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Abstract

Electric transport investigations were performedtbe trivalent—ion doped tungsten
bronzes YWO; (0.05< x < 0.20) and LANVO; (0.05< x < 0.23). The range of dopant
concentrations includes the cubic phase, as wehagpredicted metal—-insulator transition
occurring in these systems. Polycrystalline samplese prepared by solid state reaction
by sintering compressed powder pellets in evadugikartz ampoules at 1100°C for 72 hr.
Characterisation of the samples included powdenay diffraction, diffuse reflection
spectroscopy, specific heat and magnetization meamnts. The results are similar to
those found in other tungsten bronzes.

An electrical transport station was assembled tasmes the transport properties as a
function of temperature (1.6 KT < 300 K) and magnetic field (-1.29B<+1.2 T). The
standard four—wire method for bar samples and #re der Pauw technique for pellets
were both used for dc conductivity and Hall effiesasurements.

The conductivitys versus temperatufE plots for a range of values show a family of
curves typical of metal—insulator transition sysseammd comparable to results for,NéD;
and NaTaWi1,0s. A change from metallic-type 48T < 0) to semiconducting—type
(do/dT > 0) behaviour is observed ass reduced. The metal—-insulator transition is fbun
to occur for nominal concentrations between 0.05 andk = 0.06 in both the VO3 and

La,WO3 samples. This corresponds to a critical electmrcentratiome ~ 3x1G* cni™.

Room temperature Hall effect results support the fionised donor model for the
tungsten bronzes. The Hall concentration decreasesooling, indicating a partial
“freeze—out” of charge carriers, observed previpusicubic single—crystal N&/Os. No
evidence is found for local moment formation fromagnetization and specific heat
measurements at low temperatures. Magnetoresistaftects appeared at low

temperatures with small resistivity change.1% in 1 T fields.

For lowerx values the YWO3; and LaWO; samples show very similar behaviour in all
their properties, confirming that the donor valermcel not donor type is the dominant

factor in determining the properties of the tungdieonzes.
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Chapter 1: Introduction

In recent years there has been a growth of intereliped transition metal oxides, such
as the doped Cu oxides, exhibiting high superconductivity, and the doped Mn oxides,
which are known for colossal magnetoresistance.yMdithe properties exhibited by these
oxides are not well understood and pose challengugstions. The nature and role of the
metal-insulator (MI) transition in these systems as fundamental importance. A
comprehensive review of Ml transitions has beermilry Imadaet al! with emphasis on
correlation effects occurring in titeelectrons of the transition atoms. Additional esvs
of the MI transition in a variety of systems, indiiig oxides, have been given by Mott

Edwardset al®, Raychaudhufj and Lee and Ramakrisitan

The tungsten bronzes are doped transition metalesxwhich form a class of non—
stoichiometric compounds with the general formuld\ND; (0 < x < 1). The donor ion M
represents a metallic atom such as the alkaliiadkath, transition or rare—earth elements,
which is randomly distributed as an interstitiaside a WQ lattice. A large variety of
metal species are known to form tungsten bronze$aageneral overview of the tungsten
bronzes and related compounds has been present@ickgns and Whittingharh.In
general the donor atom appears in its natural celestate, with its valence electrons
donated to the W®©conduction band. The character of these condudtiemmd donor
electrons then determines the interestirglependent properties exhibited by these
compounds. The tungsten bronzes undergo a Ml tramsis the dopant concentratioms
changed through a non-zero critical concentratioforx > xc the tungsten bronzes show
metallic—type behaviour, while fox < xc insulating or semiconducting behaviour is
encountered. Undoped WQOcorresponding tax = 0, is a charge—transfer insulator,
whereas highx NaWO;3; exhibits metallic conductivity approaching thatNd& metal and
ReG;. Although this MI transition has been observedampensated cubic phase tungsten
bronzes such as Nﬁa/wl_y03,7 changes in lattice structure complicate invesioget in
uncompensated samples. For a range wdlues, the stable phase is found to be single—
phase cubic perovskite with metallic character, xan@ppears to be below the lower end of
this range of stability® The appearance of additional phases issreduced towards zero

hinders a proper investigation of the MI transitiarhe MI transition in the tungsten



bronzes has many features in common with other Mtesns, such as doped
semiconductors. The ABO; perovskite class of correlated metallic oxides meeiving
significant attention, showing diversity and simila in the different types of Ml

transitions observed in these compouhds.

Extensive experimental and theoretical investigegiof the MI transition have been
carried out on the sodium tungsten bronze,{Wa3) and on related systems (such as the
compensated N&aW,,0s).” > Much less work has been carried out on the related
trivalent—ion doped tungsten bronze system. Forawalent donors, such as NéO; and
NaTaW,,0s, the critical concentration is estimatedxat~ 0.18/% It is to be expected
that xc will be lower for the YWO3; and LaWO3; systems due to the trivalence of the Y

and La donors.

Band theory calculations have been carried outHfertungsten bronzes in an effort to
understand the effects of electron—electron intemas and disorder in driving the
transition? The calculations predict that for sufficientlydarelectron—electron interaction
energies on the tungsteh orbitals a pseudogap develops at the Fermi en€fbis
prediction is in agreement with experimental phot®sion spectra and tunnelling current
measurement$:*! It is suggested that antiferromagnetic correlaiptay a role in the
formation of the pseudogap. Many of the observegpgrties are consistent with the model
which shows that the Fermi surface has strong 2atheristics linked to the symmetry of
the tyq orbital. Localised and extended states in the ¢gizgap are predicted, consistent
with the Friedman anomaly in the temperature depecel of the Hall concentration.
Experimental results for the trivalent doped system which the disorder is different to
that in the alkali doped tungsten bronzes, wilbwalfor comparison with the earlier studies

and with theoretical predictions.

In addition to Ml investigations, there is renewetkrest in the tungsten bronzes which
exhibit interesting physical and chemical properéesx is varied. Superconductivity has
been observed in some tungsten brohiz&and the electrochromic properties of \Wabe
of technological interest. They show interestirgdependent optical properties, with
application in electrochromic devidé$® Research on the rare—earth tungsten bronzes

suggests that they may be used for the storageadibactive materials due to their



chemical resistance and thermal stabfiit® Tungsten bronzes also show possible
application in proton exchange membrane fuel &&lls.

The present work, complementing previous invesbgat of the tungsten bronzes, has
sought to prepare and characterize high qualityesed polycrystalline YVO3; and
LayWO3; samples with a range &fvalues, and to establish the critical concentratipfor
these materials by means of electrical transporasoements made as a function of
temperature. No research on the yttrium—doped tangbkronzes appears to have been
published since the early introductory work of Bie¥ and Shanks in 1967. Previous
work?*® carried out on LAVO; has provided structural and compositional infoiomt
but no systematic investigation of tkedependent physical properties, specifically the

transport properties, has been reported.

1.1 Overview

The research includes the preparation of polyclystasamples of YWO3; and LaWO3
by solid state reaction for a range of concentratiolhe present work confirms that the
cubic range for both compounds occurs down to alkout0.08. Previous research has
indicated that cubic tungsten bronzes are metHlfit.To observe the predicted Ml
transition the concentration was extended dowr #00.05. The upper concentration was
chosen to include the complete cubic range for bothpound$?

The primary objective was the investigation of\WO3;, with most of the research
focussing on this compound. The,\A403 investigation followed that of YVO3; and was
initiated to compare the properties of these twakent—ion doped tungsten bronzes. As a
result, fewer samples were produced and the maasuats were not as extensive as for
Y, WOs.

Extensive characterisation of subsequent samplssp@dormed to ensure a sequence
suitable for the intended electrical transport stigations. Characterisation of the samples
included powder x—ray diffraction, diffuse reflect® spectroscopy, mass density and
volume fraction measurements, room temperature étalcentration measurements and

resistivity measurements down to liquid nitrogemperatures. These initial electric



transport measurements also served to test andrpréipe transport station for the low

temperature research.

Electric transport measurements were made downiquadl helium temperatures,
focussing on the resistivity and Hall coefficierft these two compounds. The samples
exhibited magnetoresistance effects during the Ektier concentration measurements,
and some magnetoresistance results were obtained las-product. Low temperature
conductivity measurements were performed on theleviboncentration range for both
compounds. The dependence of the Hall concentraind magnetoresistance on
temperature and donor concentration was investigated the results for successful runs

are presented.

A general overview of the tungsten bronze propertielevant to this research is
presented in chapter 2. Much of the focus is omltggor the sodium tungsten bronze
Na\WOj3;, which is the most investigated tungsten bronzeldte. The MI transition is
introduced, and some of the theories availableesridbe this phenomenon are presented.
The results of Diickeet al.? are presented, and represent the most completeetiual
treatment of cubic tungsten bronzes with regardstite MI transition. Previous
experimental results relating to MI transition istigations in the tungsten bronzes are
then presented. Chapter 2 concludes with a sumwfatlye previous work done on the

Y, WO3; and LaWO;3 tungsten bronzes.

The preparation of the polycrystallingWWO; and LaWO; samples is discussed in
chapter 3, which also presents the extensive cteisation performed on these samples.
This chapter focuses mainly on room temperaturestigations. Chapter 4 describes the
experimental apparatus used in this research, ledethniques used to investigate the
electric transport properties (resistivity and Hadincentration). The main results of this
research, consisting of the electric transport mmesmsents down to around 2 K, are
presented in chapter 5. The effects of magnetdeesis on Hall effect measurements are
also presented. Chapter 6 presents the analydie @xperimental data. The MI transition
is investigated using several methods of analyidie. experimental results obtained here
for Y,WO; and LaWOs are compared to N&/Os; and NaTaWi,0O3 data. Additional
measurements performed at the Florida State Uriiy€td.S.A) are presented, consisting

of magnetization, specific heat and nuclear magnesonance (NMR) data. The chapter



closes with a summary of the main results of theeaech. Chapter 7 is the concluding

chapter of the thesis.

The appendix provides additional information ontaer sections in the thesis.
Expressions for the analysis of the powder x—rdfradition data are presented. The
equation used in the analysis of the electric fartsresults is derived. The function
F(Ri/R) used in the van der Pauw technique for resigtimeasurement is evaluated.
Justification is presented for the use of the dgnsorrected resistivity as a first order
estimate of the crystal resistivity from the polatalline sample resistivity. Additional
results are shown as figures in the appendix galfgnally, two publications based on this

research are presented. Further publications gyeogress.

1.2 Notes

Here are some notes essential to the rest of #sestho avoid repetition of some minor

points throughout the thesis.

1. In some graphs error bars are not present on @ld#ia points. For the data
points where the symbol size is larger than therdrar, the error bars have not

been shown. The error bars denote the standandaritoe mean.

2. Thexvalues listed in this thesis are nominal valudemeined using the masses
of the starting materials, and will be used to derdonor atom concentrations.

The matter is discussed further in chapter 3.

3. The effective concentratiox for Y,WO3; and LaWO;3 will refer to the value
3%, corresponding to the three electrons donatettécconduction band by the
trivalent Y and La dopant. This is useful when camipg the results to
monovalent donor systems such agW@; for whichxes = x. The compensated

tungsten bronze NaaW,.,0Os3 hasxes = x —y due to the Ta acceptor.



4. The donor electron concentratiog = vx/a®> (= Xew/a’) wherev is the donor
valence anch the lattice constant. It refers to the conducthand concentration

assuming full donor ionizatiom{ = x/a® for Na"; nq = 3/a’ for La>*,Y>").

5. Unless stated otherwise, the conductivity in chapte and 6 is the density—
corrected conductivity. See chapter 3 and appelddor further explanations.

6. The standard definition for a metal is/dT < 0, the conductivityr decreasing
with increasing temperaturel due to thermal scattering, whereas a
semiconductor hassftiT > 0, with the conductivity increasing withdue to the
thermal excitation of charge carriers. This defomtwill be used for the higher
temperature data. For MI transition systems, wiieeenvestigations are at low
T, a metal is defined by(T = 0 K) > 0 while an insulator hagT = 0 K) = 0.
The context (in particular the temperature) shaultke the use of “metallic”

clear.



Chapter 2. The tungsten bronzes

This chapter presents a general discussion of temgsronzes and their properties.
Previous results relevant to the present researehpeesented. The metal-insulator
transition is discussed, including its manifestatio the tungsten bronzes. Most of the
results reviewed here are based on the extensimgbstigated NAVO; system. The
chapter concludes with a summary of the researcte dm the YWO; and LaWOs;

tungsten bronzes.

2.1 Basic properties

The tungsten bronze JWO;3; can be considered as a solution (random distabytof
the electropositive donor atom M as an interstiniad WQ matrix as shown in Fig. 2-1.
The donor is fully ionised with the valence elensentering the W@conduction band.
Evidence for this comes from numerous experimemasillts (Hall effect?®° Seebeck
effect®, susceptibility’, Mossbauef, and photoemission spectrosctiy), as well as
theoretical band calculatiotis>® A common preparation method is by the solid state
reaction of powders of W W metal and the donor metal oxide,®4. The reaction
involves the oxidation of the tungsten metal aralititercalation of the donor—-metal ions
into the host W@ crystal by thermal diffusion. This procedure proesi polycrystalline
material, and requires high temperatures and ltargperature—dependent reaction times
for complete reactiof. Another method commonly employed is the growthsiigle
crystals by electrolysi& 8 Polycrystalline LiwO; has been formed in an electrochemical
cell” and K /WO; whiskers have been prepared through hydrotherezaition®® Other
preparation techniques have also been desctf8d’ The reverse process is also
possible. The dissolution procedure for,D; and EWWO;3; has been shown, leading to

the formation of W@and the lanthanide oxid8.



2.1.1 Structural and compositional

Fig. 2-1 shows the symmetric cubic—perovskite stméc The basis is a corner shared
WOgs octahedron. Deformation of this structure throlagtice variations, W@tilting and
W-0O bond—-length and W—O-W bond-angle changes isacteaistic of all the tungsten
bronzes. The reduced symmetry occurs with variabbrthe donor atom, the donor
concentration, as well as the temperafaré****3exagonal tungsten bronzes have also
been investigated, and show different behaviounftiee cubic—based compounids.

The structural characterisation is usually done-ay diffraction (XRD). It should be
noted that XRD provides information predominantly the W positions, being less
sensitive to the lower electron density of the ©@n&. A more complete structural
determination is obtained by neutron diffractfon.

WO is not an ionic compound, although the atoms apipetne W* and G~ oxidation
states. The bonding is due to W — O hybridizatwith the dominant electronic effect

being the W B and O » covalent interactiof**® Fig. 2-2 illustrates the formation of the

Og0®

0
O@OO

® O @
- 0 —@°

a

Fig. 2-1 The cubic perovskite structure of tungsten bronze Also shown is th
corner-shared WQs octahedron. The lattice constanta ~ 3.8 A and M occupies th

perovskite A site in the ABO3; compound.



energy levels in a cubic Wirystal* Considering first the Wgoctahedron and then
separating the constituent®and G ions, the formation of the band structure can be

described as follows:

A. The valence orbitals of the free®ion are the 5-fold degenerate (ignoring

spin) & t,g andey states.

B. As the W — O distance is decreased the crystal fiele to the six charged?O
ions lifts thet,g andey degeneracy. They orbitals lie along the W — O axis in
the octahedral environment, and have an enhangsthtfield interaction. The
degeneracy of thé&y and theey orbitals may be further lifted in non—cubic

environments.

C. Further reduction in the W — O separation causeslay of the W 8and O
states. This leads to the formation of bondiagafidz) and anti—-bondingof*
andr*) molecular orbitals. The smaller overlap betwéea diagonally oriented
tog Orbitals and the ORorbitals leads to a smaller splitting. The lowging
bonding orbitals are mainly O in character, while ainti-bonding states consist
predominantly of W orbitals. The O—dominated bogdimbitals are responsible
for the ionic W* and G character of W@

D. Bringing together the Wgoctahedra in a periodic fashion to form the ciysta
leads to the formation of energy bands from theeawhr levels. The valence
band is full, and the top of the band consistshef ®—dominatethy(r) orbitals.
The bottom of the empty conduction band consisthefW—-dominated,y(n*)
orbitals. The mainly W& nature of the conduction band states has beenrshow
by NMR*** electron spectroscopy and band structure calculatidh¥’ and is

responsible for the success of the tight—bindirggdption of this systerff.

The density of states, calculated for cubic Y¥iO@m density functional theory, is shown
in Fig. 2-3. The top of the valence band (endfgy 0 eV) is shown to consist mainly of O
2p orbitals. The bottom of the conduction band is ohated by the W & orbitals. In WQ
the conduction band is empty with the valence ban making WQ a band-gap

insulator.
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Fig. 2-2. Energy level diagram showing the originef the WO; band structure.
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Fig. 2-3. The calculated density of states for W{&from Ref. 34. The O p and W &

projected contributions are included.
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Band structure calculations for the tungsten brerxaesed on density functional theory
give results similar to Fig. 2-3, with the Fermiéé lying in the conduction barid>* The
tungsten bronzes behave essentially as cubig With electrons present in the conduction
band. The donor atoms supply their valence elestnorintain electrical neutrality, and do
not appreciably affect the electronic structuree Tdptical properties of N&/Os for
x> 0.5, for example, show a dielectric constant\W0; equivalent to that of N&O;
without the conduction electron contributidh.For the higher concentrations, the
properties of the tungsten bronzes are sufficieddgcribed by the rigid filling of a band
structure based on cubic W&>>**4*The Seebeck coefficietitof metallic NgWO; and
photoemission spectroscdpy® show that the band dispersion is not free—electron
parabolic. This accounts for tlxedependent free—electron model parameters, suttireas

effective mass, obtained from analysis of experialetata:®+>*">*

Re(Q; is isostructural and isoelectronic to NaW@ = 1). Band structure calculations
for ReQ produce similar results to those of Wénd NaWw0s.>**#*?ReQ and NaWOs;
have similar physical properties, and Rdfand calculations have been used to interpret
NaWO; data®?>>3

Most of the varied properties of the tungsten besnarise from thex—-dependent
conduction band concentration. Although conventioband theory calculations are
successful for high donor concentrations, they oadiescribe the Ml transition occurring
in these systems as— 0. A rigid band filling would lead to metallic batiour for all

x> 0 and a critical concentratiog = 0 (corresponding to insulating WO

The cubic range:Xmin < X < Xmax

The single—phase cubic range of the tungsten bspramecharacterised by XRD, does
not span the complete rangexofalues (i.€ Xmin # 0; Xmax# 1). NgWO3 shows the largest
cubic range (0.4 x < 0.9F"°*°% whereas most other tungsten bronzes show a much
smaller range (e.g. 0.085 — 0.16 for#D; and GEWOs3)* . Some tungsten bronzes, such
as BaWO; and BWOs, do not exhibit a cubic pha3€®® The cubic phase represents the

most symmetric structure found in the tungsten besn

11



The cubic lattice constamt: is observed to increase with increasim a near—linear

r19,31,37
)

manne which is also predicted by calculatiofisAn exception is LWO; whereac

decreases witR, attributed to the small ionic size of i’ This linearac vs x relationship
has been used to infer thevalues in NAVO; samples from XRD resulf§:3247°1:569p
hexagonal KWO3; and RRWO; the lattice parameters also appear to changerlyne#h

concentratiort?

The lattice constant also depends on the type obrlogenerally increasing with
increasing ionic radius. For the rare—earth tungdi®nzesac decreases from Ce to Lu,
consistent with the ionic lanthanide contractidi€alculations on alkali tungsten bronzes

also showac decreasing as the donor ion size decredses.

The cubic phase exhibits metallic properties fotuaigsten bronzes observed so*far.

Above the cubic rangex > Xmax

No single—phase cubic tungsten bronzes with1 have yet been observegdx < 1).
For X > Xmax additional phases are observed in XRD traces,llysdentified as WQ and
the donor—atom tungstatg?’?#24393137.% ha ynper cubic limikmax has been attributed to
a solubility limit for the donor concentratidf>” For a nominalk > xmax the compound
appears to consist of a cubic tungsten bronze pivitbea fixed donor concentration
X =Xmax While the surplus donors that are introduced fdahm additional compounds
detected by XRD. The solubility limit is furthersdussed in §3.3 and §6.1, and evidenced
in Fig. 3-4 (cubic lattice constant) and Fig. 3{Hall carrier concentration).The range of
solubility limits is quite variedXnax ~ 0.15 for EWWWO; and G@WOs; Xmnax ~ 0.85 for
NaW03)*>*" depending on the donor atom and preparation rdeffioe thermodynamic

stability of the donor tungstate seems to determiag

A solubility limit for NaWOs is suggested for ~ 0.85%" For x = 0.85 additional
phases appear, and the cubic lattice constanbéiesv the extrapolation of the linear form
on the cubic range. This has been attributed tmlaged N&concentration in the tungsten
bronze phase. For RYOs solubility limits of Xnax = 0.125 and 0.15 have been separately
reported, showing that the solubility limit is affed by preparation conditiof$>* B,WO;

12



and BaWOjs; reach their solubility limits ¥nax ~ 0.09 and 0.13 respectively) in the

tetragonal phase, thereby not exhibiting a culviecatire®”>®

Below the cubic rangeXx < Xmin

The appearance of additional phaseg as 0 is expected as the system approaches the
non—cubic WQ (corresponding ta = 0). Forx < xmin Structural changes with tetragonal,
orthorhombic and monoclinic variations are deteftEd**¢>%°Additional compounds
are not detected for< xmin, Which suggests that lowerixgonly causes structural changes.
A reduction in the crystal symmetries follows thsual sequence of transformations:

cubic— tetragonal— orthorhombic— monaoclinic.

Density functional calculations show that the obedrstructural transformations are
driven primarily by electronic factofS. The conduction band concentration, which
decreases with a reduction & is shown to determine the lattice structure. The
calculations, which assume a homogeneous positigkfrged background due to the
donor cations, predict well defined phase boundariexperimental observation show
overlapping phases in the tungsten bronzes -as 0."?*31%%6!The neutralising positive
charges are localised on the donor cations, whiehrandomly distributed. This would
introduce local variations in the electronic densaihd could account for the observed

overlapping phases.

The cubic phase of MVO3; with X > xmin is metallic in nature, while W (x = 0) is an
insulator. The MI transition in uncompensated tuegsronzes would therefore occur for
0 <X < Xmin. The appearance of non—cubic phases makes apmtescrof the transition
more difficult. The production of single crystal M&; samples in this range has also
proved to be difficult® Phase separation into higheubic and lowx tetragonal forms has
also been observed in BMO; for X < Xmin =~ 0.085% The MI transition has been observed

in cubic NaTaW 1,05 (see §2.4), where the Ta substitution stabilisestubic phase.

2.1.2 Hall effect and resistivity

The Hall concentrationy = 1Rye, whereRy is the measured Hall coefficient, gives a

direct indication of the conduction band carriencentration. The sign d®y for NaWO;

13



confirms the expected negative charge carfieFig. 2-4 showsy vs x for single crystal
NaWOs; at room temperature. Also shown is the temperatapendence for= 0.22.

The monotonic increase iny with increasingx, and the proximity of the room
temperature data to th®e, = ng line lends support to the fully—ionised donor modédne
majority of charge carriers appear to participatéhie conduction process. Photoemission
spectroscopy on N/ O3 also supports a conduction electron concentratual to the Na
concentratiort>* A linear fit of the 300 K data gives, = 1.22y. Assuming thahy does
give the carrier concentration, this leads to atedag factorA = ny/ny = 0.82 ~ 1 as
found for alkali metals A =~ 1.28; Ana = 0.88; Ax = 0.95; Arp = 0.93) and other
monovalent metalsAcy = 0.73;Aag = 0.84;Any = 0.68)%? The values ofA are generally
close to unity, with the exact value depending ocanynparameters (e.g. temperature,

magnetic field, and mechanical stre¥s).
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Fig. 2-4. The Hall concentration ngy vs x for Na,WO3 at room temperature,
reproduced from Ref. 26. Also shown are 77 K and Z.K results for x = 0.22. The toj

scale shows the donor-electron concentratiomy = x/a°, and the dashed line iy = ng.
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Forx > 0.4 the Hall concentration appears to be teniperandependent down to ~4 K,
consistent with the typical metallic behaviour estee at the higher concentraticfis’>=°
The reduction inny with decreasing temperature observed fop MN&O; points to a
“freezing—out” or localization of charge carriefhis thermal effect on the charge carriers
is also evidenced in the temperature dependendbeofow x conductivity, leading to
semiconducting—type behaviour (Fig. 2-7). The earrifreeze—out” at lower donor
concentrations is attributed to the formation afalized states inside a pseudogap at the

Fermi energy (see 82.3 and 8§2.4).

The Hall effect in the hexagonal tungsten bronhesvs similar behaviour to that of the
cubic phase. Room temperature measurements ondreda@lWO; are consistent with
the Rb atoms donating theirelectrons to the W{conduction band. Both BhWO; and
Ko.20WO3 show a reduction in the Hall concentration on cwplas found for Ngp2WOs in
Fig. 2-41314

The room temperature resistivigyof some cubic and tetragonal alkali tungsten beenz
is shown in Fig. 2-5. The decreasepinvith increasingx is consistent with the increased
carrier concentration shown in Fig. 2-4. The conidity can be expressed as= nex,
where the carrier concentration~ x andu is the electron mobility. The dashed line in
Fig. 2-5 shows this form for a constant mobilitye¢ X, giving a satisfactory description
of the x-dependence fox = 0.6. This again highlights the typical metallichbgiour
observed in the higher concentration tungsten lm®nZhe deviation between the curve
and the data on loweringindicates a dramatic reduction in the electron ilitgbAs x is
reduced the carrier concentration decreases, theeelicing the screening effects of the
itinerant electrons. The disorder due to the rardggusitioned Na cations, and disorder—
enhanced correlation effects, become more pronaunoe reduce the carrier mobility,
eventually leading to the MI transition.

The room temperature resistivity of crystalline Wnges from 10— 10 uQ cm,
depending on the purity. This is several orders of magnitude larger thanrésistivity

shown in Fig. 2-5, indicating the dramatic transphianges when doping WO

Thep vsx data in Fig. 2-5 are all for monovalent alkali donin cubic and tetragonal

phases. The coincidence of the data, taking intowtt the significant fluctuations in the
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Fig. 2-5. The room temperature resistivityp of cubic and tetragonal samples ¢
alkali tungsten bronzes vsx in a log-linear plot. The data was obtained from Rfs. 1€

and 26. The dashed line is the expressign= 18k matched to the highx data.

absolute resistivity for N&V/O3, suggests that the crystal phase and the typenofia not
significantly affect the resistivity. The valencé the donor atom appears to be the
dominant factor. This also indicates that the phelsanges observed in the tungsten
bronzes asx — 0 should not interfere significantly with the Miansition. The Ml

transition is not believed to be driven by struatdransitions’.

The temperature dependence of the resistivity ighdr concentration samples of

NaWO3; and LaWOj3 is shown in Fig. 2-6. Since La is trivalent théeefive concentration

IS Xeff = 0.3. The resistivity shows the behaviour tygictdund in metals. Fof — 0 K the
resistivity levels off to its residual value, whie the higher temperatures the near—linear
behaviour is attributed to phonon scattering. BN#gWO3; and LaWO3z; show similar
thermal changes ~3@2 cm in Fig. 2-6, and exhibit a positive temperatcoefficient of
resistivity characteristic of thermal scatteringnietals?’ This linearp vs T behaviour was
observed in single crystal N&O; (0.527< x < 0.852) up to 360°C¢ The hexagonal
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Fig. 2-6. The resistivityp vs the temperatureT for single crystal samples of (e
NaxWO3 (x = 0.605 — 0.865) and (b) L&O3 (x = 0.1). The straight lines in (b
indicate the asymptotic high and low temperature bleaviour. The data is from Ref
28 (a) and Ref. 23 (b).

tungsten bronzes also show this near—linear regystibehaviour at the higher
temperature$® The linearity inp is expected fofl = @p where the Debye temperature
Op ~ 300 K for NQWw0s.>*

The conductivitys(T) of NaTaW,,0Oz is shown in Fig. 2-7 for a series of samples
spanning the MI transition. The change in the diffeccarrier concentratiore = X —y
from 0.44 to 0.11 leads to a reductiondirby seven orders of magnitude at the lowest
temperatures. The MI transtition occurs fory =~ 0.18 (see Fig. 2-13). The highest
concentrations show the typical metallic—type bénavshown in Fig. 2-6 @dT < 0). A
reduction in the donor concentration then leadsdmiconducting—type behaviour with
do/dT > 0. The crossover, where/dT changes sign, was previously believed to indicate
the MI transition. However, the semiconductor-lbehaviour does not necessarily indicate
insulating samples, as evidenced by the result&ign 2-13. The Nggslap1eWo0.8403
sample is just—-metallico(= 10 S/cm asl — 0 K) but ¢ increases monotonically with

increasing temperature. This behaviour is suggestithermally activated charge carriers,
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possibly linked to a pseudogap in the density afest and consistent with the Hall

concentration results for NaWOs in Fig. 2-4. The increase in with temperature can

also arise from electron—electron interactions isomlered metals (see EqQ.2.10 in
§2.2.1)%
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Fig. 2-7. The conductivitye vs the temperatureT for a sequence of Na@ ayW1,03
samples. One sample of N& O3, corresponding toy = 0, is also included. The Mo
minimum metallic conductivity omin = 250S/cm is shown. The effective carrie

concentration isxe = X —Y. The figure was reproduced from Ref. 8.
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2.1.3 Diffuse reflectance

The sodium tungsten bronzes undergo dramatic caloamges as the Na concentration
x is varied. Fox = 0, WQ; shows a yellow—green colour at room temperatypaeently
becoming transparent 3s— 0 K.°° In addition to more metallic lustre, an increase is
accompanied by a range of colour changes: yellogergrblue—black; blue; violet; red—
violet; red—orange; orange; golden—yelltiithe colour of a N&VO; sample may be used
to infer the Na concentration, as well as indicsaenple homogeneity. The-dependent
conduction band concentration is responsible ferdhromatic character of the tungsten
bronzes. Optical studies have formed a significgrdart of tungsten bronze

investigationg3437:4147.53.65

Fig. 2-8 gives diffuse reflectance results for,W&; and Li\WOs. The yellow—green
colour of WQ is attributed to interband transitions resultinghe peak around 470 nm in
Fig. 2-8a. (See Fig. E-6 in appendix E.) This wamgth corresponds to the experimentally
determined value of 2.6 eV for the indirect ban@.Y4° For x > 0 the reflectance in the

visible and infrared range shows a strong deperedenk. This is due to the metallic—type
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Fig. 2-8. Diffuse reflectance results for polycrystlline samples of NQWO3; and
LixWOg3 for various x values. The figures are modified extracts from Ref37 (a) anc
Ref. 18 (b).
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reflection from the donor electrons in the conduttband. The reflection is similar in
form to that of typical metals such as copper anid.& In metals the reflectivity is greatly
enhanced below the plasma frequengyc n*?, with n the free carrier concentrati6n.
Increasingx leads to an increase fimand hence an increaseg. This accounts for the shift
in the onset of the metallic—type reflection obsern Fig. 2-8. Fig. 2-8a gives a hint of
the MI transition in N@NOs; with the metallic-like reflection disappearing thvi
decreasing, being replaced with the reflection of insulatmM{Ds;. The expected critical
concentrationc ~ 0.18 for NV Os fits well with the results in Fig. 2-8a. The refliity
results for LIWO; in Fig. 2-8b are similar to those of N¥O; in Fig. 2-8a. A lack of
resolution in the LWOs3; data may account for the absence of the short-tevagi low-x

features observed in N&O; results.

The longer wavelength reflection observed in Fi§. arises from the metallic—type
donor electron concentration. The optical propsrtiethe tungsten bronzes may therefore
be modulated by varying the donor concentratxonThis accounts for the interest in
tungsten bronzes for use in chromatic devices.aFgood conductor the reflectiviy for

normal incidence can be approximated’by

R=1-k,|— 2.1

where k is a constant,) the wavelength angp the x—dependent crystal resistivity.
Decreasingl reduces the reflectivity, accounting for the ‘tait the visible region.
Increasingx leads to a reduction im (Fig. 2-5), accounting for the increased reflaggiv
observed in Fig. 2-8. The total reflectivity in thisible range therefore increases with
and accounts for the more metallic lustre obsenvethe higherx samples. The long
wavelength reflection is predicted to approach 100&kich is observed in high
concentration single crystal N&Os.>* The reduced values observed in Fig. 2-8 are
attributed to the samples being polycrystallinee Tgorous nature and varying surface
orientations need consideration. The overall lofiectivity in the visible range accounts

for the dark appearance of the lowdungsten bronzes.

