The “white
crystallites” for nominal y > 0.1 shows the presence of pyrochlore type phase. The needle shaped red
and blue crystallites are from the same TTB phase. This pleochroism is due to the strong anisotropy in
optical properties as observed for single crystal K,WQO; (TTB) (Hussain et al., 1997). The stability limit
of TTB phase formation is in between y = 0.4 and 0.50 as the photograph for y = 0.5 does not show any

blue or red crystallites. The scale bar is 50 um.

Fig. 44 Micro-reflectivity spectra of “white
crystallites”  (pyrochlore  type  phase)
observed within samples (a) y = 0.1, (b) y =
0.15, (c)y=0.2, (d) y = 0.3, (e) y = 0.4, and
(f) v = 0.5. The spectra are shifted vertically
for the sake of clarity.

Reflectance (a.u.)

700 1100 1500 1900 2300

-1
Wavenumber cm
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Fig. 45 Raman spectra of “white crystallites” (pyrochlore type phase) of samples with nominal (a) y =
0.1, )y =0.15 (c) y = 0.2, (d) y = 0.3, (¢) y = 0.4, and (f) y = 0.5. Raman spectrum of KNbWOy is
also included (as denoted). The spectra are shifted vertically for the sake of clarity.

The Raman spectra of “white crystallites” (Fig. 45) are characteristic for KNbWOs. For direct
comparison, the Raman spectrum of single phase KNbWOy is included in Fig. 45. Moreover,
the main peaks in Raman spectrum of pyrochlore type phase can be described considering the
Raman study of NaNbWOg, Na; 2Nb; ;W 306, and KNbW,0g from the literatures (Kuhn et al.,
2004; Sanjuéan et al., 2008; Maczka et al., 2001). The Raman peak above 900 cm' can be
assigned to the stretching mode of terminal -M=0 (M = Nb/W) bonds. The highest intense
peak at about 700 cm™ and the peaks below 450cm™ can be assigned to the stretching and

bending modes of MOy octahedra, respectively.
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4.6 Polarized micro-reflectivity of HTB M,WOQO; single crystals (M = K, Cs

and x =0.20, 0.25) and Kramers-Kronig analysis

The reflectivity spectra for the electric field polarized parallel (Ellc) and perpendicular (E_Lc) to
the c-axis (needle-axis) for MxWOs3 (M = K, Cs and x = 0.20, 0.25) crystals are shown in Fig.

46. The direction of the c-axis is along the direction of the needle type crystal as shown in inset

in Fig. 46. Measured range is as denoted in the figures. The spectra have been extended down to

550 cm™ with more sophisticated detector system. Good agreement with the data given by

Hussain et al. (1997) was obtained in the range between 1000 and 4000 cm™.
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Fig. 46 Polarized reflectivity spectra of M\WO; (M = K, Cs and x = 0.20, 0.25) crystals (as denoted).

Inset show the optical micrograph of corresponding crystals (as denoted).
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These reflectivity spectra were further analyzed with Kramers-Kronig transformation (as
explained in data evaluation part of the experimental section) and Drude-Lorentz oscillator
fitting procedure. The results are shown in Fig. 47 - 54 along with the fitted curves reported

earlier (Hussain et al., 1997).

The reflectivity R(®) measured parallel to the ¢ axis (E I ¢) of Ko2sWOs3 (Fig. 47a) exhibits a
metallic-like behavior with a well defined pseudo-plasma edge around 16000 cm™. A tentative
plot of reflectivity taking the parameters reported by Hussain et al.(1997) using Drude model
for free carriers (black curve) as well as a completely over damped oscillator (blue curve) is
shown in Fig. 47a. It is seen that only for ® > 5000 cm™, the calculated reflectivity fits well
both with Drude free carriers and oscillator description. For ® < 5000 cm™, a significant

deviation between the fit results by Hussain ef al. (1997) and the experimental data are

observed.
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Fig. 47 (a) E 1| ¢ reflectivities of KysWO;: experimental (red curve), Drude fit by Hussain et al. (1997)
(black curve), oscillator fit by Hussain et al. (1997) (blue curve), and Drude-Lorentz oscillator fit in this
work (green curve). (b) The frequency dependence of the conductivities of Ky ,;WQOs3 for E || ¢ direction:
obtained after KKT of extrapolated experimental reflectivity (red curve), Drude fit (black curve),
oscillator fit (blue curve), Drude-Lorentz oscillator fit (green curve), contribution of oscillator part of

Drude-Lorentz oscillator fit (dashed black curve), and Drude part of Drude-Lorentz oscillator fit

(dashed pink curve).

The fit result can be improved considerably (as shown in Fig. 47, present fit) by considering a
combination of a Drude plasma edge in the low frequency region and an over damped oscillator
with eigen frequency in the mid-infrared region. This result has been achieved calculating the
frequency dependence of the conductivity o(®) (Fig. 47b.) from the experimental R(®) by usual

Kramers-Kronig transformations. The separated contribution of optical conductivity of Drude
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part (dashed black curve) and oscillator part (dashed pink curve) as well as fit parameters
values are also shown in Fig. 47b. There is a clear change of slope in R(®) around 2000 cm™,

which directly motivates the separation into two different contributions to o(w).

Similar results are obtained for the reflectivity R(w) measured perpendicular to the ¢ axis (E L
c) of KysWO; (Fig. 48a). A tentative plot of the reflectivity using Drude model for free
carriers (black curve) as well as an over damped oscillator (blue curve) is shown in Fig. 48a
along with the fit parameters values. Also here a separation into two contributions (Fig. 48a and
b), i.e., a low lying Drude free carrier contribution and a highly damped oscillator function is

clearly obtained using the present analyzing method.
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Fig. 48 Reflectivities (a), and the frequency dependence of the conductivities (b) of Ky2sWO; crystal for
E 1 c direction. The symbols are same as described for Fig. 47.

The polarized micro-reflectivity spectra of other investigated HTB samples (e.g., KooWOs,
Cs025WO; and Csp,WOs3) have also been analyzed using same technique as described for

Ko25WO3 sample.
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Fig. 49 Reflectivities (a), and the frequency dependence of the conductivities (b) of Ky,0WOj crystal for

E I ¢ direction. The symbols are same as described for Fig. 47.
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Fig. 49, 50, 51, 52, 53, and 54 show the tentative plot of the reflectivities using data from
literature (Hussain et al., 1997) as well as present fit considering a combination of a Drude
plasma edge and an over damped oscillator for samples Ko, WOs3, Csp2sWO3, and CsypoWOs,
respectively along with the corresponding fit parameters values. Hussain et al. (1997) did not
consider the oscillator fit for CsyWOs3 series. Attempts was also taken to describe the measured

reflectivity using oscillator model only, which, however, does not fit in MIR region.
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Fig. 50 Reflectivities (a), and the frequency dependence of the conductivities (b) of Ky20WO; crystal for
E { c direction. The symbols are same as described for Fig. 47.
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Fig. 51 Reflectivities (a), and the frequency dependence of the conductivities (b) of CssWOj3 crystal for

E |l ¢ direction. The symbols are same as described for Fig. 47.
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Fig. 52 Reflectivities (a), and the frequency dependence of the conductivities (b) of CssWQOj5 crystal for

E { c direction. The symbols are same as described for Fig. 47.
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Fig. 53 Reflectivities (a), and the frequency dependence of the conductivities (b) of Csy,WOj; crystal for

E |l ¢ direction. The symbols are same as described for Fig. 47.
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Fig. 54 Reflectivities (a), and the frequency dependence of the conductivities (b) of Csy,WOj; crystal for

E  c direction. The symbols are same as described for Fig. 47.
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Thus in all samples, o(®) exhibits two well-defined components in the infrared: a Drude term

which is dominating in low frequency range and a broad band in the high frequency range.

In turn, the strong Drude term accounts for the good dc conductivity of these compounds.
Therefore the present data show a coexistence of free and bound charges in the K- and Cs-HTB

at x = 0.20, 0.25, a doping value which provides experimentally metallic dc conductivity.

4.7 Micro-reflectivity of metallic Li\WQO; single crystals (x = 0.45 - 0.35) and

Kramers-Kronig analysis

The reflectivity spectra of metallic LixWO; series were reinvestigated as shown in Fig. 55a for

Lip4sWOs crystal.
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Fig. 55 Reflectivities (a), and the frequency dependence of the conductivities (b) of Liyg,sWO; crystal.
The symbols are same as described for Fig. 47.

The crystals were taken from earlier study (Riischer et al., 2008). The spectrum shows a
metallic-like behavior with well evident pseudo-plasma edge around 15000 cm™. Fig. 55a
shows also a tentative plot of reflectivity using data as reported by Riischer et al. (2008) using

Drude model for free carriers (black curve).

It is seen that for ® > 1500 cm™, the calculated reflectivity fits well with Drude free carriers
description but for ® < 1500 cm™, significant deviation occur. The reflectivity curve can,
however, be fitted reasonably well by considering a combination of a Drude plasma edge in the
low frequency region and an over damped oscillator with eigen frequency in the mid-infrared

region. The frequency dependence of the conductivity o(w) (red curve), extracted from the
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experimental R(w) by usual Kramers-Kronig transformations is shown in Fig. 55b along with
the calculated curves including the contribution of optical conductivity of Drude part (dashed
black curve) and oscillator part (dashed pink curve) from the present Drude-Lorentz oscillator

fit. The fit parameters values are given in Fig. 55a. There is a clear change of slope in R(w)

around 1500 cm™, indicative of two different contributions to o(w).
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Fig. 56 Reflectivities (a), and the frequency dependence of the conductivities (b) of Liyg,WOj3 crystal.
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Fig. 57 Reflectivities (a), and the frequency dependence of the conductivities (b) of Liy3sWOj3 crystal.

The symbols are same as described for Fig. 47

The reflectivity spectra of Lip4aWO; and Liy3sWOs (dark part) crystals were reinvestigated
using same technique as described for Lip4sWO; crystal. The results are shown in Fig. 56 and
Fig. 57. It should be noted that the optical micrograph of Lip3sWO;3 crystal appears

inhomogeneous with thin bright slabs and larger dark areas (Riischer ef al., 2008). In present
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4.8 Polarized micro-reflectivity of Nbyg Wg.xOge (X = 0, 2,...., 9) with block

type structure and Kramers-Kronig analysis

It has been shown that compositions Nb;s xWsixOgo with x = 0, 2,..., 9 form a series where x
electrons can be doped per 5*5 block layer (Gatehouse et al., 1964; Roth et al., 1965a). In the
present case, the optical properties of the whole series were remeasured particularly in the MIR
spectral range using polarized micro-reflectivity technique. Good agreements with the
published spectra were obtained above 1000 cm™. All crystals investigated were needle-shaped
(typically 1x 0.5 x 0.5 mm’). The growth axis of the crystals is always parallel to the y-axis of

the crystal lattice and coincides with the direction of infinite extension of the blocks.
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Fig. 58 Polarized micro-reflectivity spectra (black lines) of Nb;s.WsixOso (x = 0, 2,...,9) crystals (as
denoted) for E || ¢ direction. The spectra have been fitted (blue lines) using Drude-Lorentz oscillator

model for x = 9, 8, and 6 samples and Lorentz oscillators for x = 4, 3, and 2 samples.
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The crystals were glued to the sample holder (glass plate) with such an orientation that one
could measure the reflectivity of the plane with the y-axis within and perpendicular to the
crystal surfaces. The spectra for the electric field polarized parallel to the y-axis including
reported data (Riischer et al., 1993) and new MIR data are shown in Fig. 58. The undoped
sample (x = 0) shows typical insulator spectrum with phonons below 900 cm™. For x = 2, 3, and
4 samples, a resonance like feature increases that can typically be described by a Lorentz
oscillator with systematic decrease in eigen frequency starting from about 5000 cm™ for the
electric field polarized parallel to the y-axis (i.e. E Il ¢). For x = 6, 8, and 9 samples, metallic-
like reflectivities with a well evident pseudo-plasma edge around 13000 cm™ is observed (Fig.
58, as denoted). However a tentative data evaluation implies that reflectivity contains a
combination of a Drude plasma edge in the low frequency region and an over damped oscillator
with eigen frequency in the mid-infrared region, which is also shown in the figure. This result
has been obtained by Kramers-Kronig analysis, followed by further data evaluation. The real
part of the optical dielectric functions (g;) and optical conductivity c(®) were extracted from
the experimental R(®) by usual Kramers-Kronig transformations. The results are shown in Fig.
59 together with the results of Drude-Lorentz oscillator fitting procedure. The contribution of
optical conductivity of Drude part and oscillator part from the present fit is also shown in

corresponding figures. The fit parameters values for E || ¢ reflectivities are listed in Table 13.

Table 13 High frequency dielectric constant (g.), Drude plasma frequency (w,), damping constant (y,)
from Drude part, transversal optical mode (w1) of the oscillator, damping constant (y,) of the oscillator,
and oscillator strength (F) obtained using Drude-Lorentz oscillator model for x = 9, 8, and 6 samples
and Lorentz oscillator for x = 4, 3, and 2 samples for the description of reflectivity for E || ¢ direction of

5x5 block type Nb ;5. Ws,.Os9 compounds (x = number of electron doped).