The above expression gives only a qualitative digson of the lowx tungsten bronze

metallic reflectivity. For the higher concentratorrigid band models do become
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appropriate. Calculations based on the free—eledroade model are then more successful
in quantitatively describing the intraband conttibn to the reflectivity"**’>* Recent
calculations provide a quantitative descriptiontloé systematic colour changes with
observed in NaVOs.%° The intraband response was modelled by the Drungemwhile
the dielectric function due to interband transiowas determined by first—principle
electronic structure techniques using density fonel theory. The interplay between the

interband and intraband contributions is shownetantpportant.

2.1.4 Specific heat and magnetization

Fig. 2-9 shows the electronic susceptibijityand specific heat coefficieptof NgWO3
as a function of the sodium concentratio® The measured susceptibility near room
temperature is constant (also observed forBHOs),>°"attributed to the W@and N&

diamagnetism Xwo3+XXNa+:(—13-9—6-3‘)X 10 emu/m) and the paramagnetic

susceptibility ye of the donor electrons in the conduction band. Therie-type
susceptibility occurring at low temperatures isilatited to impurities. At low temperatures
(T < 5 K) the specific heat shows behaviour typicainattals (C =T + T 3, with ST the

phonon contribution).

The Hall concentration suggests a conduction bamttentrationn «< x, and band
theory givesye, y « p(£r), the Fermi-level density of states. The linear etelgnce
observed in Fig. 2-9 fox > 0.4 therefore suggesi® £r) is linearly dependent on the
conduction band concentration. This has been expeatally observe?*® The failure of
the free—electron model, which predicts>éﬁ dependence, is evident in Fig. 2-9. Use of
the free—electron predictions requires a varyirfgotifve mass parameter. Photoemission
spectroscopy*>and optical measuremefftshow a strictly increasing effective massxor
> 0.5. Band theory calculations on Re@hich give similar results to the alkali tungsten
bronzes¥® predict the required linear form f@(Eg) vs x, as shown in Fig. 2-%. This
follows from a density of stategE) ~ expE/Ep), and this form is noticed in Fig. 2-3 for

the lower part of the conduction band at sufficiemicentrations (1 e¥ E < 3.5 eV).

The deviation between andy in Fig. 2-9 forx < 0.4 is not unexpected. There is ample
evidence that the rigid—band models (based on g with conduction band filling)
give a sufficient description of the tungsten bemat the higher concentrations. However,
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as the Ml transition is approached-¢ xc), conventional band theory breaks down. In this
metallic regime carrier localization is suggested)(2-4), conductivity with e/dT > O is
observed (Fig. 2-7), and the formation of a psea@amrcurs (82.3 and 82.4 below). At the
lower concentrations the disorder (from the randomituated donors) and electron
interaction effects become more pronounced, and neebe considered in theoretical

descriptions of these systems.
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Fig. 2-9. NaWOg3 electronic susceptibility ye and specific heat coefficienty
reproduced from Ref. 51. The vertical scales werehosen for coincidence of the higk

). ReO; band theory appliec

data. The dashed line is a free-electron predictiofx x
to the high-concentration data produces the solidtsaight line (e« Xx). The critical

concentration Xxc ~ 0.18 is shown.
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2.2 The metal-insulator transition

By varying a physical parameter the conductivitsofe systems may be changed over
many orders of magnitude, changing insulating neteinto metallic-type conductors.
An example of this is shown in Fig. 2-7, where toaductivity of NaTaW1.,03; changes
by seven orders of magnitude at IGwby small variations of the Na and Ta doping. The
compositionally controlled MI transition is the miaommonly observed case, although
factors such as stress (pressure) and magnetit fiely also be used to drive the
transition® The MI transition is observed in a variety of gyss such as transition—metal
oxides (NaTaW1,0s, LaNikC0:.03, LaNi;xMn,Os, La;SKC00s), doped semiconductors
(Si:P, Ge:Ga, C:B) and metal-ammonia solutith® "> A complete theoretical
description of the Ml transition is still lackings a variety of coupled mechanisms need to
be considered. In addition to band structure camaitbns, effects such as disorder,
electron—electron (e—e) interactions and screeneeyl to be included. Several references
on the MI transition have been mentioned at the setachapter 1. Further information may
also be found in the books by Shklovskii and Eft@sid Edwards and R4o

A strict definition of what is meant by an insaat&and a metal can only be made at
absolute zero. Insulators are defined by a vangshesidual conductivityy = o(T = 0 K),
while metals conduct electricity at absolute zex>0). As the donor concentration in the
tungsten bronzes is increased fram 0, we find that (foT — 0 K) a critical value is
reached at which the material starts to condudaitrédéty. Since absolute zero cannot be
reached, the exact determination of the Ml traosiis problematic, and requires certain
assumptions in determiningy from the analysis of finitd data in order to classify a
system as insulating or metallic. It has been shthahvery low temperatures are required

for a proper investigation of the loWconductivity datd:*% "

Materials in which the top of a filled valence bardseparated from the bottom of an
empty conduction band by an energy gap are callad-gap insulators. Thermal
excitation of carriers into the conduction bandregjuired for electrical conductivity.
Doping a material or applying stress can changdrnteznal electronic structure, thereby
creating or eliminating band gaps and inducing ahtinsition. The Mott—Hubbard
transition (discussed in 82.2.1) arises from themédion of a gap due to electron

interactions. The conductivity of a material casoavanish in the presence of sufficient
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disorder. Anderson localisation (discussed in 8}.2eads to a disorder—induced Ml
transition without the presence of any band gaps.

Using the Einstein relation
o,=€’p(E.) D 2.2

where p(Er) is the density of states (DOS) at the Fermi endfgand D the electron
diffusivity, a metallic system stops conductingitherp(Er) — 0 orD — 0. The first can
occur if a gap opens up & (such as in a band—gap material or the Mott—Hubbar
transition), while the second occurs if the stais- become localized (such as Anderson
localization). In real systems it is generally fduthat both occur as the MI transition is

approached.

WO; (with x = 0) is a band—gap insulator (Fig. 2-2 and Fig) 2vith a semiconducting
behaviour at finite temperatur&sThe cubic tungsten bronzes ¥ xmin) show metallic
behaviour and hencec < Xmin?® For the much researched ,M&; the critical
concentration is estimated»a ~ 0.18, corresponding to an electron concentradioond
3x10 cmi®"® For 0< x < xc the tungsten bronzes are therefore insulating avifiverging
T — 0K resistivity, while forx > xc they exhibit a finite residual resistivity (or

conductivity).

The tungsten bronzes are tight—binding matefidig’he WQ lattice is the host while
the donor atoms provide electrons that fill the YWgOnduction band (82.1.1). The WO

tight binding Hamiltonian in the site representati®

Hog :Z‘Emﬁy"'_ztj érTﬂE}y - 2.3
iU ij.u
The number operatof, , = f;*ﬂf;ﬂwhere éfﬂ (C,) is the creation (annihilation) operator
for sitei (i andj run over W or O sites) with spim. For large atomic separations the
transfer integrat; = 0 and the solutions thATB are the atomic site stat@s) with orbital

energiesg. As the atoms are brought closer, the overlaplotals makes; # 0 and leads
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to the formation of the band structure in W®ig. 2-2 and Fig. 2-3). For the periodic WO

lattice the solutions tdﬁTB are then the Bloch states
‘E>EZq|i>EZem|i> 2.4

where k is the wavevector and the vector position of site For the valence band the

sum in Eq. 2.4 is dominated by O sites, while far tonduction band the sum is mainly
over W sites. The Bloch states have equal am@ituah equivalent sitesi(f = |ai-|2) and
hence extend over the whole crystal. The quasi+#oamis nature of the conduction band,
which is partially filled forx > 0, then allows for electronic transitions by external
electric field. This leads to the metallic behavimbserved in the highex tungsten

bronzes.

The model of filling a rigid W@ conduction band by donor atom electrons is very
successful in describing the tungsten bronze ptigserat higher concentrations, as
discussed in earlier sections, but starts to ta¥ & 0. The most notable is the fact that in
a rigid—band filling the conductivity will only digpear forx = 0, making WQ the only
insulating system (i.exc = 0). Referring to Fig. 2-3 and Eq. 2.2 the Mins&ion would
occur sincep(Er) — 0 asx — 0. The conduction band states are all of exterigledh
nature, sd remains finite. As discussed below, mechanism sisck—e interactions and
disorder can have profound effects on the progedfematerials. These effects are found
to be important in the low tungsten bronzes, and are eventually responsibléhé Ml
transition at finite concentrations. At the higleemcentrations the conduction electrons
screen out the effects of disorder and e—e interast accounting for the success of the

band theory description.

2.2.1 Interactions: the Mott—Hubbard transition

In a good metal the success of the free—electrodemarises from the collective
screening effects involving the conduction electtomhe high concentration and high
mobility of the carriers are very effective in dbiag the fields due to external charges
)

(such as the core catiort$)® Each electron therefore experiences only a weaiodie

potential. The screened potential of the cationssdoot support bound states. As the
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carrier concentration decreases, by increasindpttiee constant say, the screening length
increases. At some critical concentratimhthe screening length is large enough for the
cation to support bound states. For concentrati@h®w nc the material will be insulating
with the valence electrons in bound states witloarBadiusag. A Ml transition therefore
occurs based on the screening of Coulombic centleisg the Thomas—Fermi screening
length, Motf quantified this argument as

n."*a, ~0.24 2.5

Many diverse Ml systems follow the above Motterion, as evidenced by timg'’ vs
ag plot of Fig. 6 in Ref. 3. A similar expression ca@so be obtained for disordered systems
from percolation theory. Noticing that=® gives a measure of the average spacing
between orbitals in the insulating state, the alyelegion can also be viewed as defining a
percolation threshold concentration related toatttal sizeag.”’

In typical metals it is difficult to vary the caeri concentration significantly to observe
the above transition. In the tungsten bronzes, kewehe carrier concentration can be
systematically varied by selecting the donor cotregionx. Forx < 1 it has been shown
that the tungsten bronzes have typical metalliq@ries. The idealised MI transition
outlined above would probably occur in the tungsiemzes ag — 0 if the donor cations

were distributed periodically in the W@ost lattice.

The random distribution of the donors, howeverrodtices disorder which has
profound effects on the properties as the Ml ttamsis approached. For largehe effects
of the disorder is mainly to introduce scatterirgtres and reduce the conductivity of the
system. The reduced mobility of the carriers, camabiwith a reduction in the carrier
concentration as is reduced, leads to a reduction in the effectimeening abilities of the
conduction electrons. Electron—electron interactiaimen become important. These
disorder—enhanced correlation effects are mantdestethe physical properties of the
tungsten bronzes in the metallic phase near thérdikition. Interaction effects are also
observed in the insulating phase. This is furthscubsed in §2.3 and §2.4.

The next section (82.2.2) discusses how disordateatan lead to an Ml transition.

Below it is shown that introducing e—e interactiom® band theory can also have a similar
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effect. In the tungsten bronzes andny other MI systems, however, band struct
screening effects, disorder an—e interactions all have to be considered in orade

adequately describe the properties near the Msitian.

Fig. 2-10demonstrates how—e interactions can producé/t transition in an otherwis
metallic syptem. Considering a periodic collection of monomalatoms with lattice
constanta, band theory will predict a metallic h—filled conduction band due to the sj
degeneracyThe bandwidtiB decreases asincreases. The system will remain metallic

a — oo, although the effective mass will diverge with thebility vanishing exponentiall

In reality, for a sufficiently larga, the electrons will eventually occupy the indivadi
atomic orbitals with energEy. A second electron of opposite spin, wheaced into this
orbital, will have a larger energy due to the Caulbic interaction with the first electro
The orbital spin degeneracy is lifted by an eneU ~e’/as. The energyU, referred to as
the Hubbard energy, is manifested in the diffeionization energies required to remc

the two electrons from a divalent at«

Fig. 2-10.The electronic bandwidth B as a function of the lattice constana. The
atomic level spin degeneracy is split by the elecn-electron interaction U. Band-gap

formation occurs for a > ac. (Modified from Ref. 73.)
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As the lattice spacing is reduced, the orbital lagecauses the two levels to form bands
(the upper and lower Hubbard bands), as shown gn Z<10. Initially the bands are
separated by a gap (far > B) leading to a band—gap insulator. Wteeis further reduced
below a critical valueac, the upper and lower Hubbard bands overlap (ot B). This
leads to two partially filled bands, each one dboting to the conductivity, thereby
making the system metallic. A Ml transition, callée Mott—Hubbard transition, therefore
occurs when the varied bandwidth~ U. The Hubbard energy is important in narrow

bands, while in typical meta® > U and interaction effects are less evident.

Quantitatively the e—e interactions are accounted ih the Hubbard model
Hamiltoniar(®
1

Hy =Hepg +

U AL, 2.6
iy

N

The interaction term is added to the tight—bindiamiltonian ﬁTB in Eq. 2.3. In the
Hubbard model the electron interaction is only cd&®d for electrons on the same site
with opposite spin (due to the Pauli exclusion @pfe). The Hubbard enerdy quantifies
this interaction, and is usually treated as a patamThe Hamiltonian:lU favours states

with sites occupied by a single electron. The Codd interaction in this case is therefore

more restrictive than the Pauli exclusion principléich allows for two electrons per site.

As discussed above, the general effect of e—eactiens is to shift bands which may
lead to a depletion of the DOS Bt and the possible formation of a band gap. On the
insulating side, Efros and ShklovsKiihave shown that the long range Coulomb
interactions between localized states lead to ¢nendtion of a soft gap ne&, with a
parabolic DOS

p(E)O|E-E| . 2.7

The gap is soft since(E) = 0 only atEr. The resultant hopping conductivity is of the

form
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o(T)D ex;{—(%jyj 2.8

whereksTo = €/kyy defines a characteristic temperatigewith « the dielectric constant
andy the localization length. Eq. 2.8 is valid for< To. The Efros—Shklovskii exponent
p= 1/2 is different from the Mott variable range pom exponentp = 1/4, which
considers non—interacting localized states ) # 07

On the metallic side, Altshuler and AroriBwhave shown that in disordered (dirty)
metals a pseudogap forms due to e—e interactidressDDS neaEr exhibits a square—root

cusp with

p(E)=p(E)+a|E- E[” 2.9
while the low temperature conductivity is predictede of the form
o(T)=0g,+a,T". 2.10

(@1 anday are constants in the above two expressions.)

The e—e interactions are therefore manifesteddrpttysical properties on both sides of
the MI transition, as evidenced in §2.4. Experimengsults suggest that the pseudogap in
the metallic phase (Eqg. 2.9) evolves as the Mlsitaom is approached and eventually
becomes a Coulomb gap in the insulating phaseAEy. (i.e.o(Ef) — 0 and the exponent
changes from 1/2 to 2.) The conductivity, whicltasipled to the DOS &, also evolves
from the form in Eq. 2.10 to the hopping conduciioiq. 2.8 as the system is driven from
a metallic to insulating state. The Anderson—Motibblard model (discussed in §2.3)
shows that the observed pseudogap in the mettdlie & related to the strength of the e—e
interactions via the Hubbard paramdtem Eq. 2.6. In addition to correlation effectse th
effects of disorder (discussed next) are also ésseid a proper description of these

observations.
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2.2.2 Disorder: Anderson localization

An ideal metal has no residual resistivity. TheitéinT = 0 K conductivity (as in
Fig. 2-6) arises from deviations of the latticeipéicity, mostly attributed to impurities.
Lattice vibrations cause the resistivity to inceeasith temperature. Fof > @p the
number of phonons T, accounting for the linear vs T relationship observed in metals
(Fig. 2-6).When the impurity concentration is snthkk conductivity can be modelled as
the scattering of Bloch waves. In the weak scatteregime Boltzmann transport theory

may be used. In the relaxation time approximatalsd called the Drude formula)

ne‘r
o=
M

2.11

wheren is the carrier concentratiomgss the effective mass, andhe relaxation time. The

effective mass is given by the curvature of th@elision relation £ %/mes = dZE( k)/ dik)

and hence depends on the underlying band strudtbeerelaxation time gives the average
time between scattering events, and will depentherextent of the disorder. The carrier
mobility o/ne « 7 and the mean free path= ve 7 (v the Fermi velocity) therefore both
decrease with increasing disorder. Experiments ghatt decreases with decreasixfpr
the higher concentration Na tungsten broriZzddsing the free—electron model relation
ke = 3r°n for the Fermi-level wavevector, with = x/a®, gives the Drude formula for
NaWO; (with a = 3.8 A andxc = 0.18):

2/3
o =695 (lJ (lJ S/em 2.12
XC a

Considering, for example, the NaWOs; sample in Fig. 2-7 with/xc =~ 1.5 ando ~
4x10® S/cm gived ~ 4a. Extrapolation of the Boltzmann transport thearipithe strong
scattering regime therefore becomes questional@gjcplarly whenl approaches the

lattice spacing as it does in NdO3; whenx — Xc.
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In a lattice with sufficient disorder, Ander$dishowed that the electronic wavefunction
could become localized. This disorder-induced laasibn is called Anderson localization,

and is a crucial aspect of the Ml transition. Tigattbinding Anderson model Hamiltonian

|:|A :Z‘E‘iﬁﬂ-'-zgj f;TIJ,(\]'\'ﬂ 2.13
iU

ij.u

is similar to the Hamiltoniaril:lTB for a periodic lattice in Eq. 2.3. The differensdhat due

to disorder the energies (and possibly;) are now random variables. The matrix Bt\
therefore has diagonal (and off-diagonal) disord@iee Bloch states in Eq. 2.4, which are

solutions ofI-AlA in the absence of disorder, are extended througtheucrystal. For a
sufficient amount of disorder, the solutionsh:bj\ will include states which are only a finite

sum of site states*i}, and hence finite in spatial extent (or the enpelof the

wavefunction decays exponentially from some regiospace). These are the disorder—

induced Anderson localized states.

Fig. 2-11 gives an example of the DOS of a banthépresence of disorder—induced
Anderson localization. States with a lowE) are more susceptible to localization,
accounting for the band tail states being localifeeke Ref. 73 for an elucidation). Band
state localization depends on the param@i®; whereB is the bandwidth and/ the range
of fluctuations in the site energies(andt;) due to disorder. For smal/B no Anderson
localization occurs in the band, and the disordes A perturbative effect on the band
structure. ASM/B increases, the localization starts to occur whieeeDOS is the smallest,
such as the band tail states. For a sufficientigd&/B all the band states will eventually

be localized.

The mobility edgeEc is the energy that separates the region of lcedlstates from the
region of extended states. If the Fermi endtgyalls inside the extended state region (as
in Fig. 2-11), the system will be metallic. FBr < Ec the system will be insulating
(referring to Eq. 2.29(Er) # 0 butD = 0). ForksT « Ec — Er the conductivity will then be
due to thermally activated variable range hoppimgnaEg. 2.8 (with an exponent possibly
different from 1/2). For the DOS shown in Fig. 2-d41 MI transition will therefore occur

as the Fermi energy crosses the mobility edge. iSlisown as the Anderson transition.
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Fig. 2-11. The density of states in the presence diisorder-induced Andersor
localization. (Reproduced from Ref. 77.)

In the case of the tungsten bronzEs,increases as the conduction band is filled by
increasing the donor concentratignCalculations by Diickeet al®>? suggest that, in the
absence of e—e interactions, the Anderson transitit occur forx =~ 0.1 (see 82.3). This
critical concentration is significantly lower thahe experimental estimate: ~ 0.18.
Incorporating e—e interactions, Diiclatral® find that the MI transition is shifted to larger

concentrations.

2.2.3 The critical region

The critical region refers to the just—metallic pldor concentrations very near the Ml
transition (0 </nc — 1K 1). Of interest is the behaviour of the residwalductivity oo as
the Ml transition is approached from the metalides The way thato — 0 ash — nc has

received significant theoretical and experimemsaéstigation.

Mott? proposed that, vsn undergoes a discontinuity at the MI transitiorg #mat there
is a minimum metallic conductivitgmin (i.€. 6 > omin for n > ng). The Drude formula
(Eq. 2.11) from Boltzmann transport theory can @sritten ass = (€%/3n°h)kel, with ke

the Fermi—level wavevector. The expression, whechailid in the weak scattering regime,
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is then extrapolated to the MI transition. (Extrigpions tonc of theories which are valid
far from the MI transition are often encounterea] are only justified in the success of the
results they produce.) The mean free pathnnot be shorter than the Fermi wavelerigth
(~ke™), which itself must be larger than the lattice cipg (k= is limited to the first

Brillouin zone). These ideas place a lower boundhenconductivity with

o. =C (e—zjl‘l 2.14
min — “~Mott h C .

where |c is the mean distance between scattering centredofter separation in the
tungsten bronzes ~ 7 A ~ 2 lattice spacings), @agk is a constant in the range 0.01 —
0.05°

Experimental evidence, however, suggests thavanishes continuously at the Mi
transition’> Several systems, including NaW,.,0s, exhibit metallic behaviour with
00 K omin. °®" The Mott minimum metallic conductivity omin ~ 250 S/cm  for

Na, Ta, W_, G, is included in Fig. 2-7. Fig. 2-13 in 82.4 shole tonductivity for a just—

metallic sample of NaaWiyOs with oo/omin ~ 0.02. The Mott minimum metallic
conductivity, however, remains a useful quantityhat metallic samples with < o, are

believed to be in the critical regidf.

The scaling theory of localization looks at the d&abur of the conductance with
respect to the system size scaling. Consideringdheductance(L) of a cube of length,
the main assumption is that the conductag(@e) of a cube with its sides doubled should
only depend on the original conductargte) and not the length. This may be formally
expressed as d(j/d(InL) = A(g), wherep is the scaling function. A detailed description
of the scaling theory has been presented by LeeRamakrishan. The main result

relevant to this section is that in the criticajios scaling theory predictg has the form
g, 0(n-n.)". 2.15

In contrast to the Mott minimum metallic condudtyyiscaling theory predicts thag
vanishes continuously as — nc. The above expression is usually used to obtaén th

critical concentratiomc from extrapolated values of the finite temperatcoaductivity.
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The extent of the critical region is very importamtd, as mentioned abowg,, may be
used as a rough estimate for the range of valwfitifq. 2.15 for a particular M| system.
The critical region is found to be unusually laigesome systems. The expectation for the
critical range is usually/nc — 1 < 0.01°° For Si:P and Ge:Ga, for example, Eq. 2.15 is
observed for 0.00% n/nc — 1 1 and 0.0045 n/nc — 1S 0.3 respectively® ™

The values of the critical exponent are still under debate. Theoretical predictions
show thatrc = 1 and this is indeed observed in many systethSystems such as Si:P and
Ge:Ga clearly showc =~ 0.5%%" Values ofvc ~ 2 have also been proposed for some
compounds?’? A general consensus between experimental resudtstteeory regarding
the critical exponent is still to be reached. Calidn determiningvc is the proper
determination oy from finite temperature data (i.e. very Iowconductivity data), and
sample concentrations sufficiently close to thetiMhsitions (i.e. to ensure the validity of
Eq. 2.15).

Percolation theories have also been used to destnd properties of the tungsten
bronzes and predict the value of the critical cotrationxc. A quick summary of the

results is given by Doumeret al.*

Using site percolation with first, second and dhir
nearest neighbour percolation paths, Lighteptained a value ofc = 0.16 + 0.03 for
NaWOs. This is surprisingly close to the experimentaineatexc =~ 0.18. Likaltef* used

a microscopic percolation model and estimaige: 0.08 for Na@WOs. This is close to the
value xc =~ 0.1 obtained by Diickeet al®® using the Anderson model. It is noted that
percolation theories also predict Eq. 2.15 nearctitecal concentration, with the critical
exponent in the range 1.5 — 2%HolcomHd® has proposed experiments on selected
transition metal oxides to check for the appropnass of using percolation ideas to

supplement other models.
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2.3 The Anderson—Mott—Hubbard model

An extensive theoretical study relating to the Mhition in the cubic tungsten bronzes
NaWO; and NaTaW,,0; has been presented byidker et al®** The Anderson—Mott—
Hubbard model Hamiltonian for the tungsten bronz®Was, which allows for the effects
of band structure, disorder and e—e interactiaaken as

H :ZgoiﬁﬂJfZ‘%j@y@ﬂfZ\é hﬂ+%UZ?nﬂ?n_y . 2.16
LU i,u

ij.u iu

The first two terms represent the tight—binding Heomian for the WQ periodic lattice
shown in Eg. 2.3. The transfer integral tij arisipm the orbital overlap is only
considered for nearest—neighbour W and O sites. fifeetwo terms lead to the usual
tight—binding band structure of crystalline matksriaith the Bloch states as solutions, as
discussed in §2.2.

The effects of disorder are incorporated into thiedtterm of Eq. 2.16. The disorder
arises from the random distribution of the donamsiaat interstitial sites. The positive
charge on the donor cation results in an attragbiotential causing a lowering of the
neighbouring W and O site energigs The termVg = N; V¢ gives the energy shift at site
due to the random numbbk of neighbouring donor cations. The shift per doior was
taken as/c = —0.3 eV corresponding to the binding energy Gfoailombic donor in W@
The first three terms in Eq. 2.16 (lettiklg= O in the Hamiltonian) therefore resemble the
Anderson model Hamiltonian in Eqg. 2.13, with themy § = & + V. Disorder appears
in the randomly valued Coulomb teMg;. In Na TaW,.,0O3 the random substitution of W
by Ta leads to additional disorder in both the gm®arg; andt; (i.e. diagonal and off-
diagonal disorder). The TalStates lie at a higher energy than the \states. Ta supplies
additional scattering centres, accounting for thduced conductivity of N&aW1,0s3
relative to NQWOs.”

Electron—electron interactions are included usinguabardU (Eq. 2.6) that is treated
as a parameter ® U < 10 eV) in the unrestricted Hartree—Fock numeraatulations
used to obtain the conduction band DOS and lodadizgroperties of the model system.

Since Wtyg and O  orbitals lying in a plane are coupled, the conaducband states are
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essentially 2D in character, and this feature isdusm the model. The Hamiltonian in
Eq. 2.16 does not allow for single—particle solosiodue to the two—particle operator
The unrestricted Hartree—Fock approach effegtivetplaces i by its

nilln‘/l' U

expectation vaIue(ﬁ_ﬂ>, and reduces the Hamiltonian into two coupled tadlione—

particle operatorsl-@ = I—A|T + I—A|l). The Hamiltoniansl—]T and I—A|l are then solved self-

consistently by matrix diagonalization for the deagparticle DOS. Fig. 2-12 gives the
results for a range of concentrations udihg 6.5 eV and/c = -0.3 eV.

The results of Diickeet al. show that for small interaction strengths € 5 eV) the
effects of the disorder on the single—particle D& to broaden the band and round van
Hove singularities. No gap or pseudogap is founari®e for any. The band tail states are
strongly localised by disorder, with a crossoveextended states for higher energies (i.e. a
mobility edge is formed). The picture is that of thnderson transition discussed in §2.2.2

(corresponding t&J = 0). The MI transition is found to occur for= 0.1.

U=+6.5¢eV

’ x= 0.60 /\MVCZ_O'SGV
M// w’\

s /j”\\\L
/ N

D(E) [arb. units]

,,w
-1 0 1 2 3
E-E, [eV]

Fig. 2-12. The conduction band density of states t@ned from the 2D Anderson-
Mott-Hubbard model for Na,yWO3. (Reproduced from Ref. 9.)
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For sufficiently large e—e interactiond ¢ 5eV) a pseudogap in the DOS is found at the
Fermi energyEr for all x considered (see Fig. 2-12). The pseudogap evohids
increasingJ (broadening and deepening) and is associatedtigttocalization properties
of the system. The results are in semi—quantitatgreement with experimental tunnelling
conductance measuremeftsThe microscopic origin of the pseudogap is attebuto
antiferromagnetic electron correlations that gixge to repulsion between occupied states

and unoccupied states on either sidggof

The effects of disorder are shown to lead to irsedaelectron interactions in localized
single particle states. By consideringN&W1.,0s, in which disorder effects are increased
by the random distribution of Ta on W sites, itcenfirmed that localization effects are
enhanced by disorder. It is, however, concluded thgeractions are of dominant
importance in determining the critical concentratfor the MI transition. The details of
the disorder are found to be relatively unimportamith the local charges essentially

screening the disorder.

An important prediction of the model is that striyntpcalized states near the lower
conduction band edge are essentially 2D. Similstdyes in the pseudogap are strongly 2D
with the existence of strongly localized statethm vicinity of Er. These findings are used
to account for the observed Friedman anomaly irteéhgerature dependent M&O; Hall
effect measurements (Fig. 2-4) in terms of locélwa of states in the pseudogap.
Extended states close Ep are populated as is increased, leading to an increase in the

Hall concentration.

The value ofU = 6.5 eV is stated as being the most relevantifertungsten bronzes.
For this interaction strength the critical concann is found to occur foxc =~ 0.3, larger
than the experimental value < 0.2. The discrepancy may be accounted for by dict
screening effects, invokingld which depends or (with U — 0 asx — 1 due to increased
screening effects). The important point is that ¢ke interactions are shown to increase
the critical concentration from the non—interactdgderson model value of ~ 0.1. The
correlation effects also account for the pseudogad temperature dependent Hall

concentration observed in the tungsten bronzes.
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2.4 The metal-insulator transition in the tungsten

bronzes

Correlation effects are essential to understanthiegoroperties of the tungsten bronzes
near the MI transition. The Coulomb interactionstie tungsten bronzes are stronger
(larger HubbardU) compared to doped semiconductors which have loacentrations
nearnc and large Bohr radii (~2&cm™ and ~17 A for SiP) The tungsten bronzes have
an inter—particle separation of the order of thitice spacing (~3.8 A) and electron
concentrations ~¥cn>. The high electron densities and low conductity< omi» near
Xc) point to a low diffusivity (see Eq. 2.2) whichegpected to enhance correlation effects.
Combined with disorder, as in the Anderson—Mott—bard model of the previous section,
e—e interactions have a pronounced effect on thgoand neakc. This is manifested in
physical properties such as photoelectron spedpysctunnelling conductance and

electrical conductivity.

Photoelectron spectroscopy investigates the bandtste of materials, and hence
probes the electronic DOS. High-resolution electspectroscopy on polycrystalline
NaWO; shows evidence for the formation of a pseudogdg &r lower x samples. The
pseudogap disappears as — 1.*° High—resolution angle—resolved photoemission
spectroscopy (ARPES) on an insulating sample @fisttrystal orthorhombic Ng@2aW O3
shows no DOS aEg, with the states nede localized? Photoelectron spectroscopy
studies on single crystal N&Oz; and NaTaWi1,03; near the MI transition show no
detectable DOS & for low concentrations (NaWO3 and N@ 25T ag 20M00s).% Higher
concentrations show a finite DOS &t within a pseudogap. The suggestion of Coulomb
gap formation in the insulating samples was latgpsrted by calculations of the DOS for
a classical model of N&aW,,0s."* The long—range Coulomb interactions are shown to

account for the experimental features.

Tunnelling conductance measurements at low tempestl < 4.2 K) have been
performed on single crystals of \N#Os and NaTaW.,03 (x —y = 0.18, 0.3, 0.5 and
0.6)%3The tunnelling conductan(V) at low voltages\() is generally assumed to be a
measure of the single—particle DOS. The resultsvshalepletion in the DOS & for all

samples investigated witB(V) given by
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G(V)=G(1+[v/y) . 2.17

The dip inG(V) becomes weaker with increasixgconsistent with the disappearance of
the pseudogap as— 1 observed by photoemmision spectroscBpy.The dip is also
found in NagWOs;. The pseudogap is therefore evident in laxgeamples where rigid—
band theory is found to be succesfull. For this 0.06 sample the exponekt= 0.5,
consistent with the square—root—cusp predictiontnia weak—localization region for
correlated systems (see Eq. 2.9, Witk E — Ef). As the MI transition is approached from
the metallic side the tunnelling exponent increasem 1/2 to 1, and the pseudogap
becomes deepefG{ — 0). It eventually forms a Coulomb gap in the iaswg region
(with k = 2 andGq = 0, butGy/Vo< # 0).

The photoemission spectroscopy and tunnelling ccoiadice studies therefore show
clear evidence for the depletion of the DOS atRemi energy, both in metallic (forming
a pseudogap) and insulating samples (forming addaloilgap). Evident are the signatures
of e—e interactions in the tungsten bronzes nearMh transition. The formation of a
pseudogap in the DOS B¢ for barely metallic and insulating samples ofNgW 1,05 is
also suggested by NMR investigatidis.