Parameters Samples, NbsxWsixOeo
9¢ 8e 6e 4e 3e 2e
. 45 45 51 49 53 5.2
2 | /cm’ 9546 6364 5940 - 3 -
E [ya/em" 150 600 650 - - -
5 | or/cm’ 1700 2450 3300 4700 5150 5750
= [y em’ 5100 5100 5300 5200 4200 4000
g [ 160 82 46 10.7 5.0 1.0
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Fig. 59 (a) The frequency dependence of the conductivities (o(w)), and (b) real part of dielectric
function (g)), of Nb;sWs:Os9 (x = 9, 8, 6, and 4) crystals (as denoted) for E || ¢ direction: obtained
after KKT of extrapolated experimental reflectivity (red curve), Drude-Lorentz oscillator fit (green

curve), contribution of oscillator part of Drude-Lorentz oscillator fit (dashed black curve), and Drude

part of Drude-Lorentz oscillator fit (dashed pink curve).
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Similar to 5000 cm™ feature in the Ellc spectra, but less intense, a feature centered at about
12000 cm™ evolves with increasing doping in the E_Lc spectra (Fig. 60). The spectra have been
fitted considering one oscillator with eigen frequency at about 11000 cm™ and three phonon
lines below 900 cm™. The ELc reflectivities are also shown in Fig. 61 for spectral range 600 -
2500 cm™ to show the existing phonon peaks (below 900 cm™) clearly. The fit parameters

values for E_Lc reflectivities are listed in Table 14.

. — Fitted curve
—— Experimental curve

Reflectance

0 6000 12000 18000
Wavenumber cm-1

Fig. 60 Polarized reflectivity spectra (black curves) of Nb;s..WsiOso (x = 0, 2,...,9) crystals (as
denoted). The spectra are fitted (blue curves) using four Lorentz oscillator functions. The fit parameters

values are listed in Table 14.
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Table 14 High frequency dielectric constant (e.,), transversal optical mode (wr), damping constant (y,),
and oscillator strength (F) obtained using Lorentz oscillator model for the description of reflectivity for
E [ ¢ direction of 5x5 block type Nb;sWs.Os9 compounds. The number of ‘‘free electrons” expected
from the chemical formula Nb ;s Ws..Og9 With the assumption of Nb**, W, and O oxidation states, is

given in Table (these numbers are equal to x).

% Parameters Samples, Nb1gxWag.xOso
T Oe 2e 3e 4e 6e 8e %e
g £ 57 |55 53 53 5.1 5.0 5.0
_  |or/em’ 782 | 720 698 700 700 700 700
Z |y./cm! 30 60 70 70 70 70 70
~ |F 06 |0.25 0.4 0.4 0.2 0.3 0.5
g | or/em’ 841 | 785 792 800 805 805 805
S | ye/cm’ 70 |70 50 70 25 30 30
“ |F 19 |14 0.6 0.5 0.42 0.4 0.8
o | or/cm’ 940 | 902 895 895 883 872 855
-é Yo/ cm’ 40 80 80 70 70 90 95
F 0.10 | 0.9 1.15 1.1 1.45 1.9 3.0
or/cm’ - 11042 | 10942 | 11342 | 11442 | 11542 | 11242
=
T [yo/cm’ - 3678 | 4278 | 4578 | 5178 | 5578 | 6078
S |F ] 1.8 2.9 3.1 5.0 5.4 55
Calculated
——— Measured

Reflectance (a. u.)

600 1000 1400 1800 200
Wavenumber cm” !
Fig. 61 Polarized reflectivity spectra (black curves) of Nb;gxWg:xOg9 (x =0, 2,...,8) crystals (as
denoted) for E L c direction in the MIR spectral range. The spectra are fitted (blue curves)

using Lorentz oscillator functions.
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5. DISCUSSION

5.1 Structural details concerning Na,WO; and Li,WO;systems

The new data concerning composition, and structure within the systems NaggNbyW1.,O3,
Nag sNbyW1.yO3, (NaxLi1-x)04sWO3, and KossNbyW;.,O3 has been evaluated in details in the
preceding chapters. Part of the results of NaggNbyW1.,O3 and Ko ssNbyW;.,O3 systems have
already been published (Debnath et al., 2008a and 2008b). Concerning the basic system

NaxWOs, there are structural data, which will be discussed in the following.

The present investigation of XRD data for the Na,WO3 systems (Table 1, page 19) show pure
PTB, phase for nominal composition x = 0.05, pure PTB; phase for x = 0.10, a mixture of three
phases (PTB; + TTB + PTB;) for 0.15 < x < 0.25, a mixture of two phases (TTB + PTB) for
0.30 < x < 04, and PTB, pure phase for x > 0.4. A set of phase relations for the sodium
tungsten bronzes, NaxyWOs3, was given by Ribnick et al. (1963). The present investigation of
polycrystalline Na,WO3; samples confirms the data of Ribnick et al. (1963) for x > 0.4 samples.
Additional new observations and Rietveld refinements of XRD data improve the range for x <
0.4. Ribnick et al. (1963) observed for samples in the range of 0. 39 < x < 0.43 a mixture of two
phases (PTB; + TTB); for 0.28 < x < 0.39 pure TTB phase; for 0.11 < x < 0.28, a mixture of
two phases (TTB + PTBy); and for 0.07 < x < 0.11, pure PTB; phase. The contribution of each
phase could not be obtained in the previous studies. In this work a phase quantification has been

achieved using Rietveld profile fit of XRD data, which is visualized in Fig. 62.

100 - | m O PTBe
= TTB

m O PTB:

i

40

80 A

20

Relative contribution wt %

0

01 015 02 025 03 035 04 045

Nominal composition, NaxWO:

Fig. 62 Relative phase contributions (according to Rietveld refinement) of Na, WO, system prepared by
conventional solid state method at 600° C.

Garcia-Ruiz et al. (1992) prepared NayWO3 (0.2 < x < 0.4) at 900°C by the same method as
used for present investigation and used by Ribnick et al. (1963). These authors reported a

mixture of two phases for 0.28 < x < 0.4 and a mixture of more than two phases for
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0.20 < x < 0.28 but could not index the third phase. However, in the present investigation it is
apparent that the cubic phase start to form from nominal sodium content x = 0.15. The
systematic decrease in refined lattice parameter of cubic phase with decreasing nominal sodium
content (for x > 0.2) still follow the Brown and Bank relation (1954) (Eqg. 18), which shows the
formation of PTB. phase at low sodium content. PTB, phase at sodium content as low as x =
0.23 has been reported (McNeill et al., 1962). The formation of PTB, phase at sodium content

of x = 0.2 is also observed for investigation of (NaxLiix)o.4sWO3 series (Table 5, page 38).

Although the space group Pm-3m was used in most of the earlier works even until presently
(Guo et al., 2005), in this work space group Im-3 was used throughout the refinement of PTB,
NaxWOs. Clarke (1977) investigated the temperature dependence of the lattice parameters of
single crystal Nagg;WO3 using X-ray diffraction in a back-scattering technique. He found four
distinct phases with phase transitions at approximately 293, 343 and 430 K. According to this
only above 430 K the structure is that of the ideal perovskite, i.e., the aristotype space group
Pm-3m. Below that temperature, the WOgs octahedra are tilted about pseudocubic (100)
directions and super lattice reflections were observed due to a doubled unit cell in each
pseudocubic direction, which leads to space group Im-3. The lattice parameter values given in
Table 1 (page 19) for the single phase PTB. samples are a. = a/2 (Im-3), which directly
corresponds to W-W distances. Ruscher et al. (2008) investigated the Li\WOj3; series
systematically, and refined the PTB, phases using Im-3 space group following Wiseman and
Dickens (1976). In the present investigation the space group Im-3 is found as the authentic

space group for PTB. NayWO3 system at room temperature.