In the metallic phase, disordered solids with gfrere interactions can show a low
temperatureT 2 contribution tos(T) as in Eq.2.10. It is standard to fit the ot

conductivity data in the metallic phase with th@rssion
o(T)=0g,+aT" 2.18

wherea is a constant and the exponemis treated as a parameter. This expression ia ofte
used to determine the residual conductivigy The exponent is expected to change from
m= 1/2 as the MI transition is approached (as iseoled in the tunnelling exponekt
above). In Ge:Ga, for example, the’? dependence becomesTd” dependence as
n — nc.®® Similar behaviour is observed in metallic samgliesoron—doped diamond and
some of the transition metal oxide€. The T dependence is consistent with theory for

disordered interacting systems in the critical oadi
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At sufficiently low temperatures in insulating sdegtransport occurs between distinct
localized states and can be described by the hgpgimexpression

a(T)Dexp ~(T, /T)°| 2.19

whereTy is a characteristic temperature scaling inversetly the localization length, and
p is the hopping exponent, treated as a parameterv&riable—range hopping = 1/4
(Mott) or p = 1/2 (Efros—Shklovskii, which occurs for correldtsystems as in Eq. 2.8).
For activated conductiop = 1 withkgTo = AE, the activation energy. The expongnis
therefore an indicator of the type of system ingeséd. In Ge:Ga, for example= 1/2 for

n < ng, indicating correlated hopping conduction, witldecreasing rapidly as— nc due
to the collapse of the Coulomb g&pA change fronp = 1/2 top = 1/4 asT is increased is
also observed in boron—doped diamond and boron-ddsipeon, signifying a change from
a low temperature Efros—Shklovskii hopping to ahhitemperature Mott hopping

conduction’® 8

Direct evidence for the MI transition in the turgstronzes comes from Na W.,03
in which the structural transition is suppressed #re doping degree s — Y (= Xefr).
Strong interaction effects are evident in the terajpee dependence of the conductivity in
both insulating and metallic samples. Fig. 2-13vshthe conductivity for two samples of
NaTaW1y0s on either side of the Ml transition for 0.4 KT<< 300 K’ (These samples
are from the same batch as shown in Fig. 2-7.) Tist—metallic sample of
Nap 3sT@.16W0843 (X —y = 0.19) in Fig. 2-13 shows a low conductivityo(T) = oo +
oT 2 (60 ~ 6 SIcMK amin ~ 250 S/cm). This corresponds to the form in Ef8 with the
exponentm = 1/3, and is consistent with metallic behavioartle critical region, as
discussed above. The insulating sample of Masy 16W08403 (X —y =~ 0.18) in Fig. 2-13
shows the lowl hopping relation in Eq. 2.19 wiffy = 50 K andp =~ 0.42. The value gb
-1/2

is close to the Efros—Shklovskii valpe= 1/2. A plot of logr vs T
form forT < 4 K (< Tp as it should be for Eq. 2.19 to be valid). Thiadactivity indicates

gives a good linear
hopping controlled by correlation effects, and asggests that a Coulomb gap opens up

in the single—patrticle density of states. This wloble consistent with the tunnelling

conductance and photoemission results.
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Two of the insulating samples of MNaTa1éWo8403 showed as(T) « T™ behaviour
with m = 1.24 and 1.55 respectivélA o(T) « T behaviour i = 1) was observed on the
whole temperature range (1.6 K K < 300 K) for the NgssTa.16Wo8403 sample in
Fig. 2-7% From Eq. 2.18 this behaviour implies = 0 (i.e at the critical concentration). It
should be noted that very close to the criticalcestration small fluctuations in the sample
composition can have pronounced effects on the wminity behaviour. This would
account for the different behaviour found in theéimas samples of N&aW,0s for x —y
= 0.18. The larger values ai (m= 1 compared to the values~ 1/2 and 1/3 discussed
above) have been observed in just-metallic sangflesher transition metal oxidésThe
Na TaW1y0s samples withx —y = 0.18 therefore appear to be very near the Misiten.

It has been mentionédhat for these samples the hopping relationshifgdn2.19 may
occur at even lower temperatures, wlifilower than for the sample shown in Fig. 2-13
(To — 0 asx — xc from the insulating side). FAr > 2 K the sample in Fig. 2-13 hafT)

o« T™with m= 1.2, similar to the other samples with this cotiaion. The classification

of thex —y = 0.18 samples as being just—insulating theredppears to be reasonable.
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Fig. 2-13. The conductivity of a just-metallic X —y = 0.19) and just-insulating K —y
= 0.18) sample of Nara,W1y03. (Reproduced from Ref. 7.)
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2.5 The yttrium and lanthanum tungsten bronzes

This chapter concludes with a brief summary of fmes results on Y¥VO; and
LayWOs. Very little research has been done on these twopounds. The results do

suggest, however, that they have properties sirtalétte other tungsten bronzes.

The first report on the yttrium and lanthanum tuegsbronzes was presented by
Broydeé”® in 1967, and that recipe was used to produce #mepkes in this research.
Powders of W metal, W§{) and the metal oxide (L@s or Y,O3) were mixed, pelletized,
and sealed in quartz tubes under 5%16rr. The tubes were heated at 1100°C for 72 hr,
and then cooled under ambient conditions (takind mih). Homogeneous cubic
perovskite structures were found fofWO; (0.09< x < 0.15) and LANO3 (0.08< x <
0.19). The lattice parameters for, /40 increased in a non—linear manner witlfirom
3.829 to 3.845 A, while for VO3 they varied from 3.800 to 3.815 A. (All other twien
bronzes, including the L&/O3; and Y, WO; samples studied here, do suggest a linear
behaviour for the lattice parameter.) For loweran additional tetragonal structure
appeared, having the same lattice parameters ih boimpounds, indicating similar
structural evolution ax — 0. No additional compounds appeared. For higheLa
tungstate and W@{appeared in L&VOs, consistent with a solubility limit. ¥VO3; was
unusual in that no yttrium tungstate was obseryedow = 0.2, with only WQ present.
The colours of LaAWO; were greenx = 0.02), blueX = 0.10), and red—purple € 0.19),

varying in a similar way to other tungsten bronzes.

In the same year, Shanks and Daniéld@roduced single crystals ofoYWO; and
Lap 1WOs3, grown by electrolysis at 1000°C. The resultingipkes were blue—black cubes
with sides<s 1 mm. XRD results showed a single phase cubicctstre with lattice
constantsay = 3.800 A anda., = 3.835 A, consistent with the results of Bro¥fde
Resistivity measurements suggested both compoumdset metallic (Fig. 2-6.), with

resistivity coefficients typical of cubic tungstbronzes.

Powder neutron diffraction studies were performgdWiseman and Dickef on
Lap.1aWO3. The samples were prepared by solid state reactisuiting in a blue—violet
product. XRD showed a pure cubic phase with latticestanta = 3.833 A. The neutron

diffraction results showed ba/VWO3 had a simple cubic perovskite structure, with iito t
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of WOg octahedra, and the random distribution of the ddvaocatoms was confirmed. The
other cubic tungsten bronzes investigated @& O3, Nay7aWOs3, and Lp3eWOs3) did
show slight tilting of the W@octahedra.

Rare earth tungsten bronzes, includingyl@s, were investigated for 04 x < 0.3 by
Grenthe and Sundbéfgusing powder XRD, electron diffraction and higtsatetion
TEM. Samples were formed by conventional solidesginthesis of the rare earth oxide,
WO; and W. The samples were dark blue to black witiegallic lustre. Samples with<
0.15 appeared single cubic phase, with a latticestemta ~ 3.8 A, apart from a small
amount of WQ. (The appearance of W@ most likely a result of incomplete reaction due
to the shorter heating times.) Por> 0.15 rare—earth tungstate and YWas detected,
increasing withx, and consistent with results for other tungsteonbes above the
solubility limit. The location of the I’ ions was in the interstices of the \W6tructure
with a random distribution. An increase in raretle@ontent decreased the oxidation state
of tungsten, consistent with the transfer of vaéertectrons to the predominantly Vd 5
conduction band. Further structural and composaliaesearch on lanthanum tungsten

|.85 |'86

bronzes by Grenthetal.”™ and Filonenkeet al”> involved the formation of non—perovskite

compounds under high pressure.

As is evident, there is a lack of experimental aese on the perovskite yttrium and
lanthanum tungsten bronzes. Most of the researshfdr@issed on the structural aspects
with no systematic investigations of the electramsport properties. The research here is
therefore important in providing further informaticon the behaviour of these two
compounds, and expands the knowledge base oftilgstan bronzes.
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Chapter 3: Sample preparation and

characterisation

This chapter describes the preparation and chaisatien of the YWO3; and LaWO3
tungsten bronze samples. Extensive characterisat@s performed to ensure a good
sequence of homogeneous tungsten bronze sampleblsufor the low temperature
investigations. The first section (83.1) presehts details of the sample preparation. The
second section (83.2) gives a description of theradterisation experiments and presents
the data obtained. The last section (83.3) givdwief discussion of the results, with
comparison to other tungsten bronzes, in ordestabéish that the material prepared is of
the required quality.

3.1 Sample preparation

The solid state reaction used for the preparatiovi,d/O; and LaWO3; (0<x< 1) is
given by?

(gjmzo3+(gjw+(1-§j WO, - M, WO, 3.1
whereM =Y or La. The reaction equations differ only Inetuse of the donor-metal oxides
Y,O; and LaOs. The recipe presented by Broytleias used. The reactants, obtained from
Cerac Incorporated (L®s: 99.999%, ~325 mesh, W: 99.95%, wh, and WQ: 99.99%,
~325 mesh) and H.C. Starck 5. Grade C, purity 99.95%, size ~1 um), were passed
through a 32um sieve before use. These particle sizes appeadatge for pellet
production, and further grinding in the mortar dgrithe mixing of the reactant powders
was required. The masses of the starting powdersle@ermined from Eq. 3.1 above. The

density of the YWO; and LaWOs crystal (in g/cr), based on the perovskite structure in
Fig. 2-1, is

_ 231.85+ 88.9%

O 231.85 138.9:
s 0.602a( )’

Pua,o, () = 0.602a( ¥’ >2

44



wherea(x) is the cubic lattice constant in units of Angstro

The mixed reactant powders were pelletized in ani® die (Lightpath Optical
Company Ltd.) at 6 tons using a hydraulic presghdlgh the die had a working pressure
of 10 tons, this load produced pellets with flakesl cracks. Samples were produced in
batches of 5 g, creating 3 to 4 pellets of abontn2 thickness. The pellets were placed in
quartz tubes (20 mm OD; 1.5 mm thickness; lengthO~hm) that were then outgassed
under vacuum at 300°C for 30 min JW¥WO3) and 40 min (LANVOs;), followed by
evacuation to below IBtorr before sealing. The additional 10 min requifer LaWOs; is
attributed to the outgassing of the hygroscopidepel(see below). Sintering was carried
out in a programmable Carbolite STF1500 tube fuenat 1100°C for 72 h. The
temperature stability and gradients across the atepare estimated to be ~10°C. (The
temperature profile of the furnace is shown in Egl of appendix E.) A ramp rate of
300°C/hr was used for the heating and cooling sydl@e cooling rate was a restriction on
the furnace control, and this was the only devrafimm the Broyde recipe where the
ampoules were cooled under ambient conditionspgaibout 20 min. All the pellets from
a single batch were placed in the same ampouladore homogeneity and compositional

integrity.

The samples have a rangeo¥alues (0.05< xy < 0.2 and 0.0X x5 < 0.23) that
includes the cubic perovskite phaéélhe sintered samples were typical of the tungsten
bronzes, with a bluish-black appearance. TR¢/@; and LaWO3; samples were optically
indistinguishable for the samxevalue. The lowx material had a navy-blue colour, which
darkened ag increased, and eventually became deep violet fohighest concentrations
(for La\WOQO3). The lustre also increased wittshowing the higher donor concentrations to
be more metallic as expected. The colour changesiarilar to those of N&#O; for x in
the range of ~0.3 — ~0*f corresponding to a similar donor electron conegiutn range.
(The effective carrier concentration for the trewat Y,WO3 and LaWO; tungsten bronzes
is 3 per W.) The uniform colour of the samples is a dydodication of sample
homogeneity, consistent with the complete reactbrihe starting materials (which is
confirmed by the powder XRD results). A significamardening occurs for both the
LayWO; and ¥,WO3; samples with increasing. An expansion of ~15% in the linear
dimensions was found following the sintering, wilight warping of some pellets.

Following sintering, all of the samples were stabiel showed no changes in physical
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properties with time. No post-sintering procedungse performed, such as the washing,

re-grinding and re-heating done in the productibsame other tungsten bronZ83%°¢>"

Grain size analysis was performed using a JEOL M B0 scanning electron
microscope (SEM). Two SEM images are shown in &, indicating a variety of grain
structures for both ¥YVO3; and LaWOs, with grain sizes ~1dm. The SEM pictures show
a similar polycrystalline structure for both compds, as expected from the similar
production methods, and the fact that Y and Lairatee same group of the periodic table
having similar chemical properties. The formatidnrads is observed in some samples,
clearly evident in Fig. 3-1a. NgVO3; nanorods have recently been synthesized and
investigated” (X-ray microscopy results are shown in Fig. E-Zppendix E.)

La,O3; powder is hygroscopic (see Fig. E-3 in appendixasyl this property produced
some difficulties in LAWO3; sample production. Measurable expansion is obdarvere-
sintered pellets when exposed to air for severatd)y@and this process can eventually lead
to disintegration back into powder form,Q5 is not hygroscopic and hence this was not a
problem for ¥YWOs; production. To minimize moisture uptake during thaWO;
production, the pellets were kept under vacuumrgdcsintering. Exposure of the starting
La,O3 powder to air was also minimised, as th@®Hbsorption would create uncertainties
in the actual mass of k@ (and hence) in Eq. 3.1. As indicated in Fig. E-3, significant
H.O absorption only occurs for exposure times of sdv@ours. The reduction xdue to
the hygroscopic nature of @; should therefore be minimal. For samples with high
values, the hygroscopic swelling effect becomesenpponounced due to the higherQa
content. This complicated good sample productioovalx = 0.19. While the absorbed
moisture was driven off during outgassing, the gisllwith x = 0.21 andx = 0.23
disintegrated back into powder form inside the anhg® during handling. For these two
concentrations, soft sintered-powder blocks emeiféel heating to 1100°C, and only

XRD measurements were made on these samples tondetestructural information.

Whiskers were formed in some cases, with colounsilasi to the sample colours,
suggesting that these are tungsten bronze whiskeos. LgWO;3; at the lowest
concentrationsx(< 0.080), soft, hairlike navy-blue whiskers appeasedsome pellets, and
harder whisker “nests” appeared at the bottom & tuartz tubes. For the larger
concentrations, violet hairlike whiskers appearaddew pellets. For the,WO3; samples,

46



. ¥ 4
1 »

» “ » .

b, .
. ,- » a5 —
*»
4 -~
. » ]
b » 9
; P 3’ »
2 ) .
-
i -
- '\q. 8
. R - o

Yum B -

v

Fig. 3-1 Scanning electron microscope images Y WO3; and La,WO3; samples.
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whisker formation was also present for some of tbeer concentration samples
(x<0.091). Whisker-like formations also appear on,W@; when sintering above
930°C’” Structural investigations have been reported oglsicrystal K WO; whiskers
grown at 360°C through a hydrothermal reacfibfrine golden metallic particles were
observed on some of the higher concentration safple> 0.14 andx 4 = 0.23). These
could be high-concentration tungsten bronze pasijcwith colours similar to higk-
NaWOs;. There was some evidence of a local reaction kmivkee pellets and the quartz
tubes at the points of contact for both th@gMD; and LaWO; samples. This is also
observed with the sodium tungsten bron2€s.”” All the quartz ampoules for L&/O;
production also showed blue-white film-like depssiin nearly the whole interior after

sintering. For YWO; the quartz ampoules were clear after sintering.

The ampoule deposits for MIO; and whisker formations may introduce small
compositional uncertainties in the samples, andcégossible shifts in the intended
values. For YWO; the anomalies were of such low mass that the samgnposition
should be very close to the nominal values. Previowestigations have shown that for
homogeneous products the nomiravalues obtained from the starting composition are
close to values obtained by analytical methdd€omparison of the XRD and diffuse
reflectance results for the two compounds sugdnedtthe possible shifts mfor LaWO;
are not significantly large, with the nominatlose to the actual composition. Comparison
of the ,\WO3 and LaWOs resistivity results suggests that the actuébr the LaWO;
samples could be up to 0.005 below the nominalevaliollectively the results show an
uncertaintyAx not more than 0.01.

3.2 Experimental
The following experiments were performed to chaase the samples:

* Powder XRD measurements were performed at roomdratyre to determine
the crystal structure and cubic lattice constanéadirements at 110 K were
done on a few YWO; samples to check for structural stability, and @lowed
for the determination of the average thermal exjpansoefficient. After visual
inspection (of homogeneity for example), the powd&dRD and room
temperature resistivity were the first tools usedchecking the samples.
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* The mass density for known geometries was calallfxten which the crystal
volume fraction could be determined. This was remliito explain some
anomalies encountered in other results, partiqulamdm temperature resistivity
results for LWOs.

« Diffuse reflectance measurements were done at reomperature. Reflectivity
is strongly dependent axy as evident from the colour chnges in the tungsten
bronzes. Comparison betweenWO; and LaWO; results suggest that the
nominal x used for L&WO3; appears valid (referring to the quartz deposits fo
LayWOj3 production mentioned in the previous section).

* Resistivity measurements were done from room teatpess down to 64 K. The
results show a dependence wrand T that is typical of other bronzes, and
confirms the samples to be a suitable sequencengkten bronze compounds.
These measurements were also used to test ané teenfunctioning of the

transport station prior to the low temperature meaments.

» Hall effect measurements were done at room temperaip obtain thex

dependence of the Hall concentration.

3.2.1 Powder x-ray diffraction

Powder XRD patterns were obtained for all th&\"D; and LaWO3; samples at room
temperature using a Philips diffractometer with KGuradiation £ = 1.54 A). Some XRD
measurements were performed ogM0O; samples at 110 K (using a cold-finger with
liquid nitrogen) to check for possible temperaturduced phase changes, as is observed
for WO;.*! Expansion coefficient values for the cubic phas¥,8VO; were obtained from

these measurements.

Room temperature powder XRD traces are showngn3R for YWO3 and Fig. 3-3
for LaWOs. The lowest concentration results are shown in &iga and Fig. 3-3a, while
the highest concentration results are shown in &b and Fig. 3-3b. Intermediate
concentrations (0.091 xy < 0.132 and 0.086 %, < 0.150) have single-phase cubic
perovskite XRD spectra similar to that ®f = 0.091 in Fig. 3-2a and ; = 0.086 in
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Fig. 3-3a. (See Fig. E-1 in appendix E for theseDXi@sults.) Miller indices for the cubic
phase peaks are shown in the figures, as welldasaitions to the appearance of additional

phases.

Lattice constants for the cubic phase of the&V®; and LaWO; samples were obtained
from the cubic XRD peaks (see appendix A for theotly) and the results are shown in
Fig. 3-4. The cubic lattice constant far= 0.05 was not determined with sufficient
accuracy due to the significant presence of additiphases. The relative peak positions
were used in the analysis to eliminate zero oftfétcts in the XRD traces. The Na
tungsten bronzes have a cubic lattice parameteshnikilinear inx over the cubic rangg.
The La and Y tungsten bronzes also appear to fotlow trend. The dashed lines in
Fig. 3-4 are linear fits to the data on the culaoge of each compound, with lattice
constantac(La) = 3.807 + 0.24 andac(Y) = 3.766 + 0.34.

Powder XRD measurements were performed on thre@leanof YWO; (x = 0.07,
0.110, 0.148) at 300 K and 110 K. The XRD trace$ldt K are very similar to those at
300 K, indicating no phase changes, as evidenceatdyesults fox = 0.148 in Fig. 3-5a.
Peaks for both the Kand K; radiation are present due to the absence of tligtétifor the

3.86p—————————————————————
3.85}
3.84f
3.83
3.82L 1%
3.81f
3.80}
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37gt
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Fig. 3-4. The cubic lattice constantc vs x for the Y,WO3; and La,WO3; samples
The dashed lines are linear fits on the cubic range(indicated by solid lines).
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Fig. 3-5. (a) Powder XRD results for a sample of ¢r14aVO3 at 300 K and 110 K
(b) The average cubic phase expansion coefficieladz: vs x for the three Y,WOs3;

samples.

Kz radiation in these runs. Fig. 3-5b shows the ayebic phase expansion coefficient
ac obtained by calculating the change in lattice tamts and also by investigating (to get a
better average) the shifts in thg &d K; peaks between 300 K and 110 K. (See appendix
A for the theory.) The large uncertaintiesag are due to fact that the observed thermal

changes are similar to the uncertainties encouthierthe XRD data.

3.2.2 Density and crystal volume fraction

Sample mass densities were measured on bar andsdisgles and are shown in
Fig. 3-6. The predicted density of cubic crystaliy,WO; and LaWO; (Eq. 3.2),
calculated using the lattice constant values frogn 34, is shown by the dashed lines. The
density of the pellets prior to sintering was ab®ggcnt, and the expansion of the pellets
during sintering is consistent with the observeduotion in pellet density to about

3.3 g/cni.
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From the sample density and the calculated crygetasity it is possible to determine the
crystal volume fractiorf = (crystal volume)/(sample volume) = (sample deécrystal
density), which is also shown in Fig. 3-6. The pmoature of the sintered polycrystalline
samples is evident from these values (the crysalmies ~45% of the sample space). The
densities for the largest J&O3; concentrationsx(= 0.21 and 0.23) are not shown. These
samples were soft sintered-powder blocks (83.1)clwhad much lower densities. The
crystal volume fraction is presented since its @gknd in particular its dependence) does
affect certain physical properties of the samp&asmple resistivity and reflectance, for
example, will be strongly dependant brThe values were used to determine the density—
corrected resistivity from the sample resistivisyaafirst order approximation to the crystal

resistivity (see appendix D).
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Fig. 3-6. The mass density and crystal volume fraicn of the Y,WOj3; (a) anc
LayWO3 (b) samples. Also shown is the mass density of the-sintered Y,WOs3
pellets. The dashed lines show the predicted crys$tdensity. Data labels in (i give ar
indication of sample hardness, specifying cuttingvheel revolutions to cut equivaler

sized pieces of material.
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3.2.3 Diffuse reflectance

The Na tungsten bronzes show dramatic colour clsaragex is varied, and the
appearance of N&/Os; samples can be used to estimateand also check for
inhomogeneities. Diffuse reflectance spectroscauy therefore be used as an analytical
tool to investigate the donor concentrations intthegsten bronzes. To further check the
validity of the nominak values used for L8/Os3, diffuse reflectance investigations were
done to compare the chromic character of th&\@s; and Y,WO; samples.

Diffuse reflectance measurements were performekervisible and infrared range on a
selection of samples using a Cary Scan 500 UV-VIB-Bpbectrophotometer. The results
are shown in Fig. 3-7. Fig. 3-7a shows the pergentaflectanc® vs the wavelength for
cubic samples of ¥WO3; and LaWOs. Fig. 3-7b shows the reflectance in the visiblege
normalised to the value at= 750 nm, of lowek samples of YWO3; and LaWO;3; to show

the colour changes associated with changes in

R (%)

07“1“1“1“1“1“ 08
300 600 900 1200 1500 1800 2100 350 400 450 500 550 600 650 700 750

A (nm) A (nm)

Fig. 3-7. (a) Diffuse reflectance results for selesd Y,WO3; and LasWO3 cubic
phase samples showing the percentage reflectanBevs the wavelengthi. (b) The
reflectance, normalized at 750 nm, in the visibleange of wavelengths to indicate tf

colour evolution of the lowerx samples.
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As the figures show, there is a monotonic changéhenreflectance as is varied.
Performing reflectance measurements on more samipbegever, produced variations.
Reflectance measurements on different parts ofsdmee sample, for example, show
differences of up to 3% iR This is attributed to surface variations from tample
cutting. This could explain the difference (~4%)Rrfor the samex = 0.086 samples of
Y WO;3 and LaWOs in Fig. 3-7a.

The relative reflectance, shown in Fig. 3-7b, ierdiore a better quantity when
comparing the two compounds. The results in tigigré suggest that the deposits observed
inside the quartz ampoules afterWW&D3 production do not appear to significantly change
x from the nominal values. The position of thg\W&; data in Fig. 3-7b is as expected
relative to the YWO; data, and also shows that thgyWO; and LaWO; samples are

optically indistinguishable for the same

3.2.4 Resistivity

Resistivity measurements were performed on the evhenhge of donor concentrations
using the van der Pauw methd® Samples were cut into discs with thicknesses ugryi
from 0.75 mm to 2 mm, with diameters ranging frobnmim to 15 mm. The measurements
were made between 64 K (pumped liquid nitrogen) 20@ K. The leads were attached to
the sample edges using silver paste (at ~90° ial®rvwith excitation currents ranging
from 10 mA to 200 mA (depending on the sample tiedig). These preliminary higher
temperature runs were performed to ensure a goguesee of samples suitable for the
low temperature investigations, and to fine-ture aperation of the transport station. (See

chapter 4 for further details on the resistivityasgrements.)

The resistivity results are summarised in Fig. 3&). 3-9 and Fig. 3-10. The room
temperature sample resistivipg is shown in Fig. 3-8. Each value corresponds to an
average of measurements made on all the availabiplss. Both the YVO3; and LaWOs;
sample resistivity shows a resistivity minimumxat 0.13. For the L&VO; samples the
resistivity minimum appears to be due to xh@ependent fluctuations in the crystal volume
fractionf (Fig. 3-6b). To account for the varying polycrylte nature of the samples with
X, a first order estimate of the actual crystalgigty pc, which is the quantity of interest,

can be made by the equatiof = f ps (see appendix D). The density-corrected resigtivit
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pc, using the values fdrfrom Fig. 3-6, is included in Fig. 3-8. For ,MdO3 the anomaly
seems to be accounted for. FoWO; the fluctuations inf do not account for the
resistivity minimum. The minima occurs near the erppubic limitxmax ~ 0.13, and is
discussed further in 83.3. The dashed curves in3& withp = c/x, show metallic-type
behaviour with the conductivity proportional to thdepant (carrier) concentration. The
proportionality constant (0.094 and 0.155 for WO3; and LaWO;3 respectively) was
chosen to fit the curve through the 0.12 data. The curve does describe th&\@; data
for x> 0.12, indicating possible metallic-type behaviéurhigherx. However, as will be
shown in 83.3, grain-boundary scattering is a nmasisible explanation for the high
data. As expected from the behaviour of other ttamgbronzes (Fig. 2-5), both,WO;
and LaWO; show a similar non-metallic behaviour for law

Fig. 3-9 and Fig. 3-10 shows the temperature degesel of the conductivity for

selected samples. The density-corrected conductddt = osample/f iS shown in these
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Fig. 3-8. Room temperature resistivity results forthe Y,WO3 (a) and LaWO3 (b)
samples. The x-dependence of the sample resistivityps and densitycorrected

resistivity pc="f ps, using thef values in Fig. 3-6, is shown in a senbg plot. The

dashed line shows metallic-type behaviour witjp oc 1/x.
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figures. The transformation only shifts the absolmalue and does not affect the
temperature dependence. The uncertainties are atetimat ~7%, mainly due to
uncertainties in sample dimensions and finite atintze. Fig. 3-9 shows the,WO;
results for concentrations above the resistivitmimum & > 0.12). Fig. 3-10 shows the
lower concentrationx(< 0.12) results for YNO3; and the complete range of results for
LayWOs. Both compounds show a family of curves that gadigiuevolve from metallic-
type (ab/dT < 0) to semiconducting-type £&iT > 0) behaviour ag is reduced, typical of
the low x tungsten bronzes (Fig. 2-7). Although tke= 0.150 curve for LAVOs; has a
higher conductivity than expected, the temperatependence, which is of particular
interest, is consistent with the sequence. Thadsig the case for they¥sdg/VOs3 curve.

3.2.5 Hall effect

Measurements of the Hall coefficidRt were done at room temperature using a dc Hall
configuration. The samples were disc and bar shapibdthicknesses ~1 mm. For the bar
samples (length ~ 10 mm and width ~ 7 mm) the widtkthickness ratio was made large
to optimize the Hall voltage detection. Currentsl60 mA and 200 mA were used which
produced Hall voltages ~0.1 puV. The details forhreaample are shown in Table 5-3 of
85.4. A Varian magnet supplied bi-directional magngelds up to 1.2 T. The two current
contacts were attached with silver paint. The gdtéeads, which need to be as small as
possible, were initially attached to the samplesqisilver paste. Successful runs were
intermittent, mainly attributed to the poor contpobperties between the small silver paste
electrode and sample. Gold-coated pins with pressantact provided a more consistent
method for the voltage lead connections. (Refahtapter 4 and 85.2 for the experimental
details.) Magnetoresistance effects were not dedecin the room temperature

measurements.

The results of the room temperature Hall effect sneaments on the ,WO; and
LayWO3; samples are shown in Fig. 3-11. The Hall concéntrany = 1Rye is shown and
the dashed lines correspondrig = ng, with ng = 3x/a> the donor electron concentration
assuming trivalent ¥ and L&"* donor statesa(is the lattice constant). The sign of the Hall
coefficient indicates negative charge carriersoimth compounds. Each datum in Fig. 3-11
is the average of several runs on a sample, with ean performed in several magnetic

field cycles (see Fig. 5-4).
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The significant fluctuations ing, particularly noticeable in the,WWO3 data forx> 0.12
in Fig. 3-11a, are not random, as repeated meagsmtsnon these samples produced the
same values. These fluctuations are attributegstematic errors in the sample thickness
values used in the expression f&g. The sample cutter did not produce sufficiently
parallel surfaces for these samples, and surfasege or internal cracks may also be a
factor. Closer inspection of several samples shothékness variations of up to 10%
along the surface, consistent with the magnituddefluctuations seen in Fig. 3-11a. This
is also an explanation for the apparent constancthe LaWO; Hall concentration for
x>0.12 in Fig. 3-11b. Further investigations sugdkat this is indeed due to systematic
experimental fluctuations (see Fig. 6-1).
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Fig. 3-11. The results of the room temperature Haltoefficient Ry measurement
on the Y\WOj3; (a) and LaWO3; (b) samples, showing the Hall concentration
ny = (Rue) ™ vs the donor electron concentratiomg. Values ofx are shown on the to|
scale. The dashed lines correspond toy = ng. (Darker symbols in both figures

represent a second sample set.)
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3.3 Discussion

The powder XRD traces in Fig.3-2 and Fig. 3-3 aypical of the tungsten
bronzes>?°4%800 The single-phase cubic range forWO; and LawWOs; occurs for
0.086<x < 0.127 and 0.086 x < 0.21 respectively, consistent with previous resdlt
Outside these ranges additional phases appearmdditonal XRD peaks in ¥VO; for x
> 0.13 (shown by * in Fig. 3-2b) coincide with then-cubic peaks observed for &3
and NGWOs;, which were attributed to WO The appearance of WOwas also
previously observed in YWOs; above the solubility limit? The presence of the tetragonal
form in Y,WO; and LaWO; for x < 0.08 was reported, both having the same lattice
constant$? The XRD traces in Fig. 3-2 and Fig. 3-3 do shosinailar evolution ax — 0.

The additional peaks in \WO3; and LaWO; for x = 0.05 are also observed in the
tetragonal phase dfa, WQ, (x < 0.11)%° There are signs of the tetragonal peak-doublets,

but the traces for ¥VO3; and LaWOs; suggest a mixed-phase with the cubic structure.
Overlapping phases for lower are also observed in other tungsten brohz&s> The
results here are therefore consistent with thecstral behaviour observed in the tungsten

bronzes.

The presence of the mixed phases is particularlpomant at the low dopant
concentrations where the MI transition occurs. $tigations show that the cubic phase of
the tungsten bronzes is metallic, and the tramsitdothe insulating state is preceded by
lattice instability in the cubic N#O; systenf® Adopting a similar criterion implies a
critical concentratiorxc < 0.086 for ¥YWO3 and LaWOs.

The lower cubic limitxmin ~ 0.086 is the same for both compounds, consistéht
previous resulté? This value is also found for other trivalent-domongsten bronze¥:*!
Calculations suggests that the crystal structugimearily determined by the conduction
band electronic densify. Fig. 3-12 plotsxmin Vs the donor valence for the trivalent
systems Xmin ~ 0.086), the divalent Q&/O;3 (Xmin ~ 0.12§° and the monovalent N&/O;
(Xmin~ 0.26 + 0.04%>"*>°134 The linear fit givesin v = 0.25, indicating that the donor-
electron concentrationg = Xmin v/a°> = 4.5x1G* cm™ appears to be the determining factor

for xmin (variations in the lattice constamt- 3.8 A are small at ~1 %).
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Fig. 3-12. A plot of the lower cubic limitxm, vs the valencey of the donor atorr
(upper scale). The line is a linear fit of thexmin vsv™* data (forced through the origin).