Rietveld refinement of TTB phase used successfully P4/mbm space group as introduced by
Magnéli (1949). However, it is shown (Fig. 9, page 21) that the Rietveld refinement of PTB;
phase using space group P4/nmm as given by Magnéli (1949) is insufficient. Instead PTB;
phase is refined using space group P4/ncc. This result thus improves all previous reports about
PTB; phase where the structure was considered using P4/nmm space group. Recently, the
possibility of P4/ncc space group was discussed for PTB; Lip1WO3 (Rischer et al., 2008). In
the X-ray diffraction patterns of Nag;WO3 and Nag 15WO3 there is a small hint for the presence
of the 211 reflection in space group P4/ncc in the range between 40 and 41 2theta (Fig. 9, page
21), which is inconsistent with P4/nmm space group. Moreover the structure of PTB; Na,WO3
can be explained by considering the distorted cubic aristotype (ReOs) structure (space group
Pm-3m). In space group P4/nmm the W atoms shift alternatively parallel and anti-parallel to the

z-axis. The combination of this antiferroelectric pattern of W displacements on the {100}
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planes of the cubic aristotype and tilting of WOg octahedra is related to P4/ncc space group.
The use of P4/ncc space group is due to the structural modification for WO3 where the W atoms
are off-centered (as in P4/nmm) and the basal oxygens are additionally tilted around c.
Furthermore, the tetragonal structure in P4/nmm and P4/ncc are consistent with the group
theoretical analysis, as is the continuous nature of the transition between them (Howard et al.,
2002).

Fig. 63a shows the x dependent variation of lattice parameters for perovskite NayWO; system.
The refined lattice parameter values of PTB, (a,, bo, Co), PTB: (a;, ¢t) and PTB. (a) phases are
recalculated as aoc = ao/2, Poc = Do/2, Coc = Cof2; A = b = a/\2, ¢ = €2, and ac = a/2,
respectively. Thus all parameters are related to the case of Pm-3m symmetry. The average
values of lattice parameters of PTB; and PTB, phases is also calculated as <a> = (2/3 a +

1/3ctc), and <age> = 1/3(agc + boc + Coc), respectively.
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Fig. 63 Lattice parameters of PTB Na,WO; (a) and Li,WOs; (b). Figure for Li,WOj3; system has been
taken from Ruscher et al. (2008), where o = Dey et al. (2007), m = Reau et al. (1970), e = Rischer et al.
(2008), dashed line 1°, 1> = x => 0 extrapolations by Wechter et al. (1968) for cubic single phase

Li,WO; and Na,WO; compositions, bar (2) = calculated average value <a,.> (Rischer et al., 2008).

With decreasing nominal sodium content the lattice parameter of PTB, phase decreases until x
= 0.2. Further decrease in x does not lead to any further decrease in lattice parameter, which

indicates that the phase limit has been reached. Similarly, the lattice parameters of PTB; phase
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increases with increasing nominal composition only up to x = 0.15, with respect to x = 0.1,
indicating the phase limit of PTB; type. A systematic decrease in lattice parameters of PTB,
NaxWO3 with decreasing sodium content can be explained by the decrease in W-O bond length
in WOg octahedra. It has been reported by Wiseman et al. (1976) that the WOg octahedra are
tilted about 3-4° for PTB. Na,WO3 without any significant change related on x. Thus Wiseman
et al. (1976) suggested a change in W-O bond distance for lattice parameter change. Moreover
using a theoretical model Walkingshaw et al. (2004) showed that the W-O bond length
increases, which lead to increase in lattice parameters with systematic incorporation of electron
in WOs. They, however, consider the undistorted ideal perovskite structure with Pm-3m space
group. It is apparent that the actual space group for cubic NaxWOs is Im-3, according to a
Glazer (1972 and 1975) type tilting around [001] axis. With further decrease in nominal x a
symmetry-breaking transition to an antiferroelectric tetragonal phase (PTB;) with P4/ncc
symmetry is observed. The WOg octahedra are tilted and the W atom moves off the center of its
WOg octahedron in the [001] direction, resulting in alternating W-O bond lengths along c. The
P4/ncc symmetry phase become unstable with further decreasing x and an orthorhombic phase
is stabilized. This arises from a tilt of WOg octahedra towards [110]-type directions lowering

the space group to Pcnb.

Although LiyWO3; system shows very similar trend of structural changes as described for
perovskite Na,WO3 system, the much smaller lattice parameters can be explained mainly by
tilting of WOg octahedra. The lattice parameters of Li\WOj3 (RUscher et al., 2008) as related to
the shape of a primitive unit cell Pm-3m are plotted as a function of nominal Li content in Fig.
63b together with data given by Reau et al. (1970) and Dey et al. (2007). The lattice parameter
value of the x = 0.4 sample is about 1 pm larger compared to the x = 0.45 sample. Further
decrease in nominal x does not lead to any further increase in a. and shows that the phase limit
has been reached. Wechter et al. (1968) proposed an extrapolation from the x dependence of the
lattice parameter values from the phase field of cubic compositions Li\WO3; with 0.4 <x < 0.5
and NayWO3; with 0.4 < x < 0.8 to x = 0 according to (in pm) according to Eq. 25 and Eq. 26.

ac(pm) (Lix\WO3) = -13.4x + 378.1 Eq. 25
ac(pm) (NayWQO3) = 8.18x + 378.5 Eq. 26

(dashed line 1’ and 1”* in Fig. 63b). Eq. 26 is equivalent to the Brown and Banks equation (Eqg.
18, page 38). It can be seen that the x = 0 intercepts of both lines 1’ and 1°’ closely agree.
Therefore, Wechter et al. (1968) suggested a value of about 378.5 pm of a theoretical cubic

WO; lattice at room temperature. Structure determinations based on powder neutron diffraction
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studies on Lag 14WO3, Nag73WO3, NagssWO3 and Lig 3sWO3 samples by Wiseman and Dickens
(1976) reveal a tilted perovskite structure with space group Im-3 in all cases apart from
Lao.14WO3 where space group Pm-3m was used. The tilt is given by oxygen shift from a linear

W-O-W bonding which results in an angle (¢) as measured by Eq. 27.
0.5*W-W = ly.o*cos(p) Eq. 27

With a W-W distance of a; = 373 pm and a W-O bond length for Lig3sWOs3 of lw.o = 191.7 pm
the tilt angle becomes 13.6°. For ¢ = 0° this bond length leads to a W-W distance of 383.4 pm,
which well coincides with the lattice parameter a. = 383.4 pm for the untilted Lag14WOs3
(Wiseman et al., 1976) with the same W-O bond distance. On the other hand the x = 0 intercept
of lines 1° and 1’ would imply a tilt angle of about 9° considering a W-O bond length of 191.7
pm. The new data (Ruscher et al., 2008) for the lattice parameter values of single phase PTB,
compositions indicate a more steeper increase for decreasing x values compared to line 1’ and

that the x = 0 intercept could reach the ¢ = 0° value.

The refined lattice parameter values of PTB; Li\WO;3; (Ruscher et al., 2008) were also
recalculated as a = b = a/V2, ¢ = a for better comparison with the lattice parameters of
PTB; as shown in Fig. 63b. The bar denoted by number 2 in Fig. 63b corresponds to the
average value (2/3a, + 1/3cy) = <a>, which closely agrees to the value a. of coexisting PTBL.
This shows that the unit volume follows the same trend for the x dependent transition between
PTB. and PTB; and that the expansion along ¢ is compensated by a contraction perpendicular to
C.

Recently many theoretical studies have been done on the structural change of Na,WO3; and
LiyWO3; (Ingham et al., 2005; Walkingshaw et al., 2004 and references therein). Authors
explained separately the structural change of NayWOj3; and Lix\WO3 but they did not compare
these two systems together. Walkingshaw et al. (2004) discussed the structural change of WO;
upon doping of electron and concluded that the effect of Na* ions on the structural change is
small. But they did not even consider the formation of TTB phase in Na,WO3 system as well as
they did not discuss the reason why the Li\WOs3; system show opposite behavior in the change
in lattice parameters that of the NayWQOg. If the electron doping would only be the driving factor
in changing crystal structure as well as other physical properties of tungsten bronze family then

one would expect same type of structural change in all tungsten bronzes, which is not obvious.

The results from IR absorption spectra of Na,WOj3; system is very similar to polycrystalline

Li\WOj3 system, investigated by Dey et al. (2007). However in Li\WOQOj3 system there is no shift
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in peak positions to low wavenumber within the PTB; phase (0.10 < x < 0.25, for Li\WQO3)
although a decrease in lattice parameter with increasing in nominal composition is observed.
This may be due to small size of Li ion. On the other hand, in Na,WOQO3; (x = 0.1 - 0.2) system a
small change in peak position (see Fig. 15, page 27 and Table 4, page 28) of IR absorption
spectra is related to the increase in lattice parameters in PTB; phase. The present IR absorption
spectra of NayWO3 do not support the study of Krasovec et al. (2001) where a phonon peak at
about 800 cm™ for Nag7»WOs, Lig3WOs, and LigssWO; samples has been reported. A
reasonable explanation for their spectra could be that samples were somehow partially oxidized
leading to the formation of tungstate. Metallic oxides e.g., ReO3 (Feinleib et al., 1968), K\WOQO3
(Hussain et al., 2002) do not show any phonon peak in the infrared spectral range. For an
independent check, the absorption spectrum of metallic ReO3; was measured by using same

technique showing no phonon peaks, too.

Salje et al. (1980) reported the temperature dependent change in the Raman spectra of WO; to
be caused by a phase transition from monoclinic to orthorhombic and tetragonal symmetry.
Their results indicate that the location of the peak at 809 cm™ was hardly changed by the phase
transition, while the peak at 720 cm™ split into more than two peaks whose position shifted to
lower wavenumbers. The present results for nominal Nag osWO3 (PTB,) also show that the 720
cm™ mode shifts to lower wavenumber (at 650 cm™) and broadening of the peak may also
indicate more that one peaks. The disappearance of 720 cm™ mode and little shifting of
809 cm™ mode to low wavenumber (805 cm™) for nominal Nag:WO3; may indicate a phase
transition to PTB; phase from PTB, phase. It may note that from the XRD patterns and IR
absorption spectra it is obvious that nominal NagosWO3; and Nag;WO3; compositions belong to
PTB, and PTB; phase, respectively. Consequently, these data indicate that the 720 cm™ mode is
highly sensitive to changes in crystal symmetry as well as lattice distortion. The shifting of 809
cm™ mode was also reported by Egdell et al. (1989) but they did observe a second peak at low
wavenumber to 809 cm™ mode for Nag:WOs. For crystalline thin film Li,WO; system, it has
been reported that the number of Raman peaks decreases with increasing Li/W (= x) ratio,
indicating a high symmetry of the structure with higher x values (Lee et al., 2003). In the
present system, polycrystalline Na,WQOg, it was found that the number of peaks also decreases
from monoclinic (WO3) to PTB; (Nag1WOs3) phase. For PTB,, NayWOj3; phase no phonon peak
was observed. Due to the high reflectivity and low penetration depth of the visible light, most of

the Raman measurements yield very small cross sections.
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5.2 Discussion of the optical properties of alkali metal tungsten bronzes

A main focus of the present study concerns the chemical composition, structure and optical
property relationship of tungsten bronzes and niobium doped tungsten bronzes systems. An
important result concerns powder related reflectivity data, which shows very good agreement
with the single crystal data for PTB. Na,WO3 systems (Fig. 18, page 30). Following this it has
also been shown that powder related reflectivity data could be used as an estimate for the
counter doping effect in the TTB system of KNbyW1.,03 (Fig. 41, page 55). However, the
evaluation of single crystal reflectivity for metallic HTB systems implies a separation in
oscillator with the wavenumber above 2000 cm™ and a Drude free carrier contribution
appropriate below instead of a unique free carrier description of the optical properties in these
types of systems. Thus, the new separation of the optical properties needs further discussion. A
support of the proposed new types of data separation could be achieved taking into account the
spectra obtained by other authors: (i) King et al. (1972) for Rbg33WOs; (ii) Lynch et al. (1973)
for Nap gsWO3, Nap 735 W03, and K sWOs3; (iii) Owen et al. (1978) for Nag gsWOs; (iv) Kielwein
et al. (1995) for Nag gsWOs3.

King et al. (1972) measured single crystal reflectivity spectrum of HTB type Rbg33WO3 system
at 4.2 K. The reflectivity spectrum is shown in Fig. 64a. King et al. (1972) explained the
spectral feature using Drude free carrier model, also shown in Fig. 64a. It is seen that the
minimum feature at about 2000 cm™ is not included with an ordinary Drude free carrier
description. Alternatively, the reflectivity spectrum of Rbg 33WOs is fitted using a combination
of Drude free carrier and an over damped oscillator model as suggested in this work, which is
also shown Fig. 64a along with the fit parameters values for comparison. The frequency
dependence of the conductivity (c(w)) and real part of the dielectric function (g;) obtained after
Kramers-Kronig transformation of measured and calculated reflectivity (R) for Rbg33WOs3
crystal is shown in Fig. 64b, and c, respectively. It is seen that the reflectivity as well as optical
conductivity (o(w)) can be fitted better by considering a combined model of Drude free carrier
and an over damped oscillator. The zero crossing of the real part of the dielectric function (g;)
(pseudo plasma edge) is same in all cases (Fig. 64c). Thus, the data evaluation shows that it is
not possible to distinguish from the zero crossing of the real part of the dielectric function