The upper cubic limitxmax = 0.13 for YWO;3 is smaller than previously obtained
(Xmax = 0.15)?? Different values foxmaxwere also reported for BtO; (Xmax =~ 0.125 and
0.16)%% This was attributed to the differences in the prafion procedur& This could
also explain the difference ihax for Y, WO;3 (the samples here were more slowly cooled —
83.1). It has been shown that the preparation Q¥MIx is sensitive to conditions such as
temperature and reaction tirfe.Metastable cubic structures of ,M&; have been
obtained for lowex by quenching heated samples to room temperatiree large range
of Xmax Values observed for the various tungsten bronzgs ¢ 0.9 for NaWOs3)* has
been attributed to the thermodynamic stability &ie tcorresponding donor-metal

tungstate’

The cubic lattice constamat for Y, WOz and LaWO; (Fig. 3-4) gives results consistent
with previous investigation€2°> Although Broydé® obtained a non-lineaec vs X
relationship for LW0O;3, the data here do appear to follow a linear foFhme straight-line
fits on the cubic range give a good descriptionthef ac results for both YWO; and
La,WOs. This linearac vs x behaviour for the cubic phase is also observedamwOs,*’
EuWO3,****and CewO;,* and is also predicted by calculatiotis.
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The solubility limit for Y,WQOs3, occurring at the upper cubic limithax = 0.13, is clearly
visible in Fig. 3-4. Since the lattice constantetegis on the donor electron concentraffon,
the constancy ddc for X > xmax indicates saturation of the donor concentratiothecubic
tungsten bronze phase. The concentration of thdiaum phase(s) then grows with
increasingx — Xmax (Fig. 3-2b). Furthermore, the saturation of th®V3 tungsten bronze
phase forx = 0.13 is suggested by the levelling of the Hall camtration data in
Fig. 3-11a, and may also be responsible for therophn the resistivity data in Fig. 3-8a
(discussed below). The M Os lattice constant appears to level for 0.21 suggesting an
upper cubic limitkmax = 0.21.

Fig. 3-13 compares the,WOs cubic lattice constant to that of fO3.*! The cubic-
phase range is the same, wathhaving a similar magnitude and slope. Both doonsiare
trivalent with similar ionic radii. The EWO; results also suggest a saturated tungsten
bronze phase for > xmax This is also observed in N&O; for x = 0.93” For x < Xmin the
EuWOs; lattice constant shows increased values. PhasgatEm into cubic Xmin < X <
Xma) and tetragonalx(~ 0.05) structures was observed by XRD and optitatoscopy™*
This does not appear to occur foWWO3; and LaWOs. All the measured quantities (apart
from the crystal volume fraction in Fig. 3-6) shgnadual changes ascrosses the lower

cubic-phase boundary.

Optical microscope images of cubig 6 WO3 and La VO3 are very similar, as
expected for equivalent concentrations. The imagesyever, do not show a uniform
colour at the microscopic level, even though bdtese samples are single-phase. The
polycrystalline nature of the surface produces wiatc variations. Comparing, for
example, the multiphase o¥s0WOs; and single-phase 0%9WO3; images shows the
expected overall colour changes, but otherwise leeky similar. Optical microscope
images of the range of,\WWO3; and LaWO3; samples do not give an indication of any phase

separation. The nature of the multiphase regioretbee requires further investigation.

The 110 K XRD results show no crystallographic &nee changes in cooling from
300 K (Fig. 3-5a). This is consistent with the coctivity, which shows smooth vs T
curves down to 64 K (Fig. 3-10). The phase trams#iobserved at lowdr in WO; are
suppressedf: although the W@ octahedral basis may be tilting and defornfihlf. The

cubic phase expansion coefficiemt for NgWOs3; has produced a large range of values
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Fig. 3-13. The cubic lattice constants of ¥NVO3 and EuWO3 vsx. The dashed line

indicate the common single-phase cubic range, anté full lines are linear fits.

(0.2 — 17x10° /K) for T > 0°C @1 =~ 14x10° /K for WO;).***>9? A small reduction inx,
with increasingx is also observed in N&/O3.°* The lower-temperature values fopWOs3

are of similar magnitude, but show a significargtyonger reduction witkx (Fig. 3-5b).
There is an appreciable sample hardening in b5 and LaWOj3; with increasingx,
and the multiphase nature of these materials nsaylad responsible for the larger changes
observed inuc.

From Fig. 3-6, both YVO3; and LaWO; show similar magnitudes for the sample
density (~3.3 g/cr)) and crystal volume fraction (~45%). This is expec as the SEM
results (Fig. 3-1) show a similar polycrystallineusture for both compounds. The density
of YLWOs; increases gradually on the cubic range, with pestoear that of the calculated
value for a single crystal. The multiphase regiohtained by the XRD results € 0.08,
x> 0.13 for ¥XWQO,) are also revealed in the density and volumeitradiy the deviation

of the data from the near-linear form on the cubitge.

The significant decrease frfor Lay\WO3; whenx > 0.15 (Fig. 3-6b) is attributed to the
hygroscopic nature of L®;. The larger LgOs; content for highex samples causes a

greater expansion of the pellets prior to sinterifiige results reveal the importance of
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preparing La-doped samples in a dry atmospherécplarly for largerx values. There is a
variation in the nature of the samples, such apbastrength and texture, relatedf @and
X. The sample hardness, for example, is dependenbibr andx (Fig. 3-6b).

The diffuse reflectance results in Fig. 3-7a shaw® main features. The first is the
broad infrared contribution, with its tail in thésible range (3565 4 < 750 nm), which
grows with increasing. The form and evolution is the same as that oleskm cubic
polycrystalline N@VO3; and thin-film crystalline LMWO; (Fig. 2-8). This contribution is
attributed to the metallic-type reflection due tbe tx-dependent conduction band
concentration. The maximum long-wavelength reftecis also ~50%. Typical metals and
highx single-crystal NaVOs; have long wavelength reflections approaching 166%.
The effective reflection area for polycrystallinengples, for example, will be of the order
of the crystal volume fraction (~45% from Fig. 3-@&nd could account for this reduced

reflection.

The second feature is the small “blue” peak obskfee . ~ 430 nm, emphasized in
Fig. 3-7b, which appears to give a contribution ejpendent ofx. This enhanced
contribution in the visible range gives the lowsamples their bluish appearance. The
yellow-green colour of W@is attributed to interband transitions which grge to a
reflection peak at ~ 470 nm (see Fig. 2-8a, and Fig. E-6 in appe&)iXThe reflectivity
results for N@VO;3 at equivalent concentrations+ 0.20 — 0.50) do not show such a peak
(Fig. 2-8a). Calculations of the reflectivity foi,lWWO3; and N@WOs; do predict a small
peak ath ~ 400 nm forx = 0.25 & ~ 0.08 for YWO3; and LaWO3), consistent with the
results heré The shorter wavelength, compared to YVi® attributed to the Fermi level
rising withx. There appears to be no systematic shift in thee*lpeak position withx, as
would be expected in the filling of a rigid band.should be noted, however, that the
dominantx-dependent metallic-type contribution will influenthe observed peak position.
The plasma frequenayp  n*’?, with n ~x, moves to lower wavelengths xss increased.
The colour changes in N&O;3; have been attributed to the free-electron plasoge e
moving through the visible spectrufi®**®® The classification of the “blue” peaks as
interband transition requires further investigasiorconsidering their absence in the
NaWO; reflectivity.
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Fig. 3-14 compares the,WO3; and LaWOs3; conductivity results. Fig. 3-14a shows the
room temperature density-corrected conductiwty vs Xx. Fig. 3-14b compares the
evolution of the temperature dependence by plotiimgratios(100 K)i(300 K). There
are three regions of interest for thgWO; results:x < 0.11, 0.11s x < 0.13, and
x= 0.13.

The regiorx < 0.11, which is of interest for the MI transitianvestigations, shows both
compounds with a similar exponential dependence as indicated by the parallel dashed
lines (Fig. 3-14a). This behaviour is also obseriredhe alkali tungsten bronzes at the
lower concentrations (Fig. 2-5). As shown in Figld, the slope of the — T curves
evolve monotonically in a similar fashion, indicegithe strongef-dependence as is
reduced. The conductivity is consistent with \W&; and NaTaWi.,Oz results
(comparing Fig. 3-10 and Fig. 2-7), showing thengfgafrom metallic &100x/o300k > 1) tO
semiconducting-type ofoo/ozook < 1) behaviour asx is reduced. The crossover
(o100Klo300k = 1) Occurs at similar conductivities (~1000 S/cme Fig. 3-10), all within the
single-phase cubic range. For,M#&D; this occurs ak ~ 0.3 with a similar conductivity
(~2000 S/cmy?® while x =~ 0.11 for YWO; (Xt = 0.33 is similar). For LAVO; the
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Fig. 3-14. Comparison of the YWO3; and La,WO3 conductivities. (a) The roormr

temperature density-corrected conductivityec vsx. The dashed lines are two parallel

straight lines. (b) The relative conductivity e100k/6300k VS X. The darker symbols

correspond to concentrations above the ¥VO3 solubility limit ( x > 0.13).
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crossover occurs at a larger value with- 0.17. Forx < 0.11 the YWO3; and LaWOs;

samples therefore show behaviour typical of thgsten bronzes.

The NaWOs; and NaTaWi.,0Os; conductivity shows a near-linear temperature
dependence fof > 10 K near the MI transitiork(-y = 0.18) The conductivity follows a
relationo(T) = ap + a1, T, with the exponenk € (0.9, 1.3) andy, > 0. The ¥WO; and
LayWO3 conductivity for the lowek samples can also be described by this equatidnkwit
in the same range. The conductivity of thgo¥VO3; sample in Fig. 3-10a shows a
distinctly different behaviour in that the slope/dll appears constant over the shown
temperature range, withc = 0.286 °3 This T-dependence is also observed near the MI
transition for NgTaW1,03 (x = 0.34 and/ = 0.16 in Fig. 2-7; see also §2.4).

The LgWO;3 conductivity in Fig. 3-14a is about half that ofWO; for x < 0.11, which
is unexpected. Referring to the anomalous behawbseerved in the L&/O; preparation
(83.1 — film deposits on the quartz ampoule wallshift ofAx ~ —0.02 for L§WwO3; would
make thes vs x data for LWO3; and Y,2WO; coincide. This required shift iris larger
than appears likely based on the small amount aiemah of unknown composition
detected on the ampoule walls. It would also inied similar problems for the other
measured quantities. The specific heat resultepted in 86.4.2 show equivalent results
for Yo.050MO3 and LagsoVOs3 (Fig. 6-17), indicating no significant deviatiorof the
nominalx value used for LAVOs.

The second region (0.11x< 0.13 ~Xmay COrresponds to the upper part of th&\¥O3
single-phase cubic range. The conductivity in Bid4a appears to reach a plateau value,
and this is also observed for,\M#0O3; before reaching its upper cubic limjtax ~ 0.21. For
LayWO; metallic-type behaviour (witly o« X) does describe the results fer> 0.12
(Fig. 3-8b). Room temperature results for singlgs@a NawWOs; (Fig. 2-5), however,
indicate a strongex-dependence for equivalent concentrations. SEMcatds a similar
polycrystalline structure (Fig. 3-1), and both coaiities in Fig. 3-14a level off to about
the same value (~1000 S/cm). This rather suggbatstihe grain-boundary resistance is
responsible in limiting the total conductivity. Eeince of large grain-boundary
contributions was also evident in earlier studiéshigh concentration polycrystalline

NaWOs.>® For this reason research focussed primarily omleiorystal samples. As
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evidenced here, both the crystal volume fractios e grain-boundary resistance need to
be considered in the higher-concentration polyatiise samples.

In the third regionX > 0.13 ~xmay the Y,WO3 conductivity is expected to be limited by
the grain-boundary resistance. The carrier conagotr within the crystallites is also
saturated due to the solubility limit, and furthecrease in crystallite conductivity is not
expected. The XRD results, however, show the appear of impurities forx > 0.13,
resulting in increased scattering centres withe@asingx. This would account for the
observed reduction in conductivity. The same behavis expected for L&/O3; when
x> 0.21.

The dominance of the grain-boundary and impuritgttecing in XWOs is also
apparent in the temperature dependence of the ctivitdjy The conductivity curves for
x> 0.140 in Fig. 3-9 show very little temperature elegeence. This is also evident in
Fig. 3-14b withoigok/osook =~ 1 for x = 0.13. This is indicative of dirty metal behaviour
where temperature dependent contributions, sugbhason scattering, get swamped by

impurity scattering.

The anomalies in the sample resistivity fgfO; and LaWOs in Fig. 3-8 are therefore

summarised as follows:

* In LaWOs3 the upturn in the resistivity for > 0.15 is due to the large crystal

volume fraction reduction.

e For Y,WO3; and LaWOs the resistivity levels (to ~1 & cm) within the cubic

range due to the grain-boundary resistance.

* In Y, WO; the carrier concentration in the conducting cuyese is saturated
for x > 0.13. Increasing leads to more impurity scattering centres, acaognt

for the increased resistivity.

The room temperature,WWO3; and LaWO;3 Hall concentration in Fig. 3-11 is similar to
the results of N&VO; (Fig. 2-4) forx < 0.12. Refer to 86.3 for further discussion and

comparisons. The Hall concentration forWWO3; appears to plateau for the higher
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concentrations, and this is attributed to the gbtydimit of Y in the tungsten bronze
phase. FOx > xmax ~ 0.13 the Y concentration becomes saturatedjrigad a constant
carrier concentration. The apparent constancy & ltgWO3; Hall concentration for
x>0.12 is due to experimental fluctuations, evidence86.1, and does not represent a

concentration limit.

In conclusion, the characterisation of thg/AWO3; and LaWO3; samples shows results
that are typical of other investigated tungstennbes, such as the much investigated
NaWOs. The results confirm that the two compounds amdgeneous tungsten bronzes,
and point to a sequence ofWO3; and LaWO3 samples suitable for this investigation. The
grain-boundary resistance makes the measured &bdsehistivity somewhat uncertain for
x > 0.1, although the temperature dependence shsiilldoe accurate. The region of
interest for the MI transition is at the lower centrations (withxc < 0.086). Due to the
larger crystallite resistance in this range, therfiering grain-boundary effect will be less

evident.
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Chapter 4. The electric transport

station

This chapter discusses the details of the eletraitsport station for the low temperature
resistivity and Hall coefficient measurements. Mam der Pauw technique and the bar-
sample method used in the transport investigattwasdiscussed. The experimental setup
and the apparatus used in the transport statiotharepresented. The chapter concludes

with the tests performed on the transport statioensure proper functionality.

4.1 Measurement techniques

4.1.1 The van der Pauw method

The van der Pauw meth®d provides a way of measuring the resistivitand Hall
coefficientRy of a sample having an arbitrary surface shapeigedvthat the following

conditions are satisfied:

» The sample is sufficiently thin with a uniform thireessd.
» The sample should be simply-connected with a umfasistivityp.

» The contacts used for supplying the curdeahd measuring the voltagemust

be on the periphery of the sample.

If the above conditions are satisfied then the dgan Pauw technique states that the

resistivity is

p:ﬂ(mj F[_Fs] | i1
In2 2 R,
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Fig. 4-1 shows the setup for this method. The t@stesR; and R, in Eq. 4.1 are
determined by placing the two switches at positibrad 2 respectively. In position 1 the
currentlag and voltagevpc are measured to determiRe = Vpc/lag, While in position 2
the currentlap and voltageVsc gives R, =Vecd/lap. The functionF in Eg. 4.1 depends
only on the ratio of the measured resistariReandR,. This function is plotted in Fig. C-1
of appendix C, which also describes a numericalhotetof evaluatingF for use in

the transport station software.

This technique is well suited to very thin (suchtas-film), arbitrarily shaped samples,
with the contacts placed anywhere on the periph€ng thickness-to-diameter ratio of
sintered pellets can be ~10%. The validity of uding van der Pauw method on these
“thick” samples has not been previously addres3edconfirm that the van der Pauw
method is also suitable for use on thick samples,imrdlependent investigation was
performed and the results have been publi§héBee Appendix F for the publication.) The
results indicate that the technique may be useddoples of arbitrary thickness, provided
that a two-dimensional current distribution is ntained inside the sample (i.e. the current
distribution at any depth is the same as that ersthiface). For this reason the current and

voltage contacts were placed on the sides of ke, as shown in the inset of Fig. 4-1.

h 4

A4

Fig. 4-1. The setup for the van der Pauw techniquior resistivity measurements.
The voltmeter and current source with ammeter are dbelled by ‘V' and ‘I’

respectively. The inset indicates contact placemenfor sample pellets.
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The van der Pauw technique also allows for the nreasent of the Hall coefficient,
with

- g2k
R, =d=_2. 4.2

Referring to Fig. 4-1, a currenic is passed through AC, and the voltadg, is
measured across BD, with the resistafze= Vgp/lac. ARs in is the change in this
resistance (due to the induced Hall voltage) whesm sample is placed in a uniform

magnetic fieldB that is perpendicular to the sample’s surface.

4.1.2 The bar-sample method

The simplest way to do transport measurements idbarshaped samples. Fig. 4-2
shows the setup for this method on a sample wittktiessd and widthw. The voltage
leads are placed at points A and B with a separ&tibhe current electrodes are placed on
the entire end surfaces. With a currérthis ensures a uniform current density I/A
through the sample’s cross-sectional afea wd. The uniform current and well-defined
geometry simplifies the theory. Measuring the \@dtd/,g gives the resistancBag =

Vag/l, and referring to Eq. B.13, the resistivity isrihe

The Hall coefficient is determined by using the temts B and C for voltage
measurements. Contact C is placed directly oppdsiteontact B so that no voltage
appears in the absence of a magnetic field (ie.cttntacts are balanced). Referring to
Eq. B.14, when a uniform magnetic fieRlis applied perpendicular to the surface, the

voltageVgc = RyBl/d. This is the induced Hall voltage, and hence thé# ebefficient is

This expression is equivalent to Eq. 4.2 for the gar Pauw method.
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Fig. 4-2. The setup for resistivity and Hall coeffiient measurements on bashapec
samples. The voltmeter and current source with amnter are labelled by ‘v’ and ‘I’
respectively. The inset shows a way to balance thgoints B and C using i

potentiometer.

4.1.3 Additional notes

Egs. 4.1 — 4.4 provide the expressions for the dqwantities 4 and Ry) that are the
target of this investigation. Both methods desctilzdove use a 4-wire approach to
eliminate the effects of contact resistance wherasueng the resistivity. The 2-wire
method (such as placing points A and B in Fig. d2the current line) would not be
suitable here, as the sample resistance is signtfic smaller than the contact resistances
encountered in this research (see 85.1). Achiegoayl electrical contacts in the tungsten

bronzes is a challenge.

Due to the finite resistande of the samples, the applied currénwill generate heat
(power ~I°R) which could significantly change the sample’s pemature. The large
contact resistances found in the tungsten bronzglgs is also a source of heat. Heating
effects were noticed in the more resistive bowamples. To minimise this heating effect
the current was only switched on during measuresn@vith a sufficient delay of about 1 s
to allow for signal relaxation). The current magde was also varied to observe possible
heating effects (see 85.1). Heating effects wilhifest themselves by producing a current-

dependent resistivity, particularly when jhes T curve is not flat.
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The voltmeter in Fig. 4-1 and Fig. 4-2 measures diggal voltageVsigna due to the
current in the sample, as well as stray voltaggsappearing on the lines leading from the
sample to the meter. The measured voldgeVsigna + Vex: therefore has a systematic error
due to the stray voltages. This stray voltage carelbninated by using current reversal.
Vext does not depend on the sample current, whérgas reverses sign on reversing the
current. The measured voltages for the two cumlegttions is therefor¥s = Vsignai + Vext
andV_ = Vsigna+ Vex. The signal voltage is théfgna = ¥2(V+ — V). Current reversal for

stray voltage elimination was used in all the t@sty measurements.

Two additional practical problems that can occuresistivity measurements are contact
slipping and contact creep. Contact creep occur§irfite sized voltage contacts (such as
when using silver paste), and represents a chante ieffective position on the sample at
which the voltage is probed. This occurs due to-moiform changes in the contact
resistance when the temperature is varied. Foré¢aison the voltage contacts need to be as
small as possible. Contact slipping may occur wheing pressure-applied voltage
contacts. Both effects occur due to thermal chamgdke environment. Although finite
contact size does introduce quantifiable errothéwan der Pauw technigtfethis method
iIs not affected by contact creep or slip, since rdmuilts are independent of the contact
placement. The bridge technique suffers from baghtaxt creep and slipping, which
affects the effective separation of the voltagedseh in Eq. 4.3). Contact slipping and
contact creep were apparent in several runs, teffect was small. An example of
significant contact slipping is shown in Fig. 6-2 the “bump” in the resistivity data of
Lag.1aWO;3 for T ~ 200 K. These effects could also account for tightsdifferences in the

resistivity data for the cooling and heating meamant cycles.

All four equations (Egs. 4.1 — 4.4) contain sanghfaensions (thicknessand widthw)
which change with temperature. For temperature gésrof 300 K and an expansion
coefficient ~5x10/K (Fig. 3-5) the sample dimension change is ~0.ZB& uncertainty in
the measured sample dimensions is a few perceatth@nthermal changes may therefore

be ignored in comparison with other sources of ttagay.

The derivation of Eq. 4.2 for the Hall coefficiestgiven in appendix B. It should be
noted that this expression (reproduced from litesgt is only valid in the absence of

magnetoresistance effects. The expression is ¢afrée resistivity is independent of the
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magnetic field, or if the voltage contacts (B andrDFig. 4-1) are balanced (lie on an
equipotential line with/gp = 0 forB = 0). This is also the case for the bar-sampled&t.

If the contacts in Fig. 4-2 are not balanced, sashusing contacts A and C, then
magnetoresistance effects could appear in the meghsuvoltage. The effects of
magnetoresistance and the breakdown of the twcessgjans are illustrated in Fig. 5-4 of
85.2. See Eq. B.19 in appendic B for the correstimnEq. 4.2 and Eq. 4.4 in the presence

of magnetoresistance.

It is possible to eliminate magnetoresistance &fand create balanced voltage lines by
using a 3-point voltage setup. This is illustraitedhe inset of Fig. 4-2. The potentiometer
is varied until the zero-field voltage across Bigaes. This technique can also be
implemented in the van der Pauw setup of Fig. #&-1s also possible to numerically
balance the lines by measuring the two voltagessadhe sample (with the potentiometer

in Fig. 4-2 removed). From Eg. B.19 the two vol®geandV, are

v, :V0k(1+aMR|3)+% B (k=1,2 4.5

where Vp; and Vy, are the zero-field valuesayr is the magnetoresistance coefficient.)
Calculating the ratigg = Vp2/Vp1 > 0 from theB = 0 measurements (which depends only

on the positioning of the three voltage contagsles
v2+/7v1:(1+/7)%5 4.6

which eliminates the magnetoresistance term arwvalifor a direct determination of the
Hall coefficient Ry. Eq. 4.6 is then equivalent to Eq. 4.2 and Eq. &drt from the
geometrical balancing factgr

Both of the balancing methods were applied to tp®i8t voltage platforms used in this
research (see Fig.4-6 in 84.2.3). The results, elvew indicated no additional
improvement in measurement accuracy from the simplgoint measurements. When bi-
directional magnetic field capability is availabldye magnetoresistance can be easily
separated from the Hall effect for unbalanced Zyples, as is shown in Fig. 5-4 of 85.2.

For the 3-point platforms, two independent 2-pokhdll effect measurements were
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performed (with one common contact, such as conBadn Fig. 4-2). The second
measurement served as a check on the first measnteand also served to improve the

precision by averaging the two results.

4.2 Experimental setup

From the previous section the basic requirememtthéotransport measurements are

e Variable magnet to generate a magnetic field petigaiar to the sample
surface.

» Cryostat to control the sample temperature.
» Power supply to source a current, and a meterdioent measurements.
* Meter for voltage measurements.

» Switches for current supply and voltage measurem@eantrol.

4.2.1 The magnet and cryostat

A Varian Fieldial Mark Il water-cooled magnet prded bi-directional magnetic fields
which could be continuously varied from 0 — 1.2ATLakeshore 450 gaussmeter measured
the field strength and direction. The sample wasagt oriented with its surface

perpendicular to the field.

An Oxford CF1200 series continuous flow cryostaswesed to control the thermal
environment of the samples. An Oxford GFS650 temsiibe, Oxford VC31 gas flow
controller and Oxford GF3 pump were used to pronimeelow of the cryogen through the
cryostat. Liquid helium and liquid nitrogen wereedsas cryogens in this research. An
Oxford ITC503 temperature controller monitored tngostat temperature (by means of a
thermocouple). A set-point temperature could bentaged by the controller using the
heater inside the cryostat.
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The cryostat was placed in a vertical positiondasihe magnet. In this position the
cryostat could be flooded with the cryogen and puagon the cryostat with a rotary
pump allowed for lower temperatures to be attai(led K for liquid helium; 64 K for
liquid nitrogen). The level of the cryogen durinigdding was monitored by a 100
Allen-Bradley carbon resistor at an appropriateelenside the cryostat (see Fig. 4-3 in the
next section). A Fluke 8840A multimeter measurexd 4twire resistance. A distinctive
behaviour in the resistance is observed when tistoe comes into contact with the rising

cryogen.

A cryostat insert (see next section) was desigoesttommodate the sample and all the
electrical lines. The cryostat insert had a cofgaenple chamber attached to its end, which
housed the various sample platforms used in thearel (discussed in 84.2.3), as well as a
heater and a Lakeshore CGR-1-500 carbon glasdamsisthermometer. A Lakeshore

234D temperature monitor measured the temperafuhe €GR thermometer.

4.2.2 The cryostat insert

Fig. 4-3 shows the schematics of the cryostat inEne bracketed numbers that follow
refer to the labels in the figure.) The brass flligseals the sample space by means of an
o-ring inside the cryostat. The two small postgtmntop are for magnetic field alignment,
to ensure that the sample surface is perpenditultre field. Also shown is the housing
for the two Oxford 10-pin male connectors, whicbypde access to the 20 electrical leads.
Joined to the plug is a thin-walled 6.35 mm staislsteel tube [2], with holes for gas
exchange and three stainless steel spacers [3jhwlso act as radiation baffles. The holes
in the spacers promote the flow of the cryogenfgas the bottom of the cryostat to the

exhaust at the top.

Protective plastic tubing [4] was used for the &leal leads connected to the Oxford
10-pin connectors. Each tube contains ten insul@té@ mm copper wires, which are
twisted-pairs to reduce noise pickup. The tubinggasind around the stainless steel tube to
increase the length of the wires and reduce thelbad to the sample chamber. The two
stainless steel tubes [5] act as guides to thes®sts of copper wires. Sections of these
tubes were removed to expose the copper wirestlyirer the cryogen gas and further

reduce the heat load to the sample chamber.
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Fig. 4-3. A schematic of the cryostat inser{drawn to scale). Also shown is
vertical cross-section of the sample chamber. The horizontal crgsection indicate:

the positions of the electrical posts. (See the teor a description of the labels.)
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The Allen-Bradley carbon resistor [6] was used tonitor the cryogen level. A
stainless steel connector [7] joined the samplenties assembly to the insert (using the
two screws shown). The connector also acts astiadlibaffle, and allows for different

chambers to be used with the cryostat insert.

The sample chamber [8] was constructed from cofipereate a constant-temperature
environment for the samples. The two insets in &ig.show cross-sections of the sample
chamber. Oxford heater wire (0.19 mm nichrome) wasnd around the copper spool [9]
and anchored with Oxford GE varnish. About 3 mwilsted-pair wire was used with a
heater resistand® ~ 105Q. A copper post [10] was used for the attachmernhefCGR
thermometer [11], and a screw [12] secured the gapiptform [13]. The grooves in the
post are for the thermometer wires, which were vdoaround the post and anchored with
GE varnish (to ensure proper measurement of theplsashamber temperature). The
sample platforms are discussed in the next se(§r2.3). Several holes [14] were placed
in the sample chamber for gas exchange to minirtheeoccurrence of COor H,O
solidification.

Ten pieces of insulated 0.5 mm copper wire [15]emgsed for the electrical access to
the sample chamber interior. The wire-posts werehared with Oxford epoxy resin,
which also provided further electrical insulatidie positions of the wire-posts are shown
in Fig. 4-3 (the letters refer to the Oxford coroein labels for easy identification). Four
posts (A— D) were used for the electrical connections to @@R thermometer. The
remaining three pairs of posts (& L) were used as the transport lines to the samples

(current supply and voltage measurements).

4.2.3 The sample platforms

Fig. 4-4 shows the 1 mm thick copper digi28 mm) used as a base-plate. A dual
cigarette-paper layer was placed on the surfack diluted GE varnish. This provided
good thermal contact between the sample and cogiperwhile maintaining electrical
insulation. The larger screw connects the discheodopper post in the sample chamber.
The two smaller screws are affixed by a pair ofsndthe second pair of nuts keeps the
samples in place by means of the attachments. i§ed-ba for an example of a complete
assembly.
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The attachments consist of 25x2.5x0.5 mm phosptanzie strips which press the
Teflon members against the samples. Attachmentslwgad in the van der Pauw method
to position the sample pellets, and the four eleatwires were attached to the edges using
silver paste (as in Fig. 4-1). Attachment Il wasdifor single bar-shaped samples. It has a
13x¢5 mm Teflon cylinder with 1 mm spaced grooves fa 0.25 mm gold wires used as
the voltage contacts (a 4 mm spacing was usedgciittent Ill, used for a dual bar-sample
setup, has two &3 mm Teflon cylinders with 4 mm spaced groovestlfa gold wires.
Contact pressure between the gold wires and sawgsdecontrolled by the two nuts. The
voltage leads were attached to the gold wires usilvgr paste. The two sides of the bar
samples were painted with silver paste which alsonected the current leads (as in
Fig. 4-2). Fig. 4-9 in 84.2.4 shows the circuitgtems for the three types of resistivity

measurements.

The van der Pauw setup for Hall effect measuremsrghown in Fig. 4-5a. Two other
sample geometries used with this platform are midit by Fig. 4-5b and Fig. 4-5c. The

electrical wires were connected to the sample wiltber paste. The small silver paste

% SIDE VIEW % ATTACHMENTS
Iﬁ £ ﬁ' (|)

TOP VIEW

(I

[O O]
(1)
[O Q]

Fig. 4-4. The left side shows the copper disc usad a baseslate for the sample
platforms. The labels refer to the Oxford connectorpin labels, and indicate holes i
the disc for the electrical wires. The right side Isows the three attachments used fi

the resistivity measurements.
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contacts were not reliable, and this led to thesigament of the 3-point pressure-contact

platform attachments shown in Fig. 4-6.

Referring to Fig. 4-6a and Fig. 4-6b, sections ofir@ thick Teflon discs were removed
to form these two attachments, which are then fik@dhe base-plate in Fig. 4-4. In
Fig. 4-6a the voltage electrodes are 0.25 mm tpioksphor-bronze strips. The two top
pieces are embedded into the Teflon via two slitee bottom electrode is fixed to a pin
which is free to rotate. The screw controls thespuee exerted by the electrodes on the
sample. In Fig. 4-6b the voltage electrodes areximithick phosphor-bronze strips, which
are 1 mm wider than the Teflon base to allow fongle contact. The top two are fixed to
the Teflon by the two screws. The bottom electredattached by the pair of screws,

which are rotated simultaneously to control thetachpressure.

The attachment in Fig. 4-6¢ is 2.5 mm thick and enxdm epoxy resin (a mould was
used). A rectangular copper base-plate was crdatetiis attachment (connected via the
three holes). The middle part for the sample issed by 1 mm. The dashed lines

represent stainless tubegl(5 mm) embedded in the epoxy, acting as guidethiothree

Fig. 4-5. The platform used for the 2-point Hall efiect measurementsV and | refer

to the voltage and current leads respectively.
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gold-coated pins. The pins were pressed onto timpleés edges by the shaped phosphor-
bronze strips (0.4 mm thick), which were anchorethe epoxy by the three screws. Paper
was glued onto the pin heads with GE varnish tovige electrical insulation (the

phosphor-bronze strips could make contact withctigper base-plate).

All the voltage leads in Fig. 4-6 were solderedhe metal electrodes. The bar samples
for these platforms were thin. As indicated in figrure, the current electrodes were
painted on the top surface with silver paste. (824 for more details.) The current leads
were then attached by silver paste. Fig. 4-10 énnibixt section shows the circuit diagrams

for the three types of Hall effect measurements.

Each platform had some disadvantages which prodpoalems for the Hall effect
measurements. This was the reason for the develdpsheeveral platforms. The platform
in Fig. 4-6¢c was the most reliable. For successtuis, however, they all produced
consistent results. Table 5-2 and Table 5-3 in @hdpindicate which platforms were used
for the presented results. The following platfoabdls were used: 2-a, 2-b and 2-c refer to
the 2—point platforms in Fig. 4-5; 3-a, 3-b, and 3efer to the 3-point platforms in
Fig. 4-6.