between the Drude-oscillator description and Drude free carrier description.
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Similarly, single crystal reflectivity spectra for Naggs\WO3, Nag 73sWOs3, and K WO3; measured

at 4.2 K by Lynch et al. (1973) are fitted using Drude free carrier model and alternatively a

combination of Drude free carrier and an over damped oscillator model. The spectra and fit

results are shown in Fig. 65, 66, and 67, respectively. It is seen that in all cases the reflectivity

as well as optical conductivity can be fitted better by considering a combined model of Drude

free carrier and an over damped oscillator. Additionally the real part of e(w) is well fitted as

shown for the samples in the corresponding figure. Thus, it is also possible to separate the

reflectivity spectra of Lynch et al. (1973) into an oscillator contribution and Drude free carrier

contribution.
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It is also important to consider the data and interpretations given by Owen et al. (1978) and
Kielwein et al. (1995) in comparison. Owen et al. (1978) measured directly the optical
dielectric functions of cubic single crystal NayWO; (0.52 < x < 0.94) system by a polarization-
modulation ellipsometric technique in the energy range from 1.0 to 5.5 eV. Evaluation of these
data with the Drude free electron behavior reveal a systematic linear decrease in electron
effective mass (m*) for decreasing sodium content in Na,WOj3, This, however, does not support
a rigid band model. Therefore, Owen et al. (1978) suggested that the optical reflectivity should
not simply be described by the Drude free carrier model. Instead a superposition of Drude effect
with indirect band transition was considered. Thus Owen et al. (1978) used the results of joint-
density-of-states calculations in combination with the free-electron model to avoid a relatively
large discrepancy between conduction-electron relaxation times derived from the free electron
model alone and those determined from the dc conductivity. Kielwein et al. (1995) measured
the optical constants by high-energy electron-energy-loss spectroscopy (EELS) and also
showed that electron effective mass (m*) increases linearly with increasing Na content in PTB,
NayWOj3. From this finding they proposed a narrowing of conduction band due to admixture of

3s states of Na and 2p states of O.

The data from Owen et al. (1978) as well as Kielwein et al. (1995) are extrapolated according

to Drude equation. The optical reflectivity (R) as well as frequency dependence of the
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conductivity (o(w)) were calculated and shown in Fig. 68 (as denoted) as an example for

Nag.seWO3 composition.
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The dashed curve and the solid curve include the derived data from Owen et al. (1978) and
Kielwein et al. (1995), respectively. The absolute values of the calculated parameters vary in
these two reports. The dc conductivity derived from the Owen et al. (1978) and Kielwein et al.
(1995) data are shown in inset of Fig. 68c, which indicates the Kielwein et al. (1995)
conductivity is less than that of the Owen et al. (1978). Moreover, Owen et al. (1978) noted that
the measured dc conductivity (marked with big circle in Fig. 68c) is almost two times larger
than that of the calculated. It is seen that the zero-crossing of ¢, is nearly same in both cases

although two different techniques have been used.

Thus from the above discussion it can be concluded that the optical properties of metallic
M WO3 systems can be separated into two parts: (i) Drude part, and (ii) oscillator part.
Accordingly a question arises “What is origin of this oscillator?”” A possible answer could be
given considering the optical properties of the low symmetric phase possessing a low doping

concentration.

The optical property of non-metallic Nag03;WO3 (PTB,) as investigated by polarized micro-
reflectivity technique shows the high anisotropy in reflectivity curves (Fig. 22a, page 35). A
close approximation of the reflectivity curves could be achieved with calculated reflectivity
curves using oscillator functions (Fig. 69). The E 90° spectrum can be described using two
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oscillators for the phonon peaks and an over damped one for the absorption effect in the near
infrared range. This over damped oscillator can be explained by a polaron absorption

considering a strong electron-phonon interaction.

1.0 1.0
Parameters | 1" oscillator [ 2™ oscillator [ 3" oscillator
o 670 820 3150 Parameters | 1™ oscillator [ 2™ oscillator
0.8 ; j[) :[J r::nu 0.8 o 56
53 = © 816 6000
¥ 125 6000
g 0.6 Eé 0.6 F 3 11
g g
© 3]
= =
o 04 o 04
14 14 E 0°
0.2 0.2 ﬁ, “
0.0 T T T 0.0 T T 1.
2000 4000 6000 8000 10000 2000 4000 6000 8000 10000
1000 1200 A
T 8004, o 1000 4
5] Il )
s 600 - w1
2wl _ “ i
E aq00 || — =
o g ) - =}
200 —
| — |
0 . . - - 0 — T T
2000 4000 6000 8000 10000 2000 4000 6000 8000 10000
Wavenumber em-1 Wavenumber cm'l

Fig. 69 Measured reflectivity (black curve) of NagsWOj3 crystals (top). E 90° and E 0° denotes spectra
obtained for main components parallel to the electric field vector (E) when rotating the crystal slice.
Blue line displays calculated reflectivity. Fit parameter values are included in the figure. The frequency

dependence of the conductivity (o(w)) are also shown (bottom curves).

These data imply that the electron is strongly coupled in one crystallographic direction of
Nag.037WO3 sample. It has been shown (Ruscher et al., 2008) that polarized reflectivity spectra
of PTB; Lig1WOs3 reveal typical phonon contributions and show strong anisotropic optical
properties, too. Thus, it can be argued that structural details of the WO3 matrix such as W-O-W
bond distances and angles, their dynamics and their flexibility play an important role favoring a
strongly anisotropic coupling strength. This also holds considering polaron formation as a
consequence of sufficient and strong anisotropic electron phonon interaction including the
effect of disorder (Bottger et al., 1985; Rischer et al., 1992; Ruscher et al., 1993; Rischer et
al., 1995). Considering the formation of small polarons the near infrared absorption is

dominated by photon assisted hopping of an electron between neighboring W sites s1, s2:
W3 (s1) + W8 (s2) => WP (s1) + W*" (s2)

For intermediate sized and larger sized polarons the excitation of internal oscillations could be
considered following a Feynman-polaron model with an oscillator effect for the internal

oscillation and a Drude term for the polaron drift contribution (Evrard, 1971).
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According to this the oscillator function function used for the fit of the spectra measured for
LiyWO;3; (PTB), KiWO3; (HTB), and Cs,WO3; (HTB) may indicate polaron formation in these

systems.

It has been shown that an ordinary Drude description largely fails in particular in the MIR
spectral region. In order to get a better fit of the reflectivity spectra a combination of free carries
contribution and oscillator contribution is necessary. This kind of combination of free and
bound charges has been described in details by Stern (1963). The background of this big
oscillator is the polaron which can be explained by Feynman polaron model. Alternatively the
exclusion of Drude free carrier type behaviour can be established more obviously considering
Fig. 70, where the plasma frequency as determined by the zero-crossing of ¢, obtained from the

KKT of measured spectra of all the systems are plotted against chemical carrier concentration.
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Fig. 70 The zero-crossing of &; and transversal optical modes (r) (as denoted) of M,WO; systems. The
dashed lines are given only for better comparison. The calculated longitudinal optical modes of the

oscillator from the LST relation (Eg. 29) are also included as denoted in the legand.