Fig. 4-6. The base-plate attachments used for thegint Hall effect measurements
V and | refer to the voltage and current leads respectivelyThe common voltage lea

for the voltagesV; and V, is shown by V.
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4.2.4 The transport station

Fig. 4-7 shows the interface box constructed twigeeasy access to all the electrical
lines on the cryostat insert (Fig. 4-3). The frbas two sets of sockets (labelled X and Y),
with each set of 10 sockets connected to 10 witresshielded twisted-pair cable. The 2 m
long cables terminate with a pair of Oxford 10—f@male connectors which attach to the
top of the cryostat insert. The front panel prosidecess to (labels refer to the Oxford 10 —
pin labels; ‘G’ & ‘I' not used):

2 lines for the current supply to the heater. [¥-8]

e 4 unused lines.[Y: C—Dand E - F]

* 4 lines for the 4-wire resistance measurementshef Allen-Bradley carbon
resistor by the Fluke 8840A multimeter. [Y: H —nt&K — L]

* 4 lines for the 4-wire resistance measurementshefcarbon glass resistance
thermometer by the Lakeshore 234D monitor. [X: B and C — D]

e 6 transport lines connected to the sample for tmeent supply and voltage
measurements, which are the focus of this sedtdarE — F, H — J, and K — L]
(Refer to Fig. 4-4.) Two lines are used for therent supply, while the other

four are used for two voltage measurements.

The side panel of the interface box was used asqgbahe current supply circuitry,
which is shown in Fig. 4-8. Two power supplies wesed (‘PS1’ sockets — Lakeshore 120
current source; ‘PS2’ sockets — HP 6274B power Isdipphe current source is limited to
100 mA, and the second power supply was used tadeahe larger currents required for
some of the Hall effect measurements (up to 250.nmiAE ‘Source’ switch selects the
power supply. Before going to the output (‘OUT’ kets), the current is measured by a
Keithley 617 electrometer (used in ammeter andnvetér modes). The ‘Mode’ switch
selects whether an ammeter or voltmeter is condeotéhe ‘SENSE’ sockets. In I-mode

the current goes directly to these sockets withdimeent measured by an ammeter. In
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Fig. 4-8. Circuit diagram of the current supply asembly.
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V-mode the current passes through a fixed precistsrmstor and the current is obtained
from voltage measurements across the resistorg@m’s lawV = IR). The V-mode was

required due to the 30 mA range limit of the Kadthlalthough it does have the advantage
of using the same pair of lines for voltage andenirmeasurements, thereby not requiring

manual re-plugging of sensor cables.

A computer-controlled switchbox was also constrdcte implement 8 SPDT relay
switches. The switchbox was required for softwaretml to switch the current on or off
and to reverse the current direction (Fig. 4-8) samimplement the van der Pauw method
(Fig. 4-9a). The voltages were measured by an H&7A4nultimeter, which had a 10
channel HP44492 reed-relay multiplexer card. Theaneed for several software controlled

voltage measurements (only 2 channels were neddetinae).

Fig. 4-9 shows the circuit diagrams for the threéferent types of resistivity
measurements employed. (Refer to 84.2.3 for sammphmections and setup.) ‘Current
Supply’ refers to the complete circuit in Fig. 4%he van der Pauw method (Fig. 4-9a)

uses one of the software-controlled switches onsthigchbox. Referring to Fig. 4-1, the

(b) ()

Current Supply Current Supply

Sample 1 I-<-| Sample 2

\ V, \Z
- HP 444492 Multiplexer HP 444492 Multiplexer
Vl V2
HP 444492 Multiplexer HP 3457A Multimeter HP 3457A Multimeter

HP 3457A Multimeter

Fig. 4-9. Circuit diagrams for the various resistivity measurements: (a) The vz

der Pauw method. (b) The single bar-sample setufc) The dual bar-sample setup.
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voltagesV; and V, are measured for the two switch positions. Beforeasuring the
voltage, a sufficient delay was implemented afteitahing the current to ensure signal
relaxation. (This was also done when reversingctimeent and switching it on.) For the
single bar-sample (Fig. 4-9b), the van der Pauwuayvas maintained (the switch was
kept at the position shown Fig. 4-9a and voltsgeneasured). The dual bar-sample setup
(Fig. 4-9¢), which was implemented for the liquidliom runs, used a separate cable
layout. Notice that the two samples are in seriesgiving the same currentTo optimise
voltage measurements, the two samples were chogbncansecutivex values having
similar resistances. (For example, a high resistaample 1 would require a low current
due to heating effects, and this low current thioaglow resistance sample 2 would

consequently produce too small a voltage.)

Fig. 4-10 shows the circuit diagrams for the thaifferent types of Hall effect
measurements. Fig. 4-10a shows the 2-point setupespmnding to the platform in
Fig. 4-5. Fig. 4-10b shows the circuit for the 3m@latforms in Fig. 4-6a and Fig. 4-6b.
Fig. 4-10c corresponds to the 3-point platform ig. B-6¢. Notice that the two voltag¥s

andV, in the 3-point circuits have a common contactolhhs different in the two cases.

(@) (b) ()

Current Supply Current Supply Current Supply

A | I\L 4
Sample 1 Samplel il Sample]

A V, V, V, V,
HP 444492 Multiplexer HP 444492 Multiplexer HP 444492 Multiplexer
HP 3457A Multimeter HP 3457A Multimeter HP 3457A Multimeter

Fig. 4-10. Circuit diagrams for the various Hall efect measurements. The point
setup is shown in (a). The two J®oint setups, incorporating dual voltag

measurements, are shown in (b) and (c).
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Fig. 4-10b represents a dual 2-point Hall effedupge with each voltage capable of
independently measuring the Hall effect and magesistance (see 84.1.3 and Fig. 5-4 in
85.2). In Fig. 4-10c the voltag¥; directly measures the sample resistivity (inclgdin
magnetoresistance measurements), while voltdggeneasures the Hall effect on the

oppositely positioned contacts (effectively a 2mpdiall effect setup).

A Pentium-MMX 166 MHz computer was used for thensgport station. The
computer’s built-in 9-pin RS-232 serial interfacasmused to read the Lakeshore 234D
temperature monitor. The eight switches on switghiwere controlled by a custom-built
3*8-bit programmable 10 interface card. An |IOTedBiEE488 (GPIB) interface card
provided the connection to the following equipmdrakeshore 450 gaussmeter; Oxford
ITC503 temperature controller; HP 3457A multimetd&eithley 617 programmable
electrometer. The software for the transport statias written in Turbo Pascal V6.0
(Borland International Inc.) using the Turbo Visiohject-oriented framework (Fig. 4-11
shows an example screenshot). In addition to théraloof the hardware and the execution
of the different measurement algorithms, a dyngstotting option was included. Essential
to the software was the ability to monitor the mead quantities in real-time (e.g.

monitoring the signal-drift during Hall effect memsments).

File Eatti.ngu Window Sm:u.r-it},r Eun 1
|EE ey Fre e e e

ll= ﬂ:lr:n::rt.-‘f

CinUSER~contra l. log

SN |18:3%:81 HBProgram Start

F R e e e e e L
nle=x E:it Ct] F'? Btart gt F pg | \ 9 Graph

Fig. 4-11. A screenshot of the user interface froitihe transport station software.
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4.3 Testing

This chapter concludes by describing the testsopedd on the transport station to
ensure proper functioning. The resistivity measwet® used several switches to control
the current flow, in addition to the voltage-mea&suent switches inside the multiplexer of
the multimeter. Failure of any of these switchesawy other equipment, would lead to
improper measurements. Test samples for the vaRalew and bar-sample configurations
were created to regularly check the transport@tatBoth test samples were attached to
Oxford male 10-pin connectors (used on the cryostart shown in Fig. 4-3), which were
plugged into the connectors of the interface bag.(#7), thereby emulating the samples
inside the cryostat.

The detected Hall voltages were very small (0/), which was near the limit of the
multimeter resolution. To check that the signalseniedeed due to the Hall effect in the
sample, and not externally induced signals dudn¢omagnetic field switching, a test run
was performed on a piece of copper sheet. The meghsiall coefficient was compared to
quoted values. A secondary test, performed setienak during the measurements on the
tungsten bronze samples, involved rotating the@wtiyostat (to rotate the sample) while
maintaining the magnetic field. A rotation throu§bB° is equivalent to switching the
perpendicular field on or off. The same voltagenalg were observed, indicating that the

voltage changes were not external and could biatid to the sample.

4.3.1 Resistivity test samples

Fig. 4-12 shows the test sample for the van dewPsaiup. The sample was a layer of
silver paste painted onto a Perspex plate. Thé&ribssd was unknown, but Eq. 4.1 shows
that the measured quantity in the van der Pauw adefp/d. The two resistance®; and
R, in Eq. 4.1 were manually measured (using a FluB08 multimeter in a 4-wire
resistance mode) resulting in a valuepfaf = 8.45 + 0.15 2. This value was reproduced
by the transport station when the test sample wasected to the interface box, indicating

correct functioning.

A test sample for the bar-sample setup was craatéde same way as in Fig. 4-12.

Instead of the silver paste layer, a 50 cm lendttwisted-pair manganin wire was used.
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—o o— Perspex plate
Silver paste layer
Connecting wires
N
e A

Oxford 10-pin connector

Fig. 4-12. Thetest sample for checking the equipment for the varder Pauw

method.

Manual measurement of the wire’s resistance dgawel.344 + 0.0032, which was used
as the reference value when checking the transpation prior to measurements on bar-

shaped samples.

4.3.2 Hall effect in copper

The results of room temperature Hall effect measerds on a 0.05 mm thick
rectangular piece (16x4 mm) of hardened coppert stieeshown in Fig. 4-13a. The wires
were attached with silver paste, with the contd@tgment as in Fig. 4-10b. Refer to §85.2
for a description of the measurement process, ariefjt 5.4 for the determination of the
Hall coefficientRy = 0.051 + 0.003 mAAC. The Hall concentration is them = 1/Rqe =
1.23 + 0.07 x 1& cm™> Quoted values aras/n = 1.5 andny/n = 1.37, wheren =
8.45x13° cm® is the electron concentration in coppef® The result heren(/n = 1.46 +

0.09) is in good agreement, indicating proper fiomihg of the transport station.

Fig. 4-13b shows that the voltage noise levelsumafected by the application of a

current. This fact will be referred to later in 35.
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Fig. 4-13. Hall effect results for copper. (a) Thenagnetic field B, the resistarce

R=VI/I (V is the detected voltage for the applied current), and the Hall coefficien

Ry. (b) The signal voltage for zero and 100 mA curres to indicate noise levels.



Chapter 5. Experimental procedures

and results

This chapter presents all thgWO3; and LaWO; results from the electric transport
investigations down to temperatures around 2 K. Btectrical conductivity, Hall
concentration and magnetoresistance coefficienblbt@ned. The interfering effect of the
magnetoresistance on the Hall voltage is reveasdyell as the methods used to isolate
the magnetoresistance from the Hall effect. The metig field dependence of the
magnetoresistance and Hall effect are investigbdedalidate the theoretical equations
used.

5.1 Conductivity

Electrical conductivity measurements were perfornoedthe range of ¥WO3; and
LayWO3; samples using the four—wire bridge technique far-dghaped samples. Two
samples of LAVO3 (x = 0.100 and 0.130) were questionable and hendeaded from the
low temperature investigations. The dual-sampl&fgta discussed in 84.2.3 was used.
Table 5-1 gives a summary of thgWO3; and LaWO3; samples used in this conductivity
investigation. The donor concentrativiof each bar-shaped sample is specified, including
the thicknessl, width w and lengthL. The crystal volume fractiohis included since the
density—corrected conductivity is presentegl£ osampie/f from appendix D). Note that this
first—order estimate of the crystal conductivityoccgated from the sample conductivity just
scales the data for eaglby a constant, with the temperature dependenciected. The
currentl used for each sample is included in the table,randed from 0.3 mA to 100 mA
depending on the sample’s resistance. Current savexas used to eliminate stray
voltages. The current magnitude was varied to ensarheating effects occurred and also
confirmed the ohmic behaviour of the compounds.e Tdwest temperaturém,, (~2 K)
obtained for each run is specified.
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The van der Pauw method was used for two disc-sh¥p&/O; samplesxX = 0.050 and
0.200). Table 5-1 shows the diameter of each sarifipke two pairs of leads were attached
to the disc edge by silver paste at about 90° aéipas. The results for the thin YdNVO3
sample were obtained during preliminary low tempee Hall effect measurements
(85.4). The additional measurement on thgs¥VO3; sample was performed to confirm
that the van der Pauw and bridge methods give samiresults, and to check the distinct

Table 5-1. Sample information for the ¥WOj3; and LaWOg3; conductivity

measurements. (See text for a description.)

Ll d [ w ] L ]f | T
(mm) [ (mm) | (mm) | (%) (mA) (K)
0.050| 1.20 ¢13.% | 45.0( 1,3,10,3p 1.66
0.050| 1.66| 2.46 79| 450 1,3,10,30 1.96
0.060| 1.51| 2.45 72| 418 1,3, 10,[30 116
0.070| 1.25| 2.30 92| 40p 3,10 2.
0.086| 1.80| 212 6.6 | 44.9 30 2.2h
0.091| 1.15| 245 103| 45F 3,10 2.36
0.096| 2.10| 250 7.0 | 46.0 30 2.1
® | 0.104| 205| 240 6.9 | 46.4 30 2.00
g 0.110| 2.05| 2.49 69| 466 30,100 1.46
> | 0.114| 200 2.47 70| 467 30,100 243
> | 0.118] 205| 245 70| 470 30,100 349
0.122| 2.00| 2.30 69| 47p 30,100 1.85
0.127| 1.05| 1.65 03| 454 30 2.3p
0.132| 2.00| 2.43 73| 468 30,100 2.17
0.140| 2.00| 253 73| 46p 30,100 244
0.148| 1.90| 2.45 71| 458 30,100 293
0.160| 1.30| 2.15 92| 439 30 2.3p
0.200| 0.54 ¢15.C | 443| 10,30 | 2.06
0.050| 1.37| 2.13 89 | 446 03 18 198
0.060| 1.69| 213 900 | 427 1,3 1.9p
0.070| 1.28| 2.63 03| 446 1,3 1.9p
o | 0.080| 1.50| 2.5 81| 437 310 1.9
O | 0.086| 1.15| 2.30 87| 456 3,10 1.9
= | 0.092| 1.20| 255 9.4 | 439 3,10 2.3
@ | 0.110| 1.20| 2.60 93| 495 3,10 2.3
— 1 0.120| 160| 255 9.4 | 50.9 30 2.4
0.150| 1.65| 2.55 88 | 507 30 2.4
0.170| 1.10| 255 92| 414 30,100 245
0.190| 1.15| 4.05| 11.8| 3481 30,100 245
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conductivity behaviour observed for this lowest-camtration sample.

The contact resistance between the gold wires amgle (for voltage readings) was in
the range 3 — 18, and depended strongly on the contact pressuee cdhtact resistance
between the silver paste and sample (for the cusgpply) was in the range 0.2 €5
The contact area of the silver paste was much daageounting for the lower contact
resistances. The pressure contacts, however, gravidetter contact resistance per unit
area. The contact resistance increased with loveamples (also observed in,M&03)"’
and with lowering the temperatures. Research olowstechniques for electrical contacts

has been conducted for single crystaj\M@;.” "%

The results of the electrical conductivity measwrata are summarised in Fig. 5-1 to
Fig. 5-3. The data for both cooling and heatinghef sample are shown. The experimental

uncertainty inoc is ~9%, mostly due to dimensional uncertaintielhdertainty in voltage

140( —— —
1200}
1000} QO@D @R COOCCITT @y
£ 800t S e
N Y WO
Vo 600} X 3 .
Q 0 x=0.122 @ x=0.127
% x=0.132 * x=0.140
400r O x=0.148 A x=0.160 h
- & x=0.200
200+ .
0 | T |
1 10 100

T(K)

Fig. 5-1. Conductivity results for the higher concetration (x > 0.122) %WOs3
samples in a linear-log plot of the density-correetd conductivity ec vs the
temperature T.
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lead separation ~0.1 mmf/f ~ 2%;6d ~ ow ~ 0.03 mm.) The YVO; results forx > 0.122
are shown in Fig. 5-1, and correspond to conceatrginear the solubility limit and above
(see Fig. 3-8a). The = 0.122 sample is single-phase cubic, whereastier samples
show additional phases increasing with{Fig. 3-2b). Thex = 0.122 sample shows the
typical metallic behaviour expected of the higheneentration tungsten bronzes (see
Fig. 6-2 for ap vs T plot). All the other samples also show metallibdaour with almost
no temperature dependence below 100 K. The remwdtsonsistent with the “dirty metal”
classification introduced in §3.3, with the impyrgcattering dominating and decreasing

the residual conductivity with increasing

Fig. 5-2 presents the conductivity results for ldnger concentrations of WWOs3, while

Fig. 5-3 gives the results for the whole range afWO; samples. In both figures the

200( o Y =0128 0 T o
D114 o@® @@ @0
1000 |-9- 11 Qe O QDQ 4
100k =
~—~ C ]
& - ]
(@) N ]
~~

(\/)_/ - i
bo B 4
10+ .
1k =
1 300

T(K)

Fig. 5-2. Conductivity results for the lower concetration (x < 0.118) YWO3;

samples in a logarithmic plot of the density-correted conductivity ec vs the

temperature T.
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Fig. 5-3. Conductivity results for the LgWO3 samples (0.05< x < 0.19) in ¢
logarithmic plot of the density-corrected conductivty ¢ vs the temperatureT.

single-phase cubic samples are shown by the a@xetebols. All the cubic phase samples
appear metallic with a finité€ — 0 K conductivity. For ¥.050NVO3 the second data sed)(
was obtained using the van der Pauw method oncastisped sample, and the results

clearly show that the bridge and van der Pauw nuistigove equivalent results.

The conductivity results for the two compounds gy similar, as expected from the
results in chapter 3. The evolution withfor these polycrystalline samples is consistent
with the conductivity behaviour observed in othieigke-crystal tungsten bronzé&2° The
family of o vs T curves for YWO3; and LaWOs; shows features also found in other
transition metal oxides as well as doped semicaodst With decreasingx the
conductivity decreases monotonically (with a cqooesling change in curvature),
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changing from metallic-type 6T < 0) to semiconducting-type @iT > 0) behaviour.

An exception is thet = 0.150 and 0.170 data for M#O3, with the curvature as expected
(do/dT |p1s0 > do/dT |o.179, but with 60.15dT) > 00.17dT). Fluctuation in the absolute
conductivity is expected (Fig. 2-5). The condugyivior both YWO; and LaWOs;
saturates at about 1400 S/cm for the two highestarttrations. This has been attributed to
the limiting effect of the grain-boundary scatteriffhe absolute conductivity of,WOs is
larger than that of L&VO; for the same, and leads to a quicker onset of the crossover
(do/dT = 0) and saturation with increasing The similarity of thex = 0.114 and 0.110
curves and th& = 0.096 and 0.091 curves fogWO3; suggests an uncertaintx ~ 0.005

in the nominak values. The characterisation results in chapterddthe analysis in chapter

6 also support fluctuations of this magnitude.

5.2 Magnetic field effects

This section describes the effects of applying gme#c field to the tungsten bronze
samples. The general procedure used to determenidah coefficient is shown by looking
at the results for a single sample giMOs. In particular, the effects of magnetoresistance
on the 2-point Hall effect technique are shown. Thethod used to separate the

contributions of the Hall effect and magnetoresiséato the measured signal is presented.

The two main obstacles were signal noise and sign#l The trick was to choose
sufficiently long averaging time intervals to obsethe Hall voltages, while ensuring that
there was not too much signal drift during a measient cycle. Thermal stability was
crucial to minimise signal drift. For room tempen@& measurements the samples were left
overnight with the current flowing. For most caseéss was sufficient. For lower
temperatures the samples were immersed in liqurdgen or liquid helium by flooding
the vertically positioned cryostat. Pumping on ¢ingogen to maintain a constant pressure
provided sufficient thermal stability. Changing tpemping pressure also allowed for
measurements at different temperatures (2 — 4 Kgugquid helium, and 64 — 75 K using
liquid nitrogen). In general the temperature cdfgrofor the cryostat did not provide
sufficient thermal stability, although a few measuents were successful (see

temperatures in Fig. 5-6, Fig. 5-7 and Fig. 5-11).
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Fig. 5-4 shows the results of Hall effect measum@sien a 0.63 mm thick bar sample
of Yo.110NOs. The plots at the top give the applied magnegéld 8, which was set at 0 and
+1.2 T. The middle plots give the resistaie V/I. Since the curreritis fixed, the middle
plots give a measure of the voltagecross the sample. The bottom plots give theafte

change in the resistanad&/AB when changing the magnetic fieldis the data counter.

A three-point platform (platform (b) in Fig. 4-6)as used in obtaining the Hall effect
data in Fig. 5-4, with the voltage measured acores pair of contacts. The contacts were
unbalanced (not lying on an equipotential line) #md is seen in the zero-field resistance
Ry = 13 n1). The magnetic field was cycled several times tohgdter estimates of the

Hall voltage, and to reduce the effect of any bagkgd signal drifts (see Eq. 5.1 below).
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Fig. 5-4. Results from the transport station for asample of Y5110NVO3 at 75 K using ¢
Hall platform with a current of 200 mA. In (a) the magnetic field is cycled between 0 ai
+1.2 T, while in (b) the field is cycled between +2 T and -1.2T. (See text for a descriptiol
of the plots.)
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Although the signal drift during each run in Figd5 is minimal, there is evidence of
significant signal drift when comparing the two surEach runs took about 20 min to
complete, with a 30 min delay in between. During telayR, changed by about ZQ
due to voltage drift, which is significant when qoained to the field effects of 2 —&).
Monitoring the extent of signal drift during eacheasurement cycle was therefore

essential.

An analysis of the method used here (averagingjuhgs AR/AB by cycling the
magnetic field several times) gives an uncertaimtjhe measured quantity= AR/AB due

to signal drift as
1 & n
An=——> (-1) AR . 5.1

N is the number of (even) field switches witB the corresponding change in magnetic
field. AR, is the change in the backgrourd € 0) signal during the switching period
(i.e. the signal drift). The expression suggesttebesstimates for more field cycles and
using the largest field available (provided that signal driftAR, is not in phase with field
switching). Due to the (-=1term in Eq. 5.1, a uniform signal drift (constaR,) will not
affect the measurements. Very large signal dré#tsen when uniform, will swamp the

required signals. Thermal stability is thereforectal.

Each datum in the middle plots of Fig. 5-4 corregj®to a voltage integration time of
5s. The long integration time was essential toucedthe noise to a level where the
magnetic effects were detectable. The field was tept constant for 10 to 20 readings
(50 — 100 s) to further average the signal, anersure that there was no significant
voltage drift. The time taken to switch the fieletween 0 and £1.2 T (Fig. 5-4a) was about
45 s, while it took about 60 s to switch betweer?+lLto —1.2 T (Fig. 5-4b).

Fig. 5-4a shows different changesRnfor positive and negative field directions. This
difference in AR/AB indicates magnetoresistance effects. Referringétp B.19 in
appendix B, the theoretical prediction to the ftesise changAR/AB for the three field
changes in Fig. 5-4 is
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Egs. 5.2 and 5.3 clearly show the different contitns (wxRo) the magnetoresistance
makes toAR/AB. By using both field directions it is possibleextract the Hall coefficient
and magnetoresistance coefficigRt/d is the average of th@R/AB results, while 2y:zRy
is the difference, as shown in Fig. 5-4a. To obtheHall coefficient directly, referring to
Eq. 5.4, the magnetoresistance effect can be addigieusing only positive and negative
fields as in Fig. 5-4b. The same value Ry is obtained. The validity of the above
equations, and the electric transport theory piteseim appendix B, is checked in the next

two sections which present the magnetoresistandédat effect results.

From Eq. B.1 in appendix B the Hall voltage is mpdjnal to the applied current. As
Fig. 4-13 shows, the noise in the voltage signatas affected by the application of the
current. For the Hall effect measurements the atirveas therefore chosen sufficiently
large to optimise the signal-to-noise ratio. Thisrked for the higher concentration
samples, but as will be observed in the next twadices, measurements on the lowest
concentrations at temperatures below 300 K wereohtdined. The noise levels were too
large to allow for any meaningful measurementavds also noted that the noise levels
were current induced: increasing the current toease the Hall voltage created significant
increase in the noise. The successful results erhigher concentration samples, and the
test run on a copper sheet shown in Fig. 4-13,iconthat the anomalous effects on the
lower concentrations are due to the samples andame external effects. One possible
explanation for this is the voltage contacts. la thngsten bronzes creating good contacts
becomes more difficult ag is lowered. It is also observed that the contastistance
increases significantly when the temperature isel@ed. For the pressure-contact voltage
leads the contact resistance showed about a tdnffoiease when going from 300 K to

64 K. Voltage contacts using silver paste behawea evorse.
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5.3 Magnetoresistance

The magnetoresistance effect was sufficiently laaigdiquid helium temperatures to
allow for measurements as a function of magneglifiThe first step was to confirm the
validity of using Eq. B.17 in appendix B in separgtthe magnetoresistance from the Hall
effect. The results for a bar sample of ¥ \WO;3 (0.70x7.50x12.5 mm) and .adNO3
(0.75%7.30%x11.5 mm) are shown in Fig. 5-5 whichvehithe magnetic field dependence of
the sample resistance. The four-wire bridge metbodbar samples (using platform (c) in

Fig. 4-6) was used to determine the sample resisRusing a current of 100 mA.

The magnetoresistance is positive for bothWw®s; and LawWOs; with similar
magnitudes. Fig. 5-5a for JWO;3; suggests an increasing magnetoresistance with

decreasing temperature. The sample resistancedepeaémdent of the field direction,

0.10— (al‘) I‘a‘o 110VVO - (tl)) Yo 091\NO |
Q
0.08+ ]
;\3 0.06-— T=20K |
3
0.04+ .
< O
0.02} s s
T=3.7K|
oL i

0 02040608 1.0 1.20 02 04 0.6 0.8 1.0 1.2
1B| (T) 1B| (T)

Fig. 5-5 Magnetoresistance results at liquid helium tempextures for a sample ¢
Lao110NO3 (@) and Yp001WO3 (b). The fractional change in resistanceAR/Ry vs the
magnetic field strength B| is shown. Results for the reversed field directioare showr
by square symbols. The straight lines are linear i of the data (forced through the

origin).
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consistent with the isotropic behaviour expectedhese polycrystalline materials.

The resistance increases with magnetic field sthreiig a near-linear manner. Power
law fits (AR/Ry o [B|") to the data give exponents 0.8nx< 1.4. The variation in the
exponent is most likely due to signal drift, anlingar relationship withm = 1 is the most
plausible. The straight lines in Fig. 5-5 are lindéits of the data and give a sufficient
description of the magnetoresistance (considehagthe uncertainty in the data is ~20%).
The slope of the data, referring to Eq. B.17 ineaqgx B, gives the magnetoresistance

coefficient

Ayr :% 55
The magnetoresistance of the tungsten bronzes sansptherefore quantified here with
the magnetoresistance coefficieniz by measuring the fractional change in the sample

resistance in going from zero to *1.2 T magnetields. Samples for which
magnetoresistance measurements were successfidpaoified in Table 5-2. All the
samples are of thin bar-shaped geomalry thicknessw — width; L — length). The four-
wire bridge method for bar samples was used taéte the sample resistance (using the
platforms in Fig. 4-6). The currehtused at each temperatureanged from 30 — 250 mA.
The measurement procedure is as described in 88.2ha setup excluded the Hall effect
in the signal (using configuration 1 in Fig. B-4adpendix B). All the measurements were

made in a magnetic field of 0 and 1.2 T.

The results foryr are plotted in Fig. 5-6 for YWO3 and in Fig. 5-7 for LAVOs. Low
temperature measurements for the lowest concesrigtwere not successful, as discussed
in the previous section. The horizontal dashedsliime Fig. 5-6 and Fig. 5-7 show the
resolution of the magnetoresistance measuremehts.sénsitivity was limited by signal
noise and drift, and values below ~0.03 should dresiclered as zero or undetectable. All
room temperature measurements showed no magnstares effects, with detection only
for T < 75 K which produced positive magnetoresistanceafbsamples. The results for
LayWOj3; are similar to those of \WO3;. The magnetoresistance iRWO;3 for 50 K <T <
75 K appears to vanish rapidly fer~ 0.13. This could highlight the anomalous behawio
observed in the transport properties near the gijulimit (Fig. 3-11a and Fig. 3-14).
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Table 5-2. Sample information for the ¥WO3; and La,WO3; magnetoresistanc

measurements. (See text for a description.)

« d w L I T Platform
(mm) [ (mm)| (mm)[  (MmA) (K)
0.060] 0.81| 750 12.7 100 300 3-c
0.070] 0.81| 7.50 12.¢ 100 64 3-c
0.091] o0.70| 750 12.5 200 300 3-c
100 64, 30, 4.3, 3.8, 1.9
0.096] 0.46| 565 14.7 250 300 3-a
250, 200 64
0.104] 057| 6.70] 12.1 200 300, 64 3-b
0.110] 0.56| 5.45 14.5 200 300, 64 3-b
" 100 30
@) 0.63 | 5.75| 12.8 200 75 3-b
< [ 0.114] 054| 5.95 121 200 300, 64 3-b
Jx|o0.118] 045| 610 123 200 300 3-b
100 64
0.122] 0.58| 6.100 12.7 200 300, 75 3-b
100 64
0.127| 0.41] 475 14 200 300, 75 3-b
0.69 | 7.55| 12.0 100 50, 3.8, 2 3-c
0.132] 0.57| 590 12.4 200 300, 64 3-b
0.140] 0.67| 6.35 11.¢ 200 300 3-b
0.148| 0.58| 6.000 12.4 200 300, 64 3-b
0.160] 0.54| 550 14 200 300, 64 3-b
0.070| 0.84| 7.50] 12.3 100 300 3-C
0.080| 0.89| 7.60] 12.4 100 300 3-c
0.086| 0.84| 7.60] 12.4 200 300 3-c
100 64
6’ 0.092| 0.97| 7.55 12.0 100 300 3-c
= 1.20 | 5.45| 12.7 100 4,2
x| 0.110| 0.75| 7.30] 11.5 200 300 3-c
b 100 4
30, 100 2
0.120] 0.80| 650 12.3 200 300, 64, 30 3-c
0.150| 0.76| 7.55 85 200 300, 64 3-c
0.170| 0.89| 7.55 11.6 200 300, 64, 30, 4, 2 3-c

102




a,, (10°T)

Fig. 5-6. Magnetoresistance results for ¥VO3 in a plot
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Fig. 5-7. Magnetoresistance results for LAVO3 in a plot of the magnetoresistanc

coefficientavr VSX at various temperatures.
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Fig. 5-8. Magnetoresistance results for ¥NVO3; and La,WO3 showing linear{og plots

of the magnetoresistance coefficientaur

concentrationsx.

vs the temperature T for various

The general behaviour of the magnetoresistanc¥ MfO; and LaWO3 is summarized

in Fig. 5-8 by plotting the magnetoresistance doedffit ayr for selected samples. Both

compounds indicate a similar behaviour. A positiveagnetoresistance with similar

magnitude is observed fdr< 100 K. A monotonic increase with decreasing terafure

occurs, and the magnetoresistance increases witkateng concentration An exception

is the highest concentration d8W0O; sample, which shows a distinctly different

behaviour at the lowest temperatures.
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5.4 Hall concentration

Measurements of the Hall coefficieRt; were performed on the,WO3; and LaWO;
samples at various temperatures. Detection ofdabeired Hall voltage was not successful
for all samples and temperatures. This was maitthipated to poor voltage contacts, and
accounts for the development of several platformsnd the research (see 84.2). The
failure of Hall coefficient measurements is parcly noticeable in the low samples at

low temperatures, as discussed in 85.2.

The details of the measurement procedure are fggkén 85.2. All the platforms
shown in Fig. 4-5 and Fig. 4-6 produced equivalesults. The platforms with pressure-
contact voltage leads were more successful tharg wdiver paste contacts. For the 3-point
platforms, the 2-point technique was used on the pairs of voltage leads (with one
common lead). The second pair served as a chedkeofresults, and the additional
measurements also provided better estimates ofHdie coefficient. For Hall effect
measurements the pair of voltage leads must beecteuh to the two sides of the sample
(as shown in configuration 2 of Fig. B-4 in append). The standard technique of
balancing the voltages in a 3-point setup was iy&®d, but did not provide any

additional benefits in the results.

Table 5-3 gives the details for the successful idadfficient measurements. All the
samples were bar shapeati{ thicknessw — width; L — length), with the exception of the
x = 0.050 disc-shaped samplg¢ £ diameter). The currehtused at each temperatures
specified and ranged from 30 — 250 mA. The platftabels refer to the 2- and 3-point
Hall effect platforms in Fig. 4-5 and Fig. 4-6. Fs®veral concentrations a second sample
set was measured to check the results. The meaguaadity isR./d (Egs. 5.2 — 5.4), and
the sample thicknessl & 0.7 mm) was made small to optimise the Hall@fteégnal. The
width (W ~ 7 mm) was larger to provide a good surface &oedhe silver-paste current
contacts and to reduce contact resistance. Therduetectrodes were placed on the top
surface edges with a thickness ~1 mm (Fig. 4-6).

Hall effect results are summarised by presentiregHhll concentratiomy = (R.e)™
The sign of Ry confirms negative charge carriers for bothWYO; and LaWOs.
Uncertainties imy are ~8%, withvd/d ~ 4% and the standard error of the mean ~4% for
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Table 5-3. Sample information for the ¥WOj3; and La,WO3 Hall coefficient

measurements. (See text for a description.)

« d w L | T Platform
(mm) | (mm)| (mm) (mA) (K)
0.050| 1.15 ¢ =13.: 100 300 2-a
0.060| 0.81| 7.50 12.2 100 300 3-c
0.070| 0.45 9.6 13.9 100 300 2-Cc
30, 100 64
081 | 7.50 12.8 100 300 3-c
0.086| 0.57| 5.00 13.0 100, 200 300 2-c
30, 100, 200 64
0.091| 0.70| 7.50 12.5 100, 200 300 3-c
100 64, 30, 3.7, 1.9
0.096| 0.39| 7.00 13 250 300 2-c
100, 250 64
0.46 | 5.65 14 100, 200, 250 300 3-a
200, 250 64
0.104| 0.57| 6.70 12.7 200 300 3-b
058 | 5.20 14 200 300 3-b
0.110| 0.63| 5.75 12.8 100, 200 300 3-b
= 200 75
g 100 64
% 056 | 5.45 14 200 300, 64 3-b
> 100 30
0.118| 0.45| 6.10 12.3 100, 200 300 3-b
100 64
059 | 5.35 14 200 300 3-b
100 64
0.122| 0.58| 6.10 12.2 200 300, 75 3-b
100 64
0.46 | 6.25 14 100, 200 300, 64 2-Cc
0.127| 0.41| 4.75 12.0 100, 200 300, 75 3-b
0.69 | 7.55 12.0 100 300, 150, 98, 50 3-c
100 25, 10, 3.7, 2
0.132| 0.57| 5.90 12.5 100, 200 300, 64 3-b
055 | 5.95 14 200 300, 75 3-b
0.140| 0.67| 6.35 12.0 200 300, 75, 64 3-b
0.148| 0.58| 6.00 12.5 100, 200 300, 64 3-b
091 | 5.30 14 200, 250 300 3-b
0.16(] 0.54 | 5.5C 11.€ 100, 20 300, 6¢ 3-b
0.060] 0.84| 7.55 12.1 100 300 3-c
0.070| 0.84| 7.50 12.3 100 300 3-c
0.080| 1.50| 6.00 12.6 100 300 3-c
- 0.89 | 7.60 12.4 100 300 3-c
O | 0.086| 0.66| 7.60 11.2 100 300 3-c
= 0.84 | 7.60 12.4 200 300 3-c
< [ 0.092 0.70| 7.40 9.8 100 300 3-c
i,“ 1.20 | 5.45 12.7 100 300 3-c
0.110| 0.75| 7.30 11.5 200 300, 64 3-c
0.120| 0.80| 6.50 12.3 200 300, 64 3-c
0.150| 0.76| 7.55 8.5 200 300, 64 3-c
0.170| 0.89| 7.55 11.6 200 300, 64, 30, 3.8, 2 3-¢
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the measurements Bfy/d. The results obtained from a second sample deithtroom and
liquid nitrogen temperatures are consistent witle tirst sample set results. The
fluctuations inny, particularly noticeable in the highgrdata at 300 K, are attributed to

uneven surfaces (discussed in §83.2.5).

Fig. 5-9 showsy vsx for Y,WQO3; at room and liquid nitrogen temperatures. The lowe
temperature data are at 64 K and 75 K. The two ¢eatpres are not distinguished in the
plot since theny values at 64 K and 75 K are very similar. Theiligouitrogen results also
show saturation fox = 0.13, and support the solubility limit ideas diseg in chapter 3
for the room temperature data. All the samples shawduction imy on cooling. Both
temperatures show a linear behaviouninat lowerx. Extrapolating the low temperature
results tony = 0 gives a possible estimaig ~ 0.05 for the critical concentration. This is

consistent with the upper bound of 0.08 based erst#bility of the cubic phase (83.3).

Fig. 5-10 shows vs x for LaWO;3 at 300 K and 64 K. The apparent constancy of the

300 K data forx > 0.12 (also suggesting saturation) is due to expental fluctuations, as
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il é i

2+ O
L ‘ waos

n, (10" cm)

O L 1 L 1 L 1 L 1 L 1 L 1
0.04 0.06 0.08 0.10 0.12 0.14 0.16
X
Fig. 5-9. Hall coefficientRy results for Y,WO3; samples at room and liquid nitrogetr

temperatures in a plot of the Hall concentrationny = (R4€)™ vs x. (Darker symbols

represent a second sample set.)
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Fig. 5-10. Hall coefficient Ry results for La,WO3; samples at room and liquic
nitrogen temperatures in a plot of the Hall conceration ny = (Rye)™* vs x. (Darker

symbols represent a second sample set.)

evidenced by the 64 K data. Except for the higloestcentration X = 0.17) the Hall
concentration decreases on cooling as fW®s. As expected, the results for,M#O; are

comparable to those ofWOs.

Fig. 5-11 showsy vs T down to 2 K for the few successfulWO; and LaWO; low
temperature measurements. All the samples areespigise cubic, and show a monotonic
reduction inny on cooling. Most of the changemg occurs at the higher temperatures, and
for T < 30 K appears to plateau. The results thereforegesiga non-zero carrier
concentration a§ — OK. This is consistent with previous observatig¢asapter 3 and
85.1) that single-phase cubic samples are metdllie extent of carrier freeze-out
decreases with increasing This suggests, for sufficiently large a temperature

independent Hall concentration as is found in tgpmetals.

Fig. 5-12 shows Hall effect results at 2 K for aaddshaped sample ofp¥WO; (d =
0.050 mm;¢ = 15 mm) using the van der Pauw method with aeciirof 100 mA. The

signal drift in this case was sufficiently small itovestigate the Hall effect signal as a
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Fig. 5-11. The Hall concentrationny = (Rue)™ of Y,WO3 and La,WO3 samples as

function of the temperature T for several concentrations.
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Fig. 5-12. The change in resistancB — Ry at 2 K for a sample of %2003 as ¢

function of magnetic field strength B| for two field directions. AR is the difference ir

this data with the dashed line a linear fit (forcedthrough the origin).
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function of magnetic field. The change in resistanée— R, vs the field strengtiB| is
shown for both field directions. From Eqg. B.19 ppandix B, withR, andR_ the sample

resistances for the two field directions,

R+_R):(HMRR+RHJ|$ B>0

d 5.6
R—_%:(GMR%_%j|$ B<O
and hence
AR:R—R:Z(%j|$. 5.7

The fact thatR — Ry is positive for both field directions shows thatet
magnetoresistance is dominaa{R, > Ru/d). The differenceAR between the data, which
is also shown in the plot, is due to the Hall votdEq. 5.7). The above equations predict a
linear dependence on the field strength, and wigxiperimental error this is the case. The
experimental results therefore show consistenci wie theory in appendix B. Referring
to Eq. 4.2, the results here emphasize that the deanPauw expression for the Hall
coefficient is only valid if the magnetoresistariseabsentdyr = 0 in Eq. 5.6) or if the

voltage contacts are balancéd € 0 in Eq. 5.6).

From the slope of the fit in Fig. 5-12 and using BEg/ the Hall concentration g =
3.7x1G* cm>. Referring to Fig. 5-11, they value is smaller and close to that for
0.127, which is at the upper cubic limitax ~ 0.13. This again lends support to a solubility
limit at xmax With the carrier concentration not increasing ¥o¥ 0.13, consistent with the
observations in Fig. 5-9. Further evidence comesfthe magnetoresistance results in
Fig. 5-6 and Fig. 5-7. The 2 K data shows a sigaift monotonic decrease dtyr With
increasingx on the cubic phase range, withr =~ 0.56 T* for Y1,MWOs near the
solubility limit. From Eq. 5.6 the magnetoresistaraefficient for ¥% 200V O3 is obtained
from the average slopes of the data in Fig. 5-Mng aus = 0.7 T*. This is close to the
value atx = 0.127, and not significantly smaller as expedtedh an extrapolation of the

cubic phase behaviour.
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Chapter 6: Analysis and Discussion

This chapter summarises the transport resulthfoiyfWO; and LaWO3; samples. The
low temperature conductivity results are analysethgi available expressions for Ml
transition phenomena. Estimations of the criticaneentration xc are presented.
Comparisons of the conductivity and Hall concemtrafor Y,WO3; and LaWO3; are made
to NaWOs; and NaTaWi:,0O; data. Unless stated otherwise, the density—ceudect
conductivity (resistivity) is presented. Measuretseof the specific heat, magnetization
and NMR, performed on selected samples at the ddo8@tate University (U.S.A.), are
presented. These were done to check for local mbfaenation based on the temperature
dependence of the Hall concentration. The chapbeclades with a summary of the

research results.

6.1 The solubility limit

Previous investigations have suggested a solulliity for donor ions in the tungsten
bronzes with increasing (82.1.1). This limit corresponds to the upper cubhase limit
Xmax The suggestion is supported by the experimeasallts for YWO3; wherexmax =~ 0.13
(83.3). Forx > xmax the tungsten bronze phase appears to be cubicandtimstant donor
concentration. The cubic lattice parameter is amistorx = 0.13 (Fig. 3-4), consistent
with a fixed conduction band concentration, as aldenced by the constancy of the Hall
concentration on this range (Fig. 3-11a and Fig).5Fhe solubility limit is also indirectly
supported by the resistivity results. The imbalamcéhe reaction equation for > Xmax
results in the formation of additional compoundsshown by the XRD results (Fig. 3-2b),
and these compounds result in additional scattezgrgres. This leads to the increased
resistivity observed fox > 0.13 (Fig. 3-8a), and the “dirty metal” type t@enature
dependence (Fig. 3-9 and Fig. 5-1). The resultd.&WO; also support a solubility limit
with the cubic lattice parameter constantxer 0.21 (Fig. 3-4), with additional phases for
x = 0.23 (Fig. 3-3b).
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Based on the above discussion the upper cubic fanita WO; is taken agmax~ 0.21.
The room temperature Hall concentratignvs x data for LWW0Os in Fig. 3-11b appears to
follow that of Y,WOs in Fig. 3-11a. The apparent constancygfor La WOz on the cubic
range (0.12< x < 0.17) has been attributed to experimental err@utiqularly to
uncertainties in sample geometry arising from flations in the sample thickness
(83.2.5). To confirm this, a plot afy(64 K)hy(300 K) vsx is shown in Fig. 6-1. Each
datum corresponds to a sample for which measureamgete made at both 64 K and
300 K. Sincay = (Rye) %, with R4 the Hall coefficient, an&./d = AR/AB (Eq. 5.4),

n,(64K) _R,(300K) /d_ 5(300K)
n,(300K)  R,(64K) /d A% (64 K)

6.1

The last term is essentially the ratio of the meagidall voltages at 300 K and 64 K, and
does not contain the sample thicknds3he Hall concentration ratio for two temperatures

therefore eliminates the need for sample geomefoymation.

I (b) LaWO,

O 1 1 1 I 1 I 1 1 1 1 1 I 1 I 1 1

0.07 0.09 0.11 0.13 0.15 0.16.07 0.09 0.11 0.13 0.15 0.17
X X

Fig. 6-1. The Hall concentration rationy(64 K)/ny(300 K) vsx for Y, WO3 (a) anc
LaxWO3; (b). The straight lines are linear fits & < 0.13 for Y,WO3).
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The Hall concentration ratio for,WWOs3 in Fig. 6-1a shows a linear increase witfor x <
0.13, indicated by the straight-line fit. For 0.13 the ratio appears constant at about 0.8,
consistent with a solubility limit atnax ~ 0.13. The LaWO;3 results in Fig. 6-1b suggest an
increasing ratio up t® = 0.17, with no indication of saturation as foMW¥O3. The straight
line is a linear fit of the data, and within expeental error gives a sufficient description.
The slope of the line is similar to that ofWO; for x < 0.13. The results in Fig. 6-1
therefore do not suggest any anomalous behaviourd®O; on its cubic-phase range.
This is also supported by the ,M#O; conductivity results which show the expected

gradual evolution witlx.

The Hall concentration ratio is further discussed6.3 with comparison to N&/O3
data. The experimental results fofWO;3; show that studies of the tungsten bronze phase
are only necessary up to the solubility limif.x From here on only the data in the cubic

phase and below will be considered for analysis.

The temperature dependence of the resistivity tdricc Y,\WO3; and LaWO;3; near the
solubility limit is shown in Fig. 6-2. Typical mdsahave a resistivity linearly dependent on
temperature foll = Op, attributed to thermal scattering. As— 0 K the resistivity levels

off to a non-zero residual valy®. This behaviour has been observed in the higher
concentration cubic tungsten bronzes (Fig. 2-6) tarchexagonal tungsten bronZeghe

p vs T data in Fig. 6-2 also follows this metallic-typehaviour. The results for WOz

and LaWOs; are therefore consistent with the behaviour exguecin the higher

concentration tungsten bronzes.

The thermal changes in the resistivityp{ =~ 64 uQ cm; Apa = 50 pQ cm) are similar
to those observed in Fig. 2-6 for M&Os (Apna ~ 20 — 40uQ2 cm) and LWOs (Apra ~
40 uQ cm). The residual resistivijyy =~ 680uQ cm for La 10/VO3 and is similar to that of
single-crystal LaiWOs in Fig. 2-6 po =~ 615uQ cm). La1dWO; is at almost twice the
donor concentration of lkaWOs;, and should haveg significantly smaller. The larger

resistivity is likely due to the grain-boundary tdgloution in the polycrystalline samples.
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Fig. 6-2. The \WO3 and LayWO3 resistivity p vs the temperatureT in a linear plot

for cubic-phase concentrations near the solubilityimit Xmax.

6.2 The metal-insulator transition

In this section the conductivity data of thWO3; and LaWO3; samples are analysed.
The focus is on the MI transition, and several tégies are presented in an attempt to

classify the samples as metallig € o(T = 0 K) > 0) or insulatingdp = 0).

Fig. 6-3 shows the YVO3; and LaWO3; conductivitiess(T), normalised to the room
temperature valug(300 K), vs the temperatuiiefor a range of concentrations For Ml
transition investigations the temperature depenelefcthe conductivity, particularly at
low T, is the determining factor. Showing the relatiamductivity has the advantage of
focussing on thd dependence, while eliminating the absolute condtt which varies
somewhat amongst the different tungsten bronzegst&rvolume fraction and grain-

boundary effects are also eliminated to some extent

The similarity between ¥VO3 and LaWOs is evident in Fig. 6-3, with the conductivity
evolving in similar ways as is reduced. The high concentration samples suggetllic

behaviour with a non-zero residual conductivityindicated by the vanishing slope of the
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low T data. This is consistent with the metallic behariobserved in Fig. 6-2. As is
reduced there is a monotonic increase in theTl@lope @/dT, showing features typical of
other MI transition systems. For the concentratiomere @&/dT > 0O, the objective is to
determine the residual conductivigpy from the finite temperature data in order to
determine whether a MI transition is indeed ocagyiand to estimate the critical
concentrationc.

The crossover from a metallic-types(dT < 0) to semiconducting-type £@iT > 0)
conductivity was previously believed to show theetrof the MI transitioi.’® The results
in Fig. 6-3 show this is not the case. The cubm@as (shown by the circle symbols in
Fig. 6-3) all appear to be metallic in nature. Tisisconsistent with previous results on

other tungsten bronzes which show all cubic phasgerials to be metalli©® If the

(a) Y WO (b) La WO
X 3 X 3
2 T T T TTTT] T T T TTTT] L— T T T T TTTTT] T T T T 17T L—
x=0.118 x=0.190
1 | O. 10 4 o OO ...(.)»’))))))))))))))))))))))»)))»)»w)))»))»»)))))»»’»»»))' 1
" ° DRSS T
Q@O0 Q00 CLTCT ﬂ_ﬁml: ’ T
T -0.096 E L T
o(T) | To.oee
) [ ' T 0.080~ R
300K i - 1
0.1F T
i d 1
]
5 O +4
[ X = 0.050 1
0-01_ I L 1 aaanl 1 L 1 aaanl 1 11 | L1l Lol P
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Fig. 6-3. The relative conductivity 6(T)/6(300 K) vs the temperatureT for the
Y WO3; (a) and LaWO3 (b) samples. The circular symbols correspond tg values foi

which the single-phase cubic structures are detected by XRD.
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x = 0.086 cubic samples can be shown to be met#ilen it follows from Fig. 6-3 that all
the cubic phase samples wih> 0.086 are also metallic. The analysis that fedawill

therefore focus on samples wik: 0.086.

The conductivity data in Fig. 6-3 for tlxe= 0.050 samples indicates a power law form
(c ~T™ for T < 10 K, withm = 0.7 for both compounds. This suggests that 0 asT —
0 K, and would classify this concentration as iaing. A MI transition is therefore
suggested by the conductivity data, with the ailticoncentratiorkxc > 0.05. A similar
temperature dependence is observed in thgdNay 1808403 sample of Fig. 2-7, which is

very near the Ml transition with < T (see also §2.4).

The question of the validity of using the nomiralalues for L&NVOs is again evident
in Fig. 6-3 (see end of 83.1). Far = 0.050, both compounds show a very similar
behaviour. On the other hand, the temperature digmee for Lagsd/VOs is different from
that of Yp06dVO3, which is similar in behaviour to bgoNOs. The XRD results in
Fig. 3-2a and Fig. 3-3a show a very similar strradtevolution askx — 0. The difference
therefore does not appear to be due to the presgrmber phases. A small reduction in
the actuak value from the nominal one for someYA#0; samples (linked to the ampoule
deposits — 83.1) would be consistent with the cotidity results. This is also manifested
in the slightly different critical concentration luas obtained for ¥YVWO; and LaWOs;

below.

The low temperature conductivity in the metalliaph is analysed with the expression
(see 82.4)

o(T)=0g,+aT" 6.2

where oy is the residual metallic conductivity and is a constant. The exponent
describes the form of the temperature dependertésaharacteristic of the system under
investigation. For disordered interacting systams: 1/2 well into the metallic region,
changing as the critical concentration is approdciiég. 6-4 shows the conductivity of
Y, WO3; and LaWO; for T < 10 K andx < 0.086, together with fits of Eq. 6.2. The results
of the fitting are summarised in Table 6-1.
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The results in Fig. 6-4 show that Eq. 6.2 givesadydescription of the low temperature
conductivity for all the concentrations shown. Tinegative values oby obtained for
Y 0.0s0W O3, LayosdVO3 and La 0sdVO3 suggests that these samples are not metallic. The
higher concentrations have > 0 consistent with metallic behaviour. The reaidu
conductivity also decreases with decreasingonsistent with an approach to the critical
concentration. The cubic = 0.086 samples for WOz and LaWO3; both havem =~ 0.5,
which is the value expected well into the metglase for disordered interacting systems.
The predicted change in the exponent to a valua 8f1/3 asx — Xc is also suggested by
the results forx = 0.070. Except for ¥osdNVOs, the exponenm shows the expected
changes as is decreased. Some transition metal oXidesshow an increase in(m— 1)
very nearxc, consistent with the larger value wf obtained for ¥0sdNVO3. The YWOs3
and LaWO; tungsten bronzes therefore also show signatureslettron-electron
interaction effects in the metallic phase, as a@beserved in the N&aW,.,0O3 tungsten
bronze (82.4). The fitting results feg suggest a critical concentratiag ~ 0.055 + 0.005
andxc = 0.065 % 0.005 for YNVO3; and LaWOs respectively.

An alternative method that allows for the deterrtioraof the residual conductivityy
in metallic samples that takes into account thenghmay temperature dependence fror?
to T asx — xc has been propos&dThe expression for the conductivity is

o(T)=0,+k S 6.3

wherex is temperature independent. The above expresfiimimates the requirement of
the exponentnin Eq. 6.2, and predicts a linear relationshipieens and {T/0)"?. Fig. 6-5

1/2

shows plots ot vs (T/o)™“ using the same conductivity data as in Fig. 6e @ashed

lines are linear fits and the fitting paramet@yandx are shown in Table 6-2.

Apart from the ¥050NVO3 sample, the conductivity data fdr< 10 K shows good
agreement with Eqg. 6.3. The results tor indicate metallic samples for, WO; and
LayWO;3; whenx > 0.060 and> 0.070 respectively. This is consistent with theutts from
Fig. 6-4 and the values fap are also similar. For the lowest concentrationgoVOs,
Lag.osd0VO3 and LaesdVOs) the negative values fosy again suggest non-metallic

behaviour. The critical concentrations fogWO3; and LaWO; from this analysis are
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Fig. 6-4. The low temperature T < 10 K) conductivity data of Y,WO3 and La,WO3
for x < 0.086. The curves are fits o&(T) = 69 + aT ™, With 6o, @ and m the fitting
parameters, shown in Table 6-below. Notice the vertical axis breaks for (a) andb),
and o < 0 in (d).

Table 6-1. Parameters obtained from fittinge(T) = 60 + aT ™ to the data in Fig. 6-4.

Y, WO La, WO4

X oo a m oo a m
0.086| 229 4.9 0.46 74 2.3 0.55
0.080 26 1.7 0.47
0.070 47 7.8 0.29 12 2.2 0.4
0.060 15 2.2 0.51 -0.26 2.4 0.33
0.050| -0.16 0.82 0.66 -0.16 0.46 0.57]
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Fig. 6-5. Linear plots of ¢ vs (T/6)*? for Y,WO3 and La,WO3 (x < 0.086 an«
T <10K) used to distinguish metallic and insulating samfges. The straight lines ar
linear fits with &(T) = 60 + #{T/a(T)}*%. Notice the vertical axis break in (a), ands < G

in (c). The fitting parameterseo and xk are shown in Table 6-2 below.

Table 6-2. Fitting results from Fig. 6-5.

Y, WO, La, WO,

X o K oy K
0.086] 230 68 74 25
0.080 26 8.7
0.070 52 26 12 6.9
0.060 14 12 -0.29 3.7
0.050| -7.5 6.5 -2.9 1.7
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therefore the same as those obtained from Fig(¢'4 ~ 0.055 + 0.005x:"* ~ 0.065 *
0.005).

The parametek in Eqg. 6.3 isk = p(EF), whereA is a temperature independent

constant ang(Er) the density of states at the Fermi le¥eThe fitting results forc in
Table 6-2 indicate a strongly decreasj(§r) o« x* asx is reduced. For typical metals
p(Ef) o x** while for highly doped tungsten bronze€Es) « x (see §2.1.4). The—
dependence obtained above is significantly strotaditting givesp(Er) ~ x°) and may
signify the evolution of the pseudogap at the Fdawel with p(EF) eventually vanishing

as the critical concentration is approached froentietallic side (see 82.4).

A convenient way of analysing the finite low temgtere conductivity data from a Mi

transition point of view is by considering the loi¢famic derivative

L(T) = dloga :IE

. 6.4
dlogT o dT

For a metallic systemotdT — 0 ando — o9 # 0 asT — 0 K, which implies that (T)
vanishes at low temperatures. For an insulatingesyswhere hopping conduction
describes the conductivity (Eq. 2.19)(T) ~ T ® and hence diverges with lowering
temperature. The logarithmic derivative can thexefoe a sensitive probe of the critical
concentrationxc. Fig. 6-6 gives a plot of the temperature depeoéesfL(T) for Y, WOs
and LaWO; for x < 0.086.

For the higher concentrations (0.0Z& < 0.086)L(T) appears to vanish 8s— 0 K.
This is consistent with the metallic classificatiobtained from the fitting results above.
The Yp.050W O3, Lag,0sdVO3 and La.0sdVO3 samples do not show a vanishin@), which
appears to plateau at a non-zero constant valus. cmstant value: manifests as the
c ~T“ behaviour observed at the lowest temperaturesgin6F3. These samples therefore
do not show metallic behaviour, but the divergeegpected inL(T) from insulating
samples is not present. However, results fogxTHaV,yOs suggest that the hopping
behaviour in insulating samples occurs at even lotgenperaturesT(< 1 K — see
Fig. 6-14)’ This is further discussed at the end of the negtisn, which provides further

support in classifying the= 0.050 samples as insulating.
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Fig. 6-6. The logarithmic derivative dloge/d logT vs the temperatureT of Y,WO3
and LayWOg3 for x < 0.086. (Legends refer to both plots.)

In conclusion, the analysis of the low temperattwaductivity data for YWQOs; and
LaWO3; suggests that a MI transition is occurring at dueraclose to the lowest
concentration used. The results indicate metalilsalviour in ¥YWO;3; for x > 0.060 and
La,WO; for x > 0.070. Insulating behaviour is suggested feips¥V O3, Lag osdVO3 and
Lao.0sdVOs. The critical concentration from the analysis istsection for YWO; and
LayWO; is thereforexc =~ 0.055 * 0.005 and: =~ 0.065 + 0.005 respectively. As
mentioned above, the nominalalue for LaWOs is less certain, and may account for the
differences irnxc obtained for the two compounds. For the trivaldoped tungsten bronzes
the critical concentration is therefore quotedxas- 0.06, corresponding to an electron
concentratiome =~ 3.2x1G* cm™. This xc value is one third that found in N&O5; and
Na,TaW.,0s tungsten bronzes whepe ~ 0.18, and corresponds to the same donor
electron concentration. This finding supports ckithat the MI transition is primarily
driven by the conduction band electron concentnatithe results also support previous
observations that the cubic phase of the tungstenzbs is metallic. The XRD results

point to a mixed phase dominated by the cubic stracfor lowerx (Fig. 3-2a and
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Fig. 3-3a). It is observed that is smaller than the lower cubic limiti, =~ 0.086, and the
MI transition therefore does not appear to be astet with the appearance of new

structural features.

6.3 Comparisons to other tungsten bronze results

In this section the transport data foRWO; and LaWOs; is compared to that of
NaWO; and NaTaW,;,0s. The comparisons will be made relative to theatfée donor
concentrationxet (or equivalently the donor electron concentratien= Xer/a”). For
Na,TaW.,0s; the effective concentration is —y. When compared in this way the
trivalent-ion doped YWO; and LaWO; tungsten bronzes show remarkably similar

properties to those of N\&O3 and NaTaW.,Oa.

Fig. 6-7 shows the room temperature Hall concepntrtaty vs the donor electron
concentratiomy for Y, WQOs;, LaWO3; and NaWOs. All three compounds show a similar
magnitude and-dependence fany. The near-linear increase wikhrepresents the filling
of the conduction band as the donor concentrasdndreased. The proximity of the data
to theny =nq line lends support to the fully-ionised donor rebfibr the tungsten bronzes,
with Y**, La®* and N4 the expected valence states of the donor atonfss (§ also
supported by the NMR results in 86.4.3.) The majoof donated electrons appear to
participate in the conduction process. The signthef Hall coefficient for all three
compounds confirms conduction due to the donatectreins in the conduction band. The
scattering factoA = ng/ny is obtained from linear fits of they vs x data for ¥YWO3; and
LayWOs in Fig. 6-7. The resultdy =~ 1.2 andA , =~ 0.85 are consistent with values close

to unity found for most compounds (82.1.2).

Fig. 6-8 shows the room temperature conductiwitf Y,WO3, LaWO3;, NgWO3 and
NaTaW1y0s vs the donor electron concentratianin a log-linear plot. The straight line
fits give good descriptions of theW O3, LaWO3; and NaWOs; conductivity on the range
shown, with very similar slopes (0.374, 0.380 an870 respectively). Except for the
lowest concentration, N&aW1,03 also shows a similar dependence mn All four
tungsten bronzes therefore have similars ny dependencies, showing a common transport

mechanism in these compounds near the MI transition
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Fig. 6-7. The room temperature Hall effect resultsfor Y,WO3;, LayWO3; and
NayWO3. The Hall concentration ny = 1Rpye is shown vs the donor electro
concentration ng. Nay\WO3 results are from Ref. 26 The top scale presents the don

concentration x.

The reduced conductivity of NBaW,;.,0O3 relative to N@WOs has been attributed to
the increased disorder created by the Ta substit(fi Following similar arguments, in
addition to grain-boundary effects, the reduceddoativity of the polycrystalline YVO;
and LaWO; samples, relative to N&/O3, could be attributed to enhanced scattering

associated with the higher charged trivalent Y lBadbns.

The room temperature Hall effect results for theggien bronzes show carrier
concentrations proportional to the donor conceiatnat. The exponential dependence of
the conductivity shown in Fig. 6-8 indicates a nibp(~ o/x) strongly dependent on For
Y WO3 and LgWOs3 the room temperature mobility shows a three-felduction in going
from x = 0.11 tox = 0.06. A vanishing mobility, as well a vanishidgnsity of states at the
Fermi level, are both features occurring in Ml sys$¢ as the critical concentration is

approached from the metallic side (§2.2).

123



1 1
XLa,Y’ 3 XNa 3 (X-y)Na+Ta

0.06 0.07 0.08 0.09 0.10 0.11
4000 — T T

1000 500 -
: 0o _ " e

o (S/cm)

100 W Qg @ _:
B YWO, O Nawo,
® LaWwo, <& NaTaW, O,

10||||I||||I||||I||||I||||I||||
3.0 3.5 4.0 4.5 5.0 5.5 6.0

n, (10" cm®)

Fig. 6-8. The room temperature conductivity of N@WO; and NaTayW1,03
(reproduced from Ref. 7) and ¥WOj3; and LaWOj, vs the donor electro
concentration nq. The dashed lines are linear fits of the N&/O3;, Y,WO3 and La,WO3
data. The top scale presents the donor atom conceations.

The Hall concentration ratia,®*/n3%°K for Y,WOs;, LaWOs and NawOs is shown in
Fig. 6-9 as a function of the donor electron cotregion ng. The WOz and LaWO;

results are compatible, showing a near-linear asmeinn,®*/n3%«

with x, eventually
reaching the expected saturation valuengf/n>°°¢ = 1. The NaWOs; results show a
remarkably similar behaviour. The reduction my on cooling suggests a partial
localization of the charge carriers, with the raiig*/n;° giving an indication of the
fraction of carriers still participating in the adurction process. The freeze—out effect
becomes more pronouncedais reduced, and appears to be more pronounce@AfOY
and LaWO; than in NWOs. This effect may be due to the higher charge ef¥f{ and
La®" donor ions which could show stronger localizatédfects than the monovalent Na

donor in NaQWOs.
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The behaviour of the Hall concentration ratio w#mperature in Fig. 6-9 is consistent
with the conductivity ratio plots in Fig. 3-14. Tlsé&ronger carrier freeze out observed in
lowering x indicates larger changes in the carrier conceatraiThis would lead to the
stronger temperature dependence seen in the contuciThe semiconducting-type
behaviour, with e/dT > 0, observed in the lowersamples could arise from the thermal
activation of charge carriers. For largerthe Hall concentration becomes temperature

independent®>° O30 ~

with ny 1 (see also Fig. 6-10). This is consistent wita th
typical metallic behaviour observed in the highenaentration tungsten bronzes. It is
noted that the localization effects observed in. 6§ are all for samples classified as
metallic. The tungsten bronzes therefore have gpical metallic character in the just-

metallic phase.

The reduction in the Hall concentration on cooliagalso observed in the hexagonal
tungsten bronze$:** Hexagonal Rp:1gWO; and Ky 20WOs, with ng ~ 3.2x16* cn, both

show a Hall concentration reduction ~50% when é&meperature is decreased from 300 K

1
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Fig. 6-9. The Hall concentration rationy(64 K)/ny(300 K) vs the donor electro
concentration nq for Y,WOQO3;, La,WO3 and NagWOQO3;. The NaWG; results are from

Refs. 26 and 55. The top scale presents the dondom concentration x.
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to below 100 K. This is similar in magnitude to ttesults in Fig. 6-9 for the perovskite

tungsten bronzes.

Fig. 6-10 shows the Hall concentration ratig(T)/ny(300 K) as a function of
temperature for cubic-phase) %WOs3, Y0.12MWO3 and La 170NO3z. For comparison, the
figure also shows the results for single-crystabiciphase NAWO; samples. All the
samples are classified as metallic. For the higbestentrations the expected temperature
independence ofiy is evident in the N&VO; results. Asx is reduced the temperature
dependence for all three compounds becomes stroogesistent with the behaviour in
Fig. 6-9. Theny vs T behaviour for YWO3; and LaWOs is very similar to that of N&VO3
for equivalent concentrations. The results in Bi§. and Fig. 6-10 again highlight the

common features found in the various tungsten l@enz

Theny vs T behaviour for YWO3; and LaWO;3; suggests that most of the carrier freeze
out occurs at the higher temperatures (30K — 300FK) T < 30 K the Hall concentration

appears to plateau at constant non-zero values.coheuctivity results of the previous
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Fig. 6-10.The Hall concentration, normalised to 300 K valuesys the temperature
T for Y,WO3;, LayWO3; and NaWO3. For Na\WO3 closed symbols are from Ref. 26
and open symbols are from Ref. 55.
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section indicate that the samples shown in Fig0 @t metallic in nature witky > 0. The
temperature independence shownnhyat low T with ny(T = 0 K) > 0 is consistent with

this classification.