According to the Drude free carrier concept a square-root behavior is expected for the change in
plasma frequency with carrier concentration. However, it is observed that the zero-crossing of

€ varies linearly with chemical carrier concentration.
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The possibility of using only the oscillator to describe the reflectivity of metallic tungsten
bronzes can be excluded comparing the values of zero-crossing of ¢; and the longitudinal
optical modes (w.) calculated from Lyddane-Sachs-Teller relation (LST) (Eq. 29), which is also
included in Fig. 70. It is seen that is w_ smaller compare to zero-crossing €;, which let to
conclude that the oscillator only is not sufficient to describe the reflectivity feature as well as

change in zero-crossing of €, with carrier concentration.

It is seen (Fig. 70) that the zero-crossing of &, for E_Lc direction of HTB and PTB; Li\WO;
phases lie in the same line, which may be due to nearly same amount of tilting of WOs
octahedra in both systems. Also the zero-crossing of ¢, for Elic direction for HTB, TTB, and
PTB. NayWO; phases lie in the same line. This may be due to the same kind of lattice
expansion and comparable lattice parameters of PTB. Na,WOj3 (= 3.80 A, Table 1) and HTB
MyWOs3 (Chrar = 3.76 — 3.78 A, Hussain (1978)) phases. On the other hand, the transversal
optical modes (wr, taken from the Drude-Lorentz oscillator fit results) (Fig. 70) remain nearly

constant with respect to the zero-crossing of &, for all samples.

Table 15 High frequency dielectric constant (&.,), transversal optical modes of the oscillator (er), and
oscillator strength (F) obtained using the Drude-Lorentz oscillator model for the description of single
crystal reflectivity of M\WO; The zero-crossing of real part of dielectric function (&-) and calculated

oscillator strength (F_st) using Eg. 32 are also included.

Systems Measured Zero-crossing g, oT F Fist
direction of g

Ko, WO3 (HTB) Elic 13173 4.8 2797 90 102

Ko, WO3 (HTB) Elc 8578 5 1900 66 97

Ko.2sWO3(HTB) Elic 13750 5 2937 95 105

Ko2sWO3 (HTB) Elc 8890 5.1 1972 60 99

Csg,WO; (HTB) Elic 13331 5 2097 130 197

Csg2,WO3 (HTB) Elc 8688 5 1960 63 93

Cs02sWO; (HTB) Ellc 14485 5 1865 190 297

Cs025sWO;5 (HTB) Elc 9541 5 1717 100 149

(King et al.)

KosWO3(TTB) Elic 16644 5 1965 220 353

(Lynchetal.)

NaggsWO; (PTB,) - 17285 5.2 2280 165 294

(Lynchetal.)

Nag 73sWO3 (PTB,) - 18433 5.2 2280 165 335

(Lynchetal.)

Lio4sWO;3 (PTBy) - 11895 4 2200 110 113

Lig4sWO; (PTB,) - 12877 51 2050 148 196
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The fit parameter values for oscillator contribution of Drude-Lorentz oscillator fit for all
samples (presently investigated) are listed in Table 15. It is seen that the oscillator strength (F)
for E 11 c direction is always higher than that of the E L c direction. Structurally this may be
related to the alkali metal ions vacancies in parallel to c-axis are more prominent to distort than

that of the other direction.

The variation of oscillator strength can be explained considering the model given by Fréhlich
(1966) as follows.

The relation between the longitudinal frequency (w.), transverse frequency (wr), and
macroroscopic plasma frequency (wp) of an oscillator can be explained by Eq. 28, which
express that in longitudinal waves the restoring forces are larger than in transverse ones because

of the long range Coulomb forces set up by longitudinal waves.
0)|_2 = OJT2 + (Dp2 Eq. 28

If & is the static, and &, the high frequency dielectric constant of the oscillator then according to
Lyddane-Sachs-Teller relation (LST) (1941)

o2l o’ =&/ g, Eq. 29
It can be written that
(& - €2) | €= (012 — 072 | o7 Eqg. 30
2 Fist/ g0 = (0° — 07°) | o7’ Eqg. 31
(FLst = Oscillator strength from LST relation)
= Fist = (0° — o1) [ o) x &2 Eqg. 32

Using Eq. 32, the oscillator strength (F_st) has been calculated and added in Table 15. It is seen
that F_st from Eqg. 32 are larger compare to the oscillator strength (F) obtained from Drude-
Lorentz oscillator fit. Therefore the oscillator alone can not explain the zero-crossing of €;. The
contribution from Drude free carrier part is necessary. Moreover, zero-crossing of g; of an
oscillator largely decreases with increasing damping, which would result into lower Fsr,
contrary to the observation. Thus the shift of the reflectivity minima with changing doping
concentration does not depend only on oscillator or Drude free carrier part. It is a combined
effect of both of them. Such a combination has been considered by Stern (1963), where it has

been mathematically shown that dielectric function will have two zero when damping is zero.
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In the present systems oscillator plasma edge is more pronounced because of high oscillator
strength. The Drude plasma edge becomes less pronounced due to the high damping and high
oscillator strength of the oscillator.

5.3 Discussion of the optical properties of Nb-W oxides with block type
structure

It is known that the electrical conductivities of Nb-W oxides, Nbig.x\Ws.xOg9, change gradually
with increasing x from thermally activated (x = 1, Ea = 0.2 eV) to metallic like (x = 9) (Ruscher
et al., 1988b) as measured for the electric field parallel to the block axis (Fig. 71). It is
interesting to note that metallic like optical properties develop only parallel to the direction of

infinite extension (i.e., y-axis) of the block units.
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Fig. 71 Arrhenius plot of the electrical conductivity parallel to y axis. This figure is taken from Rischer
et al. (1988b).

However, a question is whether the optical properties are dominated by free carriers, by the
effect of polarons or by a superimposition of both. It is shown here that the development of the
optical plasma edge in Nb-W oxides can not be described considering only Drude equation.
This would lead to a much higher dc-conductivity values than that of experimental values. In
this work the optical data were remeasured in the infrared range and together with data from
near infrared and visible range, were analyzed using Kramers-Kronig transformation (KKT)

and Drude-Lorentz oscillator fit procedures. The new data show that most of the spectra can be
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fitted systematically with oscillator functions. Only for x = 6, 8, 9 samples an additional Drude

function has to be added for the E 11 y component.

The transversal optical mode of the oscillator for E |1 y and E L y direction are plotted against

the number of doped electrons per formula unit (Fig. 72).
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Fig. 72 Variation of transversal optical modes (wr, from fitting procedure), longitudinal optical modes
(e, both from KKT and LST) with increasing doping concentration of Nbyg,Wg.xOgg System. The four
times of activation energy (E,) values obtained from Arrhenius plot of conductivity for E |1 y direction
are also compared. The number of “free electrons” expected from the chemical formula Nbig,Wg.xOgo

with the assumption of Nb>*, W®*, and O% oxidation states (these numbers are equal to X).