Theoretical calculations for the Na tungsten brefizeupported by experimental
evidence'®® indicate the formation of a pseudogap at the FemergyEr (see §2.3 and
Fig. 2-12). In the metallic phase the calculatipnsdict localized states nelgg inside the
pseudogap. The observed increase in the Hall ctna¢ciom on increasing is attributed to
the thermal excitation of these localized statesatoessible extended states nEar
Increasingx reduces the pseudogap and degree of localizat@rEpelue to the increased
screening effects of the itinerant electrons. Tikisconsistent with the Hall results in
Fig. 6-9 and Fig. 6-10. The corresponding increassability of the electrons with
increasingx from the screening of the disorder is also evidanthe room temperature
conductivity mentioned earlier. The density of esaatEr and their nature (localized or
extended) play a major role in determining the e properties.

Fig. 6-11 shows a figure reproduced from Ref. 70wshg the low temperature
conductivity ¢ vs the effective carrier concentratiogy = X — y. The Mott minimum
metallic conductivityomin is included. For comparison tie= 2 K conductivity of YWO;
and LaWOs is also shown vs the effective concentratign= 3x. Theo Vs xerr behaviour
for Y,WO; and LaWO3; compares well to that of the two Na tungsten besnzlhe
magnitude ofe is closer to that of N&aaW1y0s, consistent with the room temperature
results in Fig. 6-8. For NdiaW1,0s it has been noted that metallic samples are found
with ¢ < omin.” The lowesix metallic samples of ¥VO; and LaWO; also haver < amin,

indicating these concentrations to be in the @&itiegion (see §82.2.3).

The scaling theory predicts avs x relationship given by Eq. 2.15 for the residual
conductivityoo. Fig. 6-12 shows a logarithmic plot @f vs x — X¢, with oo the extrapolated
values of the low temperature conductivity a@dthe critical concentrations for,WO;
and LaWO; estimated in the previous section. Except forloeestx, the data follows the
predicted behaviour with a critical exponegt~ 2 for both YWO3; and LaWOs. This is
larger than the value ofc predicted by scaling theories and obtained expartaily in
many other M| systems (82.2.3). The slopes fordaeest two concentrations in Fig. 6-12

give the smaller, more expected values. The resuli&g. 6-12 may therefore suggest a
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Fig. 6-11. Reproduction of a figure from Ref. 70 showing the conductivity o
Na,WO3; and NaTayW.,O3 at liquid helium temperatures as a function of th
effective carrier cone@ntration x —y. The conductivity of Y\WO3 and LayWO3 at 2 K
has been included for comparison, with the axis skong the effective carriel
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Fig. 6-12. A logarithmic plot of the residual conductivity oo vs (X — Xc) for the
Y WO3 and La,WO3 samples. The slopev of the straight lines are shown, as well

the Mott minimum metallic conductivity omin.
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crossover invc as the critical concentration is approached. ¢tusth however be noticed
that the lowx behaviour in Fig. 6-12 is strongly dependent anwthlue ofxc, which in this

case is somewhat uncertain.

It has been noted that for the tungsten bronzegxh@polations are obtained for data
that may be too far beyond the MI transitidnlt has also been mentioned that for
transition-metal oxides the critical region persisiver a larger range of compositions
above the critical concentratidrithe critical region for Eq. 2.15 is expected tofigon xc
to a composition where = omin.2 This would correspond to—xc < 0.03 in Fig. 6-12. The
lack of data on this range, coupled with the uraety in xc, makes the critical exponent
analysis inconclusive. The larger valuevef~ 2 has been observed in other systems, and
this larger range of exponents can be explaineddnipus percolation theorié$’? The
actual value of the critical exponent for the tuegsbronzes, and the extent of the critical
region, therefore requires more stringent invesitga. Experiments on selected materials

have been suggested to address this {Ssue.

The MI transition has been observed in cubigTdiV,y0s for x —y = 0.18. The
conductivity for two samples on either side of ttrtical concentration is shown in
Fig. 2-13. This data has been reproduced in Fi3,6which also shows the conductivity
of the lowest concentration samples gWWO; and LaWOs. The relative conductivity

a(T)/a(300 K) is shown to compare the temperature depa®d®r the compounds.

The temperature dependence and the evolution witdi the YWO3; and LaWOs3
conductivity are very similar to that of N&@W1y0s. The Y5.060NOs, Y0.070VO3 and
Lag.070W O3 conductivity behaviour is similar to the metakiample of Ngassl ay.1W0.840s.
This is consistent with the metallic classificatifam these concentrations obtained in the
previous section. The= 0.050 samples for,WO3; and LaWO3; both show a conductivity
behaviour very similar to the insulating dNal'ap.1eW0.8403 sample. The results of the
previous section in classifying the = 0.050 concentration as insulating is therefore
supported by the comparisons in Fig. 6-13. TheyobdlVO3 conductivity shows
intermediate behaviour and lower temperature dataquired to classify this sample.

The effective concentrations for thg WOz, La WOz and NaTaW.,0s samples in

Fig. 6-13 are similar, and hence suggest a commeohamism for the MI transition
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Fig. 6-13. The conductivity of the lowest three caentrations of Y,WO3 (a) and
LayWO3; (b) compared to a just-insulating ¥ —y = 0.18) and just-metallic Kk —y =
0.19) sample of Nalr'a,W1y03. The relative conductivity ¢(T)/e(300 K) is shown v«
the temperatureT.

determined by the conduction band concentratiore YYWO3; and LaWO3; samples in
Fig. 6-13 are mixed phase and the XRD results atdigradual structural variations>as
varied. The N@'aW;:,03 samples maintain their cubic phase. The comparigon
Fig. 6-13 therefore provides convincing support tih@ appearance of additional phases
on loweringx has no major impact on the conductivity behaviauhe vicinity of the Ml

transition.

Fig. 6-14 shows the logarithmic derivative of thenductivity data in Fig. 6-13. The
comparisons support the conclusions made above NBheTap 1eW0.8403 sample shows
an increase inldgo/dlogT for T < 3 K with a slope consistent with hopping conduttio
(82.4). Although thex = 0.050 data for YNO3; and LaWO; does show a hint of an upturn
as T — 0 K, lower temperatures are required to confirnre fhresence of hopping

conduction in these two tungsten bronzes.
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Fig. 6-14. The logarithmic derivative doge/dlogT of the conductivity data shown
in Fig. 6-13 vs the temperatureT. In each figure dloge/dlogT for Y,WO3; (a) and
LayWOs3 (b) is compared to that of NaTayW1,Os. (The legends refer to both plots.)

In conclusion, the results in this section show tha Y,WO3; and LaWO3; tungsten
bronzes provide results similar to the,W&D; and NaTaW1.,03 tungsten bronzes. When
the comparisons are made with respect to the affeconcentrationts (X for NgWOs;
x—y for NaTaW1,03; 3x for Y,WO3 and LaWOs) all four compounds show universal
behaviour for the tungsten bronzes. The differencdbe physical properties are mainly
attributed to the different degrees of disorder? ims in NgWOs; Na“ and T&> ions in
NaTaW,,0s; Y** and L&" ions at a reduced concentration ig/Os and LaWOs. In
purely disorder driven Anderson localization thetical concentration for these four
compounds would be different. The results, howesieow the critical concentration to be
governed by a similar concentration of donor eteddr Correlation effects must therefore
be incorporated in a description of the MI tramsitin the tungsten bronzes.
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6.4 Additional measurements

Specific heat and magnetization measurements wafermed on samples of,\WO3
and LaWO; at low temperatures to check for the existendeadl moments, as suggested
by the temperature dependence of the Hall condemiral hese measurements were done
at the National High Magnetic Field Laboratory (NIHM) of the Florida State University

(U.S.A). Room temperature NMR results forYA#D3 are also presented.

6.4.1 Magnetization

Magnetization measurements were done on a 94 m@lsaof Yp0dNVO3 with a
Quantum Design vibrating sample magnetometer (V&Mp function of temperatuie
and magnetic field8. The temperature dependence was performed indadi.2 T from
1.9 K to 120 K. The VSM results, shown in Fig. Gg1Show Curie-type behaviour at the
lower temperatures, which levels off to a smallreadf 1.5x16° /g (= 6x10™* ug/donor
ion) at the higher temperatures. This is consistétit a metallic-type system with local
moments present. The anomaly near 50 K is attribtiethe presence of paramagnetic
oxygen. To estimate the local moment concentradiwth type, an analysis was performed
on the field dependence of the magnetization attéowperature.

Fig. 6-15b shows the sample magnetizatiof at 2 K as a function of the magnetic
field (0 < B < 2.55 T). The curve is a fit of the semiclassicaingevin function for
paramagnetisit where the magnetization is given My = Mgcoth(y) — 14], with y =
pusB/ksT andMs = Npug the saturation magnetization. The two fitting paesers are
andN, wherep is the effective Bohr magneton number &hthe concentration of the local
moments. The fitting in Fig. 6-15b givps: 9.4 andN = 6.6x16° g™,

The fitting results of the magnetization data iadcthat the Curie-type temperature
dependence is due to impurities. The large magaitwidthe effective Bohr magneton
number p ~ 9) suggests transition and rare-earth local nmbsnéd he small concentration
(N ~ 6x10° g% is consistent with the impurity concentrationsurid in the starting
materials (donor-atom concentrations are’24%). The magnetization results therefore
suggest no isolated local moment formation fromfthezing-out of charge carriers at the

concentrations suggested by the Hall data (Fig. 2-4
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Fig. 6-15. Vibrating sample magnetometer results siwing the magnetizationM of a
Y 0.00WO3 sample. Plot (a) shows the temperature dependent B = 0.2 T, and (}
shows the magnetic field dependence dt = 2 K. The curve is a fit of the Langevil

function.

The VSM results show a temperature-independent waskmagnetic susceptibility for
T > 100 K, typically observed in metals.. This isabbserved in Ba WOz and NaWO3
for 0.22 < x < 0.60°"°" The susceptibility near room temperature is aitgd to the
temperature independent diamagnetic contributidrtheo WG; lattice and donor cations,
and the Pauli-type paramagnetic contribution ofdemtion band electror’s. The VSM

results therefore support the metallic classifarafiorx = 0.096.

VSM measurements were also performed on a samMegd/VOz; forB=1 T and 2 K
< T < 300 K. The results are similar to those in Big.5a for Y% 0dN O3 (see Fig. E-5 in
appendix E). Fol = 100 K the magnetization is constant, but negaflVee diamagnetic
contribution is larger as the reduced electron eatration leads to a decreased Pauli-type

paramagnetism. Local moment formation is also mimtemt for this lowesk sample.

It has been statdtthat for correlated disordered systems an enhaecemf the

susceptibility can occur at low temperatures. Adddl evidence that the increase in
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Fig. 6-16. Magnetization results for ¥03dNVO3 showing the momentM vs the
temperature T per 1 g of sample. An estimate of the moment ofdlLof the presintered
material (o) was obtained by measurements on the starting powds of WO;s, Y,03
and W. The moment contribution of each powder to te 1 g mixture is shown.

Fig. 6-15a is due to impurities is shown in Fidgl&- The results indicate no significant
difference (in magnitude an@-dependence) between the sample susceptibilitytad
estimate for the pre-sintered pellet. The domimantribution to the mixture is from W
which forms most of the starting materials, andvjgtes the main source of the low
temperature Curie-type susceptibility contributid?ure WQ is diamagnetic, and this
positive contribution would be due to the impustie

6.4.2 Specific heat

Specific heat measurements were performed on am@.8ample of ¥ o0dVO3 using a
Quantum Design heat capacity system. The measutemene taken in magnetic fields of
0 and 9 T, with temperatures ranging from 2 K t® X0 The results are summarised in
Fig. 6-17. The specific heétis field-independent within experimental limitshd curve is
a plot of the expressio = yT + AT 3, which consists of the electronigT§ and phonon
(BT 3) contributions to the specific heat at low tempam®s. The standa@/T vs T ? plot of
the data (see Fig. E-7 in appendix E) gives thinditparameters as= 1.32 mJ/moK?
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Fig. 6-17. The specific hea€ of Y,WO3; and La,\WO3; samples vs the temperaturd
for magnetic fields B = 0 and 9 T in a logarithmic plot. The curve is alow
temperature fit of the expressionC = yT + #T> to the x = 0.096 data.

andp = 0.142 mJ/meK*. The parametef leads to a Debye temperatug = 239 K for
the lattice. The non-zero field-independent valfile & suggestive of a metallic system,

consistent with the magnetization results.

The specific heat data shows no significant changde specific heat when the 9 T
field is applied. The difference in data is mosllye to experimental fluctuations, except
for a possible very small anomaly occurringlat 10 K. The position and magnitude of
this anomaly is consistent with the Schottky-typecific heat obtained for impurity local
moments using the parameters obtained from the \@aM. The specific heat, like the
magnetization, therefore suggests no isolated lotaient formation linked to carrier

freeze-out in the bulk material.

The Y5.008VO3 electronic specific heat coefficiepis close to metallic N&VO3; values
for similar effective concentrationsn; ~ 3y) (Fig. 2-9). This indicates a similar density

of single-particle states near the Fermi energyttiertungsten bronzes at similar donor-
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electron concentrations. The specific heat reshksefore also suggest, ¥%odVOs to be
metallic. The Debye temperatu@®, = 239 K for Y 00eVO3 is consistent with values
found for WQ (@p = 216 K) and NAWO; (@p = 255 — 375 K fox = 0.23 — 0.605"%*

According to the resistivity results, the= 0.050 concentration appears to be non-
metallic, having similar resistivity behaviour tohet just-insulating sample of
Nap 3sTa.16Wo0s43 (Fig. 6-13). As a conclusion to this research, cgjge heat
measurements were performed on samplesy@iM/ O3 and La 0s0VOs. The results are
included in Fig. 6-17 for a comparison to the spetieat data for metallic ¥podVO3. As
for thex = 0.096 results, measurements onxhe0.050 samples in a 9 T magnetic field
yielded no discernable difference from the zertdfaata.

The coincidence of the ¢%soVO3; and LaosdVO; data confirms the expected
equivalence of the Y and La tungsten bronzes. Hselis also support the use of the
nominalx values for the LAVO3; samples. A significant shift in the actual La cemication
due to the sample preparation anomalies (83.1)ldh@ve produced specific heat results
noticeably different to that of 50V Os.

The low temperature specific heat of §aNVOz shows the typical metallic-typel +
ST contribution. The ¥osoNOs; and LaosgVOs results show a distinctly different
behaviour. Fofl < 20 K a power-law behaviour is observed in Fig.76with C oc T** To
determine the form of the low electronic contribution the 3—parameter exprengo‘h+
BT 3 was fitted to thex = 0.050 data. The results gike= 2 and the fits are shown in
Fig. 6-18. Including an additional linear term metfit (for a metallic-type contribution)
produces unphysical negative specific heat paramelde values off produce Debye
temperature9p ~ 360 K, larger than the 240 K obtained for thetattie Y 00dVO3
sample.

The electronic specific heat may be expressed as

Ce:TdE( E- E)p( E)aaf%

0

) 6.5
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Fig. 6-18. The expressiorC = BT° + yT? is fitted to the low temperature specifi
heat data of Yp,050/VO3 and Lap gsoVO3 shown in Fig. 6-17.

whereEg is the Fermi energy(E) the single-particle density of states dpsithe Fermi-
Dirac distribution function. Taking(E) = p(Er) + «|E — Ef|" (see Eqgs. 2.7 and 2.9), with
p(EF), a andn constant, gives fdsT «< Er

C.=ap(E)T+aaT" 6.6

with a; anda, temperature-independent constants. The firstiitezen is the usual metallic
contribution, arising from a non-zepdEg), while the second term arises from a gap at the
Fermi energy. The fitting results in Fig. 6-18 sesgaT 2 electronic contribution, which
implies thatp(Er) = 0 andn = 1. This indicates the possible development bifigar soft
gap at the Fermi level. Tunnelling conductance,ciwhs supposed to reflect the single-
particle density of statggE), suggests similar results for Na,W,.,03 with x = 0.34 and

y = 0.1621° This is the same just-insulating sample ofy Naiay1Wo.ss shown in
Fig. 6-13 which compares well t0o¥sdVO3; and La osdVOs. The specific heat results
therefore lend further support in classifying #v 0.05 samples as insulating.
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6.4.3 Nuclear magnetic resonance

Room temperature NMR measurements were performetivorsamples of L&VO;
(x=0.08 and 0.15). Both concentrations are metattmording to the conductivity results.
Fig. 6-19 shows thé*%La Knight shift data. A reference solution of laaium nitrate
(La(NOs)2) was used. The relaxation tirfig was found to become long as the temperature

is lowered, pointing to a phonon relaxation mecsiamiwhileT, ~ 1.0 ms.

Within experimental error the peak positions aeghme for all three compounds. The
results are consistent with a trivalent'f atate in LaWO; and show that the [&ions
have essentially the same electronic state irhadiet cases. Studies of tH&w and**Na
Knight shifts in metallic NAWOs indicate that the conduction electrons are irestaf W
5d and not Na 8charactef>***The LgWO3; NMR results therefore support the view that
the tungsten bronze donor atoms donate their valetectrons to the tungsted 6rbitals

and are uncoupled from the conduction band.

An NMR study of Nal'aW,.,0s showed no evidence of local moment formation, even
on the insulating side of the transiti$hThis is consistent with the magnetization and

specific heat results for,W0O3; and LaWO; presented above.

La (NO), (aq)
LaO.lSWOS
LaD.08WO3

I$Ol'_

Normalized Amplitude

1500  -1000 -500 0 500 1000 1500

ppm from carrier 51.377 MHz

Fig. 6-19. *%.a Knight shift data for La 0sWOs3, Lag1aWO5 and a solution o

lanthanum nitrate. The amplitudes are normalized fo comparison.
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6.5 Summary

« Polycrystalline ¥YWO3; and LawWOs; have been prepared by solid state reaction and
characterised by x-ray diffraction, optical refigity and electrical transport. The
results point to universal behaviour in the metafihase of the tungsten bronzes,

governed by the donor—electron concentration irctdrauction band.

* The Y,WO; and LaWOs; electrical conductivity, measured as a functiork@ndT,
shows a family of curves similar to other tungstmonzes, and indicative of Mi
transition behaviour at low. A crossover from metallic-type to semiconductigpge
temperature dependence is observed on reducingldher concentratiorx. Just—
metallic samples have a low conductivity less than the Mott minimum metallic

conductivity.

» Electrical conductivity results show that a MI tsdion occurs for nominal
concentrations between= 0.05 andk = 0.06 in both YWO3; and LaWOs. A critical
concentration xc = 0.055 + 0.005, corresponding to an electron enftration
nc = 3.0 + 0.3 x18 cm®, is therefore quoted for these two uncompensatsiss.

» The metallic nature of the single-phase cubic stimecof the tungsten bronzes has been
confirmed for both YWO; and LaWOs;. The structural changes that occur in
uncompensated tungsten bronzes on lowexidg not appear to have any major impact

on the conductivity behaviour in the vicinity oktiMI transition.

» The Hall effect at 300 K is consistent with thelytibnised-donor model. The Hall
carrier concentration for metallic samples decrease cooling, and plateaus at a
reduced value below 30 K. These results suggesidiséence of localised and extended
states in a pseudogap at the Fermi energy, ascpeddby electronic structure

calculations.

* A small positive magnetoresistance is observedwel00 K which increases with

decreasing temperature, and also increases for lowe

* No evidence of local moment formation has beeninbthfrom magnetization and

specific heat measurements at low temperatures.
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Chapter 7: Conclusions

Sintered polycrystalline samples of the trivalemt-idoped tungsten bronzesWO;
(0.05<x<0.20) and LANVO3 (0.05< x < 0.23) have been prepared. The resultant samples
were visibly homogeneous for all and exhibit the bluish-black colour found in other
tungsten bronzes with the same donor electron cwrat®ns. The structural and electrical
transport properties are consistent with those @aegefor the tungsten bronzes. Density
measurements indicate a crystal volume fraction%-4Bowder XRD suggest a stable
single-phase cubic perovskite phase for 0886 < 0.127 and 0.08& x4 < 0.210, with
a lattice constant ~3.8 A as observed in otherdtemgbronzes. Additional phases occur
outside the cubic phase ranges. Diffuse reflectapeetroscopy in the visible and infrared
range produceg-dependent results dominated by metallic-type c&ftha, accounting for

the variations in colour and lustre in the tungdisonzes.

Electric transport investigations, focussing on donductivity and Hall effect
measurements, were performed on th&/®; and LaWO3; samples. The observation and
investigation of the MI transition was a princigasearch objective. The limitations of
polycrystalline samples, evident in earlier, W3 studies, are seen here in the higker
samples. The crystal volume fraction and grain ldamy effects play important roles in
certain measured properties. The solubility linfitree donor atoms in the tungsten bronzes

is demonstrated for YWOs.

The conductivitye shows a family of curves typical of Ml transiti@ystems and
comparable to results for N&O; and NaTaWi.,0s. A change from metallic-type
(do/dT < 0) to semiconducting-type 4&iIT > 0) behaviour is observed ass reduced. All
the single-phase cubic samples show metallic beha # 0 asT — 0 K), confirming
the results obtained for the other uncompensatagktan bronzes, and indicating a critical
concentrationxc < 0.086. The structural changes in lowerirgdo not appear to
significantly affect the Ml transition, as the camtivity curves show a similar evolution to

those of Nal'a\W1.,O3, which remains cubic through the transition.
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The room temperature Hall effect suggest that Botand La are fully ionised in
trivalent states with the valence electrons donsde¢tle WQ conduction band. This is also
shown by NMR measurements onM\#03; samples. The fully-ionised-donor model for the
tungsten bronzes is therefore supported. The sigiineo Hall coefficient confirms the
expected negative charge carriers. The Hall coragonm decreases on cooling, as
observed well into the metallic phase, indicatingagtial “freeze-out” of charge carriers.
This supports similar results observed in\N@&s;. No evidence of isolated local moment
formation is found from vibrating sample magnetoenetind specific heat measurements at
low temperatures. Magnetoresistance appeared &r lemnperatures, and this effect was
also measured as a by-product of the Hall investige. The magnetoresistance is
positive, only detectable below 100 K, and increase cooling. Small resistivity changes
of 0.01%s Aplp < 0.1% occur in 1 T fields.

For lower donor concentrations € 0.12) the YWO3; and LaWO3; samples show very
similar behaviour in all their properties. This sisothat the donor valence and not donor
type will be most important in determining the bebar of the tungsten bronzes,WO;
and LaWO; are shown to be equivalent systems for these tygesvestigations.
Comparison to other tungsten bronzes shows verylasimesults with respect to the
effective donor concentration. This shows that ¢baduction band concentration is of
dominant importance in determining the propertiesnterest. The comparison points to

universal behaviour in the tungsten bronzes.

The MI transition was observed to occur for nomioahcentrations betweeo= 0.05
andx = 0.06 in both the ¥WO3; and LaWO3; samples using several methods of analysis.
The critical concentratiorc =~ 0.055 obtained here for the two trivalent dopeugsien
bronzes is about one third that obtained forM&daV1.,O3 with (X —y)c = 0.18. This
corresponds to the same electron concentratidmeicdnduction band. The result supports
claims that the MI transition in the tungsten bremas primarily driven by electron-
electron interactions. The disorder produced byloam doping will be quite different in
the trivalent and monovalent donor systems, and do¢ appear to play a dominant role.
The results also show that i xc an atypical metallic phase occurs, with propettes
evolve withx, such as a temperature dependent Hall concemtratibobserved in typical

metals. This atypical behaviour is related to thesence of strong correlation effects in the
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just-metallic regime. Metallic behaviour adequatgdscribed by conventional band theory
is only expected well above (~3Xc for NgWOs3).

The range of concentrations investigated here dedwall of the interesting conductivity
features found in this class of compounds. The &veencentration exhibits insulating
behaviour § — 0 asT — 0 K). At somewhat highex is the range of unconventional
metallic samples @dT > 0 buto # 0 asT — 0 K). A crossover then occurs at the highest
concentrations with the conductivity exhibiting ti@@s more typical of conventional

metals.

The research here presents the first systematisgoat investigation on trivalent-ion
doped tungsten bronzes. The results complemenpité@ous research done on other
tungsten bronzes, and lay a foundation for furtiesearch on the \WO3; and LaWO;3;
compounds. The experimental research mentionedchapter 2 on the other tungsten
bronzes could be performed in the same manner @ritralent-doped compounds. The
conductivity results, supported by specific heatasueements, indicate the lowest
concentration ¥osWO3; and LaosWO; samples to be just-insulating. Further
investigations on the MI transition could therefakso focus on concentrations with
x < 0.05 for insulating—sample behaviour. Observatid hopping conduction in just—
insulating samples would require temperatures bedtbw 2 K. Preparing and investigating
single crystal samples of,\WWO3; and LaWO;3; should also be considered. The results here,
however, show that the polycrystalline structuresdoot appear to significantly affect the
electrical properties for the lowgrsamples. The details of the multiphase structuature
asx is reduced below the cubic phase range needs teteemined. The anomalous low
temperature behaviour of the Hall carrier concéianain the vicinity of the Ml transition

is important and requires further investigation.
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Appendix

The following sections are included in the appendix

A. Gives the theoretical background for the analy$ipawder x-ray diffraction
data. The expressions were derived to obtain betémates of the lattice

constants than the values presented by the XRpewgunt.

B. Gives the theoretical basis of the main equatiedusr the transport data. A
detailed derivation is presented to understandetkgerimental observations,
especially the effects of a magnetic field on th#kage measurements.

C. Describes the numerical method used to determieevéim der Pauw function
F (r). This was required to automate the determinatibthe resistivity using

the van der Pauw method.

D. Introduces the density—corrected resistivity usedhie thesis. The anomalous
behaviour in the resistivity due to crystal volurfraction effects required

explanation.
E. Provides additional data in the form of figureshadescriptions in the captions.

F. Presents two papers published so far based oretdearch.
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A. Theory for powder x-ray diffraction

Fig. A-1 shows an example of a powder x-ray diffi@t (XRD) recording for a sample
of cubic La»1WOs. The Bragg condition for the constructive integfece from a set of
lattice planes, which gives rise to the peaks enXIRD data, is @ sind = n, A, where/ is
the x-ray wavelengthy, is the order of the interferenakis the lattice plane spacing, afd
the angle between the incident beam and the lgitaoge. The diffracted beam is therefore
deviated by an angled2 which is the quantity specified in the XRD data seen in

Fig. A-1. For a cubic lattice the Bragg conditiande expressed as
2asing,, = JmA . Al

The cubic lattice constant sandm = h? + k¥ + |1? is the peak index, withhKl) the
integer Miller indices (both shown in Fig. A-1),daft, is the position of the corresponding
peak. The positions of the peaks therefore allowaf@etermination of the cubic lattice

constant.
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Fig. A-1. A powder XRD trace for Lay21WO3 showing results typical of a cubic
perovskite structure. The peak labels give the p&andex m and Miller plane indices
hkl. The inset focuses on peaks #9 and #10, showing theak splitting due to the K;;
and K, radiation.
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The copper target in the-ray tube generates K K., and K radiation with
wavelengthsh = 1.5405 A, 1.5443 A, and 1.3922 A respectively.nitkel filter is
generally used to eliminate thg Kadiation, as in Fig. A-1. (See Fig. 3-5 for anIXRace
without a nickel filter showing the Kpeaks.) As observed in the inset of Fig. A-1, the
small difference between theKand K,, wavelengths# 0.004 A) is apparent in the peak
splitting at larger angles (sine&, « tard,, from differentiating Eq. A.1 w.rx). For the
XRD data analysis the average wavelength 1.541&8 wsed.

The angular position of the XRD spectrometer wascatibrated during each run, and
this could introduce a constant shift in the présgénvalues of & This zero-offset
problem limits the accuracy with which the lattig@rameter is calculated from Eq. A.1. It
is therefore preferable to work with the peak safian 6, = Om — 6, Which eliminates the
zero-offset 6y (see Fig. A-2). Using the trigonometric identitieosf, — 6, =
cosPm)cosPr) + sin@m)sin(@,) and co® = 1 — sifY, the Bragg condition in Eq. A.1 can

be expressed as

(@T _ m+ n-2J mncos, . AD

A sin’g,

The cubic lattice constant is then determined fra@inthe peak separatiorts,,. The
value ofa was determined for each pam,() of peaks and the average of these values was

then presented.

The thermal expansion of a crystal is due to thengks in the lattice constant as the
temperature is changed. The defining equation lier éxpansion coefficient can be
expressed as

B3 _aT, A3
a

whereAa is the change in the lattice constarttue to a temperature chanyé.

Since the XRD data provides the lattice constans, in principle possible to determine

the expansion coefficient by performing runs atfeddnt temperatures. The Bragg
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mn

Fig. A-2. XRD recordings for two temperaturesT; and T, (< T,) showing the
effects of the zero offset)y and the thermal shifts Ad, and A#,. The dashed line:

show the positions the peaks would have at for the second run.

condition in Eq. A.1 shows that the peak positiavi shift with a changing lattice

constant. Differentiating Eq. A.1 w.iatgives

da_ dg, "

a tand,

A reduction in temperature will reduce the lattemnstant (d < 0 from Eq. A.3) which
will shift the XRD peaks to larger anglesgfd> 0 from Eq. A.4). This is illustrated in
Fig. A-2. Since the offset angl&, is the same for all the peaks in the second run

g

m

(T,) =6,(T,) +6,+26,™. Using Egs. A.3 and A.4
gm (TZ) - em(Tl) = 50 + (_O'AT) tanHm ) A5

Plotting the change in peak positiafy, = 6, (T2) — 6m (T1) versus tamy, for each peak
m should produce a straight line graph with intetagpand slope aAT from which the
expansion coefficient is then be obtained. The expansion coefficientataa be obtained
directly using Eq. A.3 by determining the latticenstant at both temperatures with

Eq. A.2. Both methods were used to obtain impra&dnates oé.
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B. Theory for electric transport measurements

Referring to Fig. B-1the min equation used in the analysis of the triort data is

V. B
R(y:%:—p )r +& &B. B.1

The sample of uform thicknes d has a resistivityp, which may depend on tt
magnetic fieldB, and aHall coefficientRy. When a currenit flows via two contacts on tt
periphery,the above equation giv the general resistand&, = Vx/l measured between
any two pointx andy on the peripheryV,y is the measured voltage). The sw &,y = 1 if
the current flows througlthe path connecting andy (such asa’ — a in Fig. B-1),
otherwisegyy = 0 (such as — bin Fig. B-1).7y is a geometrical factor depending only
the shae of the sample and the positioning of the curramtl voltage leads. It
independent of theemperatur T and magnetic field. In the special case of a bar san

I'yy = L/w, wherew is the sample widttand L is the separation between the volt:

contacts.

To derive Eq. B.1tiis necessary to study the behaviour of the vek on the periphery

Fig. B-1. Setup for transport measurements on samples withniform thickness
and resistivity. Voltage leads are shown bya, a’ and b, and a current | flows
through the two points shown. The dotted lines indicated current flow hes, while
the dashed line shows a path frona’ to a perpendicular to the current flow. The

magnetic field B is perpendicular to the page
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of the sample. These voltages will be determinethkyelectric fields produced inside the
sample by the applied current. The application ahagnetic field B will generate a
Lorentz force on the charge carriels & qvx B, q — carrier chargey — drift velocity).
The accumulation of charge on the periphery widtrttgenerate a Hall electric force (

F= qEH) which eventually cancels the Lorentz force. Therent flow lines will remain

unaffected by the application dB. It is therefore convenient to decompose the total

electric field E into the Hall electric fieldE,, and the current driving fiel, . In terms of

the current density = gnv = R, ™V, with n the carrier concentration,

[T

=-R, Jx B
" ﬁ* B.2
,=pd.

0

m

The Hall field cancels the Lorentz force of the metic field, accounting for the minus
sign, and is always perpendicular to the fiéddand E, (which is parallel toJ). The

second equation is Ohm’s law. The voltage diffeee¥g = Vx — Vy between arbitrary

pointsx andy on the periphery is therefore

B.3

<
11
X C—y <
m
El
11
X —y <
|
=3
+
x ——<
{nl
[
=l

The first integral represents the voltage drivihg turrent, while the second integral is
the induced Hall voltage. Since the electric fieddconservative, the path integral is
independent of the path, which may be chosen arbjtrto simplify the calculation of the
voltageV,,. Referring to Fig. B-1, there are two cases tactesidered here: (1) voltage
contacts where a peripheral path may be choserclade the current contacts (suchaas
and b); (2) voltage contacts where any peripheral path include one current contact

(such as’ andb).