It is seen that the values of transversal optical modes (wt) do not change significantly for E Ly
direction, whereas for E 1l y direction it decreases systematically with increasing doping
concentration. It is important to note that ot does not reach to zero even for x > 8 samples,
where non-metal to metal transition occurs (see Fig. 71). This supports the oscillator description
also for the metallic samples together with the development of the screened free carrier plasma
edge in the far infrared region. The activation energy (E,) for E 11 y direction is calculated from
the Arrhenius plot of the experimental electrical conductivity (Fig. 71) using a linear
approximation at 293 K. Within the small polaron model four times of polaron hopping energy
(Ea) should coincides with the phonon assisted hopping (PAH) energy as ot = Epua = 4E,
(Austin and Mott, 1969). Plotting four times of activation energy (i.e., 4E,) in Fig. 72, it is seen
that it runs almost parallely with the transversal optical modes (wr). The systematically higher

values of Epay (i.€. ®7) can be related to the high disorder effect or due to stronger effective
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electron-phonon coupling strength. Alternatively this could support the Feynman-polaron
model, where drift mobility term of polaron and the internal polaron excitation shows a more
complex relationship. Since the oscillator strength (Table 13) increases with increasing number
of doped electrons, “saturation of polaron” concept as described earlier (Salje et al. 1984,
Rischer et al., 1988a and 1988b) can be ruled out.

From the Kramers-Kronig transformation (KKT) of the measured reflectivity spectra it has been
found that there is no zero-crossing of &; for all samples (i.e., x < 9) for the E_Lc direction as
well as for the x < 4 samples for Elly direction. This is due to the relatively less oscillator
strength (F) and high damping (y) (see Table 13 and 14). Therefore, the zero-crossings of ¢; (=
longitudinal optical modes, m,) are calculated using Lyddane-Sachs-Teller relation (Eqg. 29)
taking the fit parameter values given in Table 13 and Table 14. These values are shown in Fig.
72. It is seen that these values nearly fits with the values obtained using KKT for the metallic
like samples (x > 8). This may be due to the very less Drude contribution, i.e. to the fact that the

oscillator dominates in the optical properties here.
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6. SUMMARY

Systematic investigations of Na,WOs3 series, prepared by conventional solid state method, show
that a new stability field of different phases exist. The relative contributions of different phases
have been calculated using Rietveld refinement method. It is, therefore, important to consider
the existence and contribution of different phases before any interpretation about properties of
samples which is related to composition. Especially, any model that interpret the absolute value
of sodium content for metal to insulator transition and the observed variation of
superconducting transition temperature with sodium concentration should consider this fact.
Thus, this systematic study of Na,WOj3 series may stimulate other experimental and theoretical
investigations. It has been shown that for PTB; Nay;WOj3 phase the puckering effect, i.e. the off
centering of W along c-axis and tilting of WQOg octahedra around c-axis occurs, which is
consistent with the XRD pattern indexing using space group P4/ncc instead of P4/nmm.
Similarly, Glazer (1972) type of tilting a’a’a” is observed in PTB, Na,WOs3 system, which is
consistent with the space group Im-3. The relationship between lattice parameters of different
perovskite NayWO3; and LixWO3 has been discussed. It has been argued that the increase in
lattice parameters for cubic Na,WO3; system and decrease in lattice parameters for cubic
Li\WO3 system with increasing X is due to the increasing W-O bond length, and increasing tilt
angle of WOg octahedra, respectively.

The composition dependent IR absorption spectra and Raman spectra of Na,WO3 system has
been systematically investigated and compared with that of the Li\WO3 system. The decrease in
peak positions with increasing sodium content (in IR absorption spectroscopy) of PTB;
NaxWO3; system is due to the increase in average W-O-W distances, which is directly related to
the lattice parameter increase. It has been shown that one can distinguish different phases
(PTB,, PTBy, metallic (TTB and PTB,)) from spectral behavior. So the present systematic study
of the absorption spectra may improve the discrepancy existing in the literatures (e.g., Krasovec
et al, 2001) specially in the field of thin film techniques, which is very important for further

applications.

Solid state synthesis in the system NaggNbyW1.,0O3 with 0.0 <y < 0.4 enable the separation of
three cubic perovskite type phases when y > 0.25. With the present synthesis conditions a
substitution of niobium (y < 0.1) obtained as single phase. Moreover, a systematic increase in
lattice parameter may indicate further Nb doping. Cubic Na,WO3; was found to be a common
phase for nominal 0.10 <y < 0.4 and show a gradual decrease of x with increasing nominal

niobium content along with a new perovskite type phase of composition NagsNbO, 75 . The new
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phase, NagsNbO, 75 could not, however, be prepared as a single phase. Tetragonal potassium
tungsten bronzes (TTB), K\WO3, and its niobium substituted forms, KyNb,W.,O3 (x = 0.55,
and y = 0.0-0.55), have been prepared by conventional solid state method. It has been shown
that maximum 7% Nb (y = 0.07) could be doped in TTB type system in the applied preparation
way and with the applied experimental parameters. For y > 0.07 distorted pyrochlore type phase
of composition KqsNbgsWo 503 was observed.

Optical reflectivities of single crystals of Liy\WOj3 (cubic), NayWO3; (metallic), K;WO3; (HTB),
CsxWO3; (HTB), and Nb1gxWs.xOs9 (block type compounds) have been reinvestigated. It has
been shown that the Drude free carrier description as used earlier for the interpretation of the
optical properties of these systems concerning metallic properties is insufficient. Instead the
single crystal reflectivity for metallic systems implies a separation in oscillator with the
wavenumber at about 2000 cm™ and a Drude free carrier contribution appropriate below. It has
been discussed that this new separation of the optical properties is also useful to describe better
the optical properties of tungsten bronzes in literatures (e.g. King et al. (1972) for Rbg 33WOs3;
Lynch et al. (1973) for NaggsWO3, Nag73sWO03, and KogWO3). The exclusion of Drude free
carrier type behavior can be established more obviously considering the Fig. 70, where the
reported “pseudo-screened plasma frequency” (zero-crossing of g;) of all the systems varies
linearly with chemical carrier concentration instead of square-root behavior. This new
separation of the optical properties of tungsten bronzes systems into Drude free carrier and
oscillator contribution is supported by reinvestigations of optical reflectivity of Nb1g.x\Wg:+xOsgg
block type compounds, too. It is shown that the component parallel to the block axis shows a
decrease (softening) of the small polaron “photon assisted hopping” (PAH) excitation.
However, the polaron excitation does not disappear for the samples showing metallic
properties, but there is an increasing Drude free electron contribution with increasing doping.
According to this it is concluded that the optical properties of the metallic alkali metal tungsten
bronzes and niobium tungsten oxide series are dominantly polaron properties, following a
Feynman-polaron model with an oscillator effect for the internal oscillation and a Drude term
for the polaron drift contribution.
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