Considering case (1) with peripheral path- i since the current does not cross the
surface, it must flow parallel to the path. The [Higld EH is always perpendicular to the

current (Eq. B.2), and hence perpendicular to ta#h.pThe second term in Eq. B.3 is
therefore zero and so
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vab:TEJ[uT :pjbdeT. B.4

The magnetic field dependence\gf, only appears through the field dependence of the
resistivity. The current distribution is unaffectegt the magnetic field, and the integral

IjmT is therefore constant for a fixed currdntThe Hall voltages generated by the

magnetic field do not affect the voltayg,.

Considering case (2) with voltage contaatsandb, it is convenient to split the path
from a’ to b into two. Referring to Fig. B-1, the first pa#i— a is chosen through the

sample and perpendicular to the current flow lingsje the second path &— b as in case

(1). ThenVap = Vaa + Van, With Vap given by Eq. B.4. Sincd is perpendicular to the path

a’ — a, the first integral in Eq. B.3 vanishes, and
V,,=[E, 0l =-R,[(3x BOd . B.5

Letting the uniform magnetic field, which is perg@ular to the surface, point into the

page in the-2 direction (B = —BZ),
a _ - b _ -
V,, = Ry B[( 3x 2 0dl+ p[ 30dl. B.6

To determine the voltages along the periphery efsample, the two path integrals in
Eq. B.6 need to be calculated. The paths a anda — bare uniquely determined by the
pointsa’ andb. Both the path integrals depend only on the curdensity, and hence the
current distribution inside the sample, which imntwlepends on the sample geometry.
Eq. B.6 is the general formula for determining Wodages, with Eq. B.4 representing the

case whem' =a.

The patha’ — ais chosen such that the current crosses the pagepdicularly, withJ

12,3 Ldanddl L Z,and thereforej:,(jx 2) i = I: Jdl The current crossing the
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path element Idis di = J[HA = Jddl, with the total current :_[:di. The first path

integral in Eq. B.6 is therefore

O —y

(3% 2) i = %j B.7

The patha — b for the second path integral in Eg. B.6 is alohg boundary of the
sample. The current does not cross the surfaceJ s dl and j:j EdjT:I:J dl.

Referring to Fig. B-2 and noting that the currdots parallel to the edge of the sample,

the current density along the edge from poiatto b can be expressed as

J(1) = lim [ ol jzl—lim[ ! j B.8
Neol Sw(l)d ) d N-={ NIW()

Defining

Fab=|im£1T—dl j B.9
N-e| N ow(l)

Fig. B-2. Visual aid to evaluate the path integral_[:j [dl . Dashed lines represer

current flow lines dividing the sample into N sections, each carrying an equ:
current 81 =1/N. | is the distance froma along the periphery andéw(l) is the width

of the section.
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the path integral may then be expressed as

EjmT:gymlﬁzg%BJ:%rm. B.10
The factorl'y, depends only on the geometry of the sample andotteions of the
current and voltage contacts. Since the integrané&d. B.9 is the ratio of two linear
lengths, Iy is temperature independent. The factor is alsepaddent of the magnetic
field, since the current distribution would be ueated. For a particular sample used in an

experiment, with current and voltage contacts fixélge factorI's, is therefore a

geometrical constant.

Inserting Egs. B.7 and B.10 into Egs. B.4 and Bié,voltages for the two cases are

I
Vab :parab
| B.11
Vab = RH Ba+p_rab

Defining the generalized resistand®, =V, / | for any two pointsx andy on the

sample’s edge then gives the required result oBEL.

The preferred sample geometry for transport measemes is the bar-shaped sample
shown in Fig. B-3. The sample has a constant wiadémnd the current contacts are the two
sides of the sample. The bar-sample setup is eguivdo the setup in Fig. B-1 for
arbitrary shaped samples, and is chosen suchhbaturrent flow is uniform within the
sample. All the above equations are therefore agicable. The bar sample represents a
special case where the geometric fadigrdefined by Eq. B.9 may be easily determined.

For a uniform current in Fig. B-3

M= B.12

sl

Referring to Fig. B-3, with pointa’ and a equidistant from the sample’s end, and
applying Eq. B.1 gives
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Fig. B-3. Setup for a bar-shaped sample of widtv. The separation between th

voltage contactsaandbisL.

pL L
= =p— B.13
R wa 'OA
and
&,a:V‘I*'a :%B. B.14

The above two equations define the resistivignd Hall coefficienRy of a material.

In conclusion, the two configurations for two-potransport measurements on arbitrary
shaped samples with uniform thickness and redigtiare shown in Fig. B-4. For

configuration (1)
R:—:gp(T, B) B.15

and measurement of the resistance allows for atdimgestigation of the temperature and
magnetic field dependence of the resistivityd(is a constant — ignoring thermal changes
in d). For the polycrystalline samples investigatedehéne field dependence is isotropic
and near-linear for fields up to 1.2 T (see 85.8}ting Ry andpo be the zero-field values,

p(B)=p,(1+a\x|B) B.16

which defines the magnetoresistance coefficiept. Inserting this expression into
Eq. B.15 gives the magnetic field dependence ofribasured resistance
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(1) (2)

il vl

<

Fig. B-4. The two configurations for two-point transport measurements.

R(B)= R(1+a,:| B) . B.17

For configuration 2 in Fig. B-4

=gp(T, B)+RH(T) B B.18

and resistance measurements allows for an invéstigaf the Hall effect by determining

the Hall coefficienRy. At a fixed temperature, using Eq.B.16,
R(B)= R+(au R)| B+( & R) B B.19

For the special case when the voltage contactsaamcedIl{ = 0 in Eq. B.18-> Ry =0
in Eq. B.19) or when there is no magnetoresistdnge = 0), the Hall coefficienRy is
directly obtained from the measured resistancengtreon-zero field. Otherwise, noting
that the twoB-dependent terms in Eg. B.19 are odd and evenjhgnetoresistance
coefficientayr and Hall coefficienRy can be determined by also measuring the resistance

in the reversed field direction. Then

R(+B)+ R-B=2R(1+a,| B

R(+B)- R- B :2% B. 520
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C. The van der Pauw function F(R1/R))

In the van der Pauw method, referring to 84.1.4 résistivityp is given by

£:£ja+%M{5}_ c.1
d In2 2 R

The functionF(r) depends only on the ratio= Ry/R; of the two measured resistances

R; andR,, and is defined by the equation

cos%{r—_l E—ILZJ = —; ex;Elej C.2

r+l F F

Since cosh is symmetri€(r) = F(1/r) andR; and R, may be freely interchanged in
Eq. C.1. It can therefore be assumed thatl (R; > Ry). A plot of F versusr is shown in
Fig. C-1. Notice that 0 € < 1 is a decreasing function with— 0 asr — . In most

geometrie}; ~ Ry, and ther ~ 1 gives a small correction factor in Eq. C.1.

The aim is to numerically determirte for each value of > 1. Lettingy = In 2F
€[ln2,x) andt = (r — 1)/ ¢ + 1) € [0, 1), the objective is to fingt as a function of by
solving the equation éshy) = expf). To get an indication about the dependence i

10 o

r
Fig. C-1. A plot of the van der Pauw functiorF(r) as defined by Eq. C.2.
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2.0

Fig. C-2. A plot of t versusy as defined by Eq. C.3.

t, it is possible to explicitly solve fdras a function of, with

t:%cosh'l(;ey):?l/ Ir{;eyhf(; é’)z—lJ C.3

and a plot of this function is shown in Fig. C-2othl the singularity witly — « ast — 1.

Determiningy for a particular value df e [0, 1) involves finding the zero of the function
G(y) = €& + €Y - €in the interval [In2). For each the zero ofG(y) has to be solved

numerically, and the bisection method can be uséalvever, the bisection method

requires a closed interval.

For most geometries used in the van der Pauw tgobrthe measured resistanégs
and R, have similar orders of magnitude. Choosing thetlofir = Ri/R, < 1¢ should be
safe for almost any sensible geometry. Far 1P, t < 0.999998 and hencg< 5.7 ~
8.2 In2. Choosing the interval [In2, 9 In2] on whito solve the equatioG(y) = 0 will
ensure finding solutions gffor Ri/R, < 1¢f. For larger resistance ratios the valué afill

be set to zero to indicate an out-of-range r&ti&,, which should not occur in general.
The algorithm for the determination Bfr) would be:
» DetermineR; andR,. (Obtained by voltage and current measurements.)
+ Check that the values are in range (¥0R./R; < 10°). If not, letF = 0.
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. Lett= R-R|_r-1
R+R| r+l

. The absolute value takes care of the case RherR,.

+ Solve ¢"+€eY-¢€=0 for y using the bisection method on the interval

[In2, 9In2].
e LetF :In_2.
y

The number of iterationd used in the bisection method determines the acgwhthe

solution. SinceF :In_2’ % =ﬂ and to determin€& with n significant figures requires
y y
that
oy <10™". CA4
y

In the bisection method the uncertainty in the Iteisujust the starting interval width
divided by 2. Using the interval [In2, 9In2], the uncertainty the solution isdy =

ganN_ In2 = Ir,:i Sincey > In 2, this implies thatﬂs
2 2 y

and Eg. C.4 can be

2N—3 !

satisfied by Ietting% <10™". This requires thatl > 3 +n In10. Below is a listing of the

Pascal procedure used to determine the fundi@i/R;). For N = 15 used below, the

precision is about 5 significant figures.

function vdP_f(R1,R2: real): real;
var
Ly,Uy,My,t: real;
n: byte;
begin
if (R2 >= 1e6*R1) or (R1 >= 1le6*R2) then vdp_f := 0 {out of range}
else begin
t := abs(R2-R1)/(R2+R1);
Ly := 0.6931; Uy := 9%0.6931; {Ly = 1n2; Uy = 9*%1n2}
for n := 1 to 15 do begin
My := (Ly+Uy)/2;

if exp(t*My)+exp(-t*My)-exp(My) > O then Ly := My
else Uy := My;
end;
édP_f = Tn(4)/y+Ly); {= Tn(2)/MidPoint[Uy,Ly] }
end;

end;
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D. The density—corrected resistivity

The plot of the LAVO3; room temperature resistivity in Fig. 3-8b showsaaomalous
resistivity minimum forx ~ 0.15. The crystal volume fraction in Fig. 3-6hows
significant fluctuation in this region. In order &xcount for this behaviour in the sample

resistivity, the effect of the polycrystalline peity on the sample resistivity is
investigated.

The resistancR of the bar sample in Fig. D-1a is

L
R= psamplez\ D.1

whereL is the sample length amll is the area through which the current flows. For a
polycrystalline material, with a crystal volume dt@n f = Viyysta/ Vsampe (= Sample
density/crystal density), the sample resistivitympie Will be larger than the crystal
resistivity perystas Which is the quantity of interest. In genepampie Will have a complex
dependence omcystarw determined by factors such &sand the exact nature of the
polycrystalline structure. Given the limited infoation available on the sample

microstructure with only the volume fractibspecified, the relation

pcrystal = f |l)sample D.2

(@) (b)

I
A S

Fig. D-1. (a) A bar sample with cross—sectional ageA and lengthL. (b) A cross-

sectional slice of the sample with lengthl. Shaded regions represent the crystallites.
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may be used as fast-order estimateto the relationship between the sample and crystal
resistivity. Notice that the sample resistivityjisst scaled by a constant facfowith the
temperature dependence unaffected. The aboveoredhip is obtained by noting that the
current flows only through the crystallites. Figlb shows a thin cross-sectional slice
from the bar with lengthl, with the shaded area representing the curremntyiogr
crystallites. The current therefore flows throughedfective area\.ysia < A. The volume

of the slice isA dl, whereas the volume occupied by the crystatig:adl, and hence

f — Vcrystal — Acrystadl — Atrystal D3

V, Adl A

sample

gives a relation between the volume fraction anel @aherage area through which the
current flows. In terms of the crystal resistivityystaithe bar-sample resistance is then

L
R= pcrystal— D.4

A\:rystal

and combining with Egs. D.1 and D.3 gives the rtieguEq. D.2.

Alternatively, the equivalent expression (siace p ™)

Jsample = f Jcrysta| D.5

relating the sample and crystal conductivity mapdie obtained by considering variations
in the crystallite content of a bar sample witheixdimensions. Referring to Fig. D-2, the
sample conductivityosample Will then be an increasing function of the cryst@lume
fractionf € [0, 1]. It is assumed that the crystallite contentaried in such a way that the
function osampie( f) is continuous, avoiding effects such as peramtathresholds. Fdr= 0
there is no conducting medium as@dmpie(f = 0) = 0. Lettingrsampie(fo) = o0, wheref, and

op are measured for a particular sample, and uslimgar extrapolation tb= 1, then gives

the estimat@cystai = osampie(f = 1) =00 / fo, which is Eq. D.5.
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a-sample( f )

Fig. D-2. The sample conductivityesampie VS the crystal volume fractionf. The
linear extrapolation to estimate the crystal condutvity ocysta IS based on the

measured valuess, andf, of a single sample.

The above analysis provides a relationship betwbhersample and crystal resistivity
based on a macroscopic analysis of the sample. ®acaoscopic scale the current density
will be uniform and parallel within the bar samp{@n a microscopic scale at the size of
the crystallites, which is implied byl in Fig. D-1b, the direction and magnitude of the
current density will not be uniform. To get betestimates for the crystal resistivity,
knowledge of the microscopic structure would beunesy, followed by a more detailed
analysis. The simple density—corrected estimateqinD.2 or Eq. D.5 is however sufficient

to explain the anomalies encountered in the data.
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E. Gallery

Additional experimental results are presented herthe form of figures with short

descriptions in the captions. These figures amrmed to in the main body.
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Fig. E-1. Powder x-ray diffraction results for cubc phase samples of ¥¥VO3; and
LaxWOs3. The peaks are labelled by their Miller indices.
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Fig. E-2. X+ay microscopy results for Y,WO3; and La\WO3; samples. The W, Y
and La peaks are present, but the technique could ab determine the donor

concentrations with sufficient precision
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Fig. E-3. The change in masM of the starting powders of LaOs, Y03, WO3 and
W when exposed to air. The hygroscopic nature of L,®s is clearly visible, whereas
the other powders show no absorption effects. Theadhed curves are fits of th

equation AM/M = k(1 —e"“T), with x and « fitting constants.
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Fig. E-4. The temperature profile of the tube furnace. Ale shown is the geometr
of the furnace. The ampoules were about 16m in length, placing the pellets withir

about 5 cm of the furnace centre.
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Fig. E-5.Vibrating sample magnetometer results for an 80 @ sample of
Yo0.0sWO3. (@) The temperature dependence in a field oB = 1 T. (b) The field
dependence at a temperature ol = 2.1 K. The curve is a fit of the paramagneti

Langevin function, together with a diamagnetic contbution (o< —B) which is
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powder used in the sample preparation. The indirecband gap of 2.6 eV £ 470nm)

for WO 3 is shown.

25

20

15

10

CIT (mJd/mol K)

Y, W

0.096

@)

3
o B=0 3]
% B=9T

40 60 80
T? (K

100

Fig. E-7. The specific heaC of Yo,00NO3 in a C/T vs T2 plot for temperatures

T <10 K. The straight line is a linear fit of the bw T data from which the electronic

T and phonongT ° contributions are obtained. The resulting Debye t@perature @p
=239 K, and the linear form is therefore expectetbr T S @p/50 = 4.8 K [ 2 < 23 K).

164



F. Publications

The following pages present two papers that haes Ipeiblished so far based on this

research:

1. “Effects of sample thickness on the van der Pauwnigge for resistivity

measurementgpublished in “Review of Scientific Instruments”.

2. “Preparation and properties of the trivalent-ion @ob tungsten bronze

LayWGQs” published in “Journal of Applied Physics”.
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Effects of sample thickness on the van der Pauw technique
for resistivity measurements

C. Kasl® and M. J. R. Hoch
School of Physics and Materials Physics Research Institute, University of the Witwater srand, Johannesburg,
P.O. WITS 2050, South Africa

(Received 10 November 2004; accepted 29 December 2004; published online 22 February 2005)

The van der Pauw technique is commonly used for electrical transport measurements on solid
materials and is suited to thin, arbitrarily shaped samples, with the contacts placed anywhere on the
periphery. Previous investigations have determined the effects of sample shape, contact size, and
contact placement on the accuracy of this technique. Sample inhomogeneity effects have also been
investigated. The effects of the sample thickness appear not to have been previously studied and are
investigated here in order to establish precisely what is meant by a thin sample. The deterioration
in the accuracy of the technique is followed as the sample thickness is increased. The results indicate
that the van der Pauw technique may be used for samples where the thickness is comparable to the
surface dimensions. The investigation also shows that the technique is valid for arbitrarily thick
samples provided that low resistance electrodes are placed across the entire edge, perpendicular to
the surface, in order to maintain an effective two-dimensional current distribution. This finding is
useful for transport measurements on materials that have been prepared, for example, by solid state
reaction using sintering methods. © 2005 American Institute of Physics. [DOI: 10.1063/1.1866232]

INTRODUCTION

The van der Pauw (vdP) technique™? permits the mea-
surement of resistivity on thin samples of arbitrary shape.
The requirement is a simply connected sample with a con-
stant thickness and a uniform resistivity. The contacts should
also be sufficiently small, depending on the required accu-
racy, and placed on the periphery of the sample.

The vdP method has been particularly useful in deter-
mining the transport properties of semiconductor wafers.>*
The motivation for the present investigation came from our
resistivity measurements on sintered pellets of the metal-
insulator tungsten bronze system, Y,WO3;, where the thick-
ness to diameter ratios were ~10%. Similarly, the vdP
method has been used by other researchers on samples where
the thickness was not much less than the surface
dimensions.>® The validity of using the method on “thick”
samples has not previously been addressed.

THE VAN DER PAUW METHOD

Figure 1 shows the electrical contact arrangement for the
implementation of the technique. The vdP resistivity of the
sample is?

_md (R + R2>

P 2( 5 f(R/RY), (1)
where R; and R, are measured as shown in Fig. 1, and d is
the sample thickness. The function f(x) is defined by the
equation®

dAuthor to whom correspondence should be addressed; electronic mail:
kaslc@physics.wits.ac.za
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For certain symmetries, such as a disk with the contacts
placed at 90° intervals, R;=R,. From Egs. (1) and (2), the
resistivity is then

d

RTPLE @)

p
with no switching of the current and voltage leads required.

The requirement of a thin sample stems from the fact
that Eqg. (1) is derived for a two-dimensional (2D) current
distribution. By making samples sufficiently thin, relative to
the surface dimension, the validity of the method is im-
proved. In the four-wire method used on bar samples, the
shape of the sample is chosen to ensure a uniform parallel
current density distribution, whereas in the vdP method it is
not necessary to know the current pattern.

The effects of contact size and placement were investi-
gated by van der Pauw."? The results show that for disks the
error in measurement Ap/p~ (t/D)?, where t measures the
contact size or distance from the edge, and D the surface
dimensions. Improved accuracy is obtained by selecting spe-
cial sample shapes and contact placements. The effects of
finite contact size, sample shape, contact placement, and
sample inhomogeneity on resistivity measurements have
been extensively investigated by Koon and co-workers.”**

Precisely what is meant by a “thin sample” is investi-
gated here, and a breakdown in accuracy of the vdP tech-
nique is shown when the thickness becomes sufficiently
large. The limiting thickness to surface—diameter ratio, above
which the method fails, is investigated for disk samples.
Maintaining the 2D character of the current distribution by

© 2005 American Institute of Physics
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FIG. 1. The van der Pauw contact configuration for resistivity measure-
ments. The resistances R;=Vpc/lag and Ry=Vgc/lap, Used in Eq. (1), are
measured by switching the current through AB and AD, and then measuring
the voltages Vpc and Vg, respectively.

placing the contacts across the entire edge of the sample,
perpendicular to the surface, thereby increasing the thickness
range of the method, is also investigated.

EXPERIMENT

For the purpose of the investigation, graphite rods of
diameter 17 mm were used for preparing the samples. The
electrical contacts were made with silver paint, which pro-
duced a specific contact resistance of about 0.3  mm?. The
sample contact geometry is shown in Fig. 2. For very thin
samples, geometry (a) is commonly used, with the contacts
placed at the edge of the surface. In (b), the contacts are
placed across the entire edge to maintain effective 2D sym-
metry, and hence produce a uniform current distribution
across the sample. The contacts for samples 1 and 2 were
created using geometry (a), while for samples 3 and 4 geom-
etry (b) was used. The electrodes were about 1 mm wide.
Bare Cu wire was embedded into the silver paint for sample
4, to reduce the resistance of these extended edge contacts.
As will be shown, the resistance of the edge electrodes, rela-
tive to the sample resistance, becomes crucial in determining
the range of thicknesses over which the vdP method may be
used.

The sample resistivity p, was measured on several bar
samples, using the standard four-wire method, giving pg
=5.4£0.6 m() cm at ambient temperature. The large uncer-
tainty in py (~11%), was produced by the presence of mi-
crocracks in the graphite rods, which affected the measure-
ments, particularly for smaller pieces. The accuracy,

FIG. 2. The two contact geometries used. In (a) the contacts are placed on
the edge of the surface, and in (b) the contacts are located across the edges
to maintain an effective 2D current distribution. The disk has diameter D
and thickness d.
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FIG. 3. The vdP resistivity p of the four samples vs the thickness d. The
dashed lines show the sample resistivity of 5.4 m{) cm, as measured using
the four-lead bar method. The arrows indicate the diameter D=17 mm of the
disks. In (a) the contacts are placed on the top perimeter of the samples and
in (b) across the sample edges, as shown in Fig. 2.

however, was sufficiently good to provide a reliable determi-
nation of the thickness dependence of the measured vdP
resistivity.

The thickness of the samples was reduced by cutting
them with a diamond wafering blade. Resistivity measure-
ments, using the vdP method, were performed after each cut.
The results are shown in Fig. 3, where the vdP resistivity p is
plotted versus the disk thickness d.

Figures 3(a) and 3(b) show that, for sufficiently small
thicknesses, the vdP method produces thickness-independent
resistivity values in agreement with the four-lead bar result
of 5.4 mQ cm (indicated by the dashed curves). The vdP
resistivity diverges from the known value as the thickness
increases for both geometries. In Fig. 3(a), which shows the
results for arrangement (a), the limiting thickness d,, is about
half the diameter D of the disks. The results for (b), shown in
Fig. 3(b), indicate d,,> D, with d,, largest for sample 4. It is
also noted that for a fixed sample thickness d, method (b)
gives improved accuracy and the reliability further improves
with better conducting electrodes, as seen from the results for
sample 4. Contact geometry (b) therefore improves the vdP
method, as expected. The gradual failure of method (b) as d
is increased is ascribed to the finite resistance of the elec-
trodes. As Fig. 3(b) suggests, the resistance of the electrodes
has to be sufficiently low compared to the sample resistance
to give good estimates over the whole range of thicknesses.

As a further test of the method, Fig. 4 shows the resis-
tivity of a tungsten bronze sample, Y, 05WO3, over a range
of temperature. The vdP readings were performed on a disk
of diameter 13 mm and thickness 1.2 mm, with silver paint
contacts on the edges, as in Fig. 2(b). The standard four-wire
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FIG. 4. The resisitivity of Y05WO3, measured by the van der Pauw and
four-lead bar methods, vs the temperature.

method was used on a bar sample with dimensions 7.90
X 2.46 X 1.66 mm. The small differences in the measured re-
sistivity values are attributed to the finite contact sizes and
slight uncertainties in the dimensions. As Fig. 4 shows, the
vdP method produces reliable resistivity results for a disk
with a thickness to diameter ratio of 9%.

THE RESISTOR LADDER MODEL

The resistance ladder (R-ladder) is a dc circuit which can
be used to model the experimental results. The circuit shown
in Fig. 5 is an n-layer R-ladder circuit in which the number
of layers represents the thickness of the sample. R represents
the resistance of a thin slice of the sample and r gives a
measure of interlayer resistance. Given the current |, the
voltage V, and number of layers n, the objective is to find an
estimate Rg of the resistance R. This is equivalent to using
the vdP resistivity p as an estimate of the sample resistivity
po- The interlayer resistance r is an unknown, and will deter-
mine the accuracy of the estimate.

For the R-ladder circuit in Fig. 5, we have R.=V/l,,
where |, is the current through the top resistor. The approxi-
mation is made that the current is the same in each resistor,
with 1,=1/n, and follows the implicit assumption in the vdP
method that the current distribution is effectively 2D. Clearly
the approximation will fail for either large n or large r.

0
P,
LR

FIG. 5. The resistance ladder with n layers. n represents the sample thick-
ness d, while R represents the resistance of a thin layer. The resistance r is
introduced to represent the interlayer resistance.
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FIG. 6. Plots showing (a) R/ R [Eq. (4)] and (b) the effective number of
layers ng; versus the actual number of layers n for the R-ladder shown in
Fig. 5. The parameter r/R gives the ratio of the interlayer resistance to the
layer resistance as shown in Fig. 5.

The estimate for the resistance R is therefore R.s=n
X V/I. (For r=0, we have a parallel circuit, and in this case
R.#=R.) The total resistance of the circuit is R,=V/I, and
hence

Reff Rn

—=n-— =nf,. 4
R r =N (4)

The ratio f,=R,/R can be expressed by a recursion formula

as

-1
amo*:1+<2é+f0 , (5)

with f;=1, and the only parameter being r/R. Figure 6(a)
shows a plot of R./R versus n, using Egs. (4) and (5), for
various values of the parameter r/R. Except for r=0, the
estimate Ry becomes less accurate, as expected, as either the
number of layers n or the resistance r is increased. The shape
of the curves are very similar to the results shown in Figs.
3(a) and 3(b). The improvement in the resistivity measure-
ments in Fig. 3(b) is equivalent to a reduction in the resis-
tance r. For a particular sample thickness, the accuracy of the
vdP method will therefore depend on how small the resis-
tance of the electrodes is in relation to the sample resistance.
Given that the sample resistivity p, is known, the valid-
ity of the vdP method can also be determined by defining an
effective sample thickness dg which will satisfy Eq. (1). The
method is valid when d.=d, since from Eq. (1) we have
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FIG. 7. The effective thickness d., defined in Eq. (6), vs the sample thick-
ness to diameter ratio d/D. The dashed line for d.=d indicates where the
vdP method is valid.

d »p
The effective thickness d.s may be considered as a measure
of the thickness through which most of the current actually
flows. In a similar way, we can define an effective number of
layers ng, such that Ry/R=1 in Eq. (4). For this condition
to be met, we must have n=(f,)™, and a plot of n. versus
n is shown in Fig. 6(b). For r=0, we have ng=n, as ex-
pected. For r >0, we see that ny; starts to deviate from n, as
n increases, and eventually tends to a constant value. For a
sufficiently large number of layers, the basic assumption of
equal currents through each layer becomes unacceptable. The
bottom resistor in Fig. 5 then receives a negligible amount of
current, and increasing the number of layers does not change
the current distribution in the circuit, leading to a constant
neff.

The effective thickness to diameter ratio dys/D is plotted
versus the actual ratio d/D in Fig. 7. The dy values were
obtained from Eq. (6), using the sample resistivity py, and
the vdP resistivity data in Figs. 3(a) and 3(b). The dashed
line, where d.;=d, indicates where the method is valid. Con-
vergence of the data with this dashed curve gives the limiting
thickness for the method. The data are similar to the curves
shown in Fig. 6(b). The leveling off for large d is present for
all four samples, and has the same explanation as the level-
ing off in ng described above. The improvement in using
arrangement (b) especially with better conducting electrodes,
as shown by the sample 4 results, is clear.

& ®)
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It may be concluded that the R-ladder model predictions
show an equivalent behavior to the vdP method results on
thick disk samples.

DISCUSSION

The resistivity of disk shaped samples of graphite have
been measured using the van der Pauw method for a range of
sample thicknesses. The decrease in reliability of this tech-
nique was studied as the thickness increased.

The following conclusions have been reached. The lim-
iting thickness for acceptable results with electrical contacts
made on the top surface is about half the sample diameter. It
is not expected that these results should depend on the resis-
tivity of the sample. The effect of the surface geometry, in-
cluding square or clover-leaf shapes on the limiting thick-
ness, requires further investigation. Results similar to those
presented here are expected.

The accuracy of the method increases when the contacts
are placed across the edges of thick samples, perpendicular
to the top surface, to enhance the effective 2D nature of the
current distribution. The electrode resistance should be much
lower than the sample resistance for best results. Using this
approach it is shown that reliable van der Pauw resistivity
measurements can be made with thickness to diameter ratios
above unity. This result is important for transport measure-
ments on relatively thick samples prepared, for example, by
solid state reaction involving sintering methods. Such pellets
do not require geometric modification for resistivity mea-
surements using the procedures described above.
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The production and characterization of lanthanum-doped tungsten oxide, La,WOj;, sintered samples
are presented for 0.05<x=0.23. The x-ray diffraction results show that the cubic perovskite phase
is stable for x in the range of 0.086-0.21. Outside of this range additional phases are present.
Resistivity measurements made between 64 and 300 K provide information on the electronic
properties. Room temperature Hall effect results show that the trivalent La ions donate their valence
electrons into the WO; conduction band. The samples have been prepared for an investigation of the
metal-insulator transition in this tungsten bronze system. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2180427]

INTRODUCTION

The tungsten bronzes form a class of nonstoichiometric
compounds with the general formula M, WO;, where M is an
alkali, alkali earth, transition, or rare-earth ion. For a range of
x values, the stable phase is found to be cubic, and these
systems exhibit a metal-insulator (MI) transition at a critical
concentration x. close to the lower end of this range of
stability.k3 There has been a resurgence of interest in doped
perovskite materials, particularly the transition-metal oxides
such as the cuprates and manganites. Many of the properties
exhibited by these and other oxides are not well understood
and pose challenging questions. The nature and role of the
MI transitions in these systems are of fundamental impor-
tance. Reviews of the MI transition in a variety of systems,
including oxides, have been given by Edwards et al* and
Imada et al.’

Recent work on the bronzes has included investigations
of the rare-earth tungsten bronzes™ and studies of supercon-
ductivity in the alkali tungsten bronzes.® Experimental and
theoretical investigations of the MI transition have been car-
ried out on the sodium tungsten bronze, Na,WOs3, and on
related systems.l’z’g_ll Previous Work,7’12_l4 carried out on
La,WOj; has provided structural information but no system-
atic investigation of the x-dependent physical properties, spe-
cifically the transport properties, has been reported. The
present experiments have sought to prepare and characterize
La,WO; samples with a range of x values suited to an inves-
tigation of the MI transition in this system.

SAMPLE PREPARATION

The solid state reaction used for the preparation of
La,WO;, where 0=x=1, is given by13

Y Author to whom correspondence should be addressed; electronic mail:
kaslc@physics.wits.ac.za
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X X X
(5)].43203"‘(5>W+<1—E>WO3—>LaXWO3. (1)

The reactants, obtained from Cerac Incorporated
(Lay03:99.999%, ~325 mesh, W: 99.95%, ~1 um, and
W05:99.99%, ~325 mesh), were passed through a 32 um
sieve before use. These particle sizes appeared too large for
pellet production, and further grinding in the mortar during
the mixing of the reactant powders was required.

The mixed reactant powders were pelletized in a 13 mm
die at 6 tons using a hydraulic press. Samples were produced
in batches of 5 g, creating 3—4 pellets of about 2 mm thick-
ness. The pellets were placed in quartz tubes that were then
outgassed under vacuum at 300 °C for 40 min followed by
evacuation to below 107 torr before sealing. Sintering was
carried out in a programmable Carbolite STF1500 tube fur-
nace at 1100 °C for 72 h. (A ramp rate of 300 °C/h was
used for the heating and cooling cycles.) The temperature
stability and gradients across the ampoules are estimated to
be ~10 °C.

The samples have a range of x values (0.05<x<0.23)
that includes the cubic perovskite phase,13 with the La ions
occupying random'* body-centered sites in a cubic WO; lat-
tice. The sintered samples were typical of the tungsten
bronzes, with a bluish-black appearance. The low x material
had a navy-blue color, which darkened as x increased, and
eventually became deep violet for the highest concentrations.
The color changes are similar to those of Na,WO; for x in
the range of ~0.3— ~0.7.

After sintering, white and blue deposits appeared on the
inside walls of the quartz tubes. There was some evidence of
a local reaction between the pellets and the quartz tubes at
the points of contact, as observed with sodium bronzes.'®
Whiskers were formed in some cases, with colors similar to
the sample colors, suggesting that these are tungsten bronze
whiskers. For the lowest concentrations (x<0.080), soft,
hairlike navy-blue whiskers appeared on some pellets, and
harder whisker “nests” appeared at the bottom of the quartz
tubes. For the larger concentrations, violet hairlike whiskers

© 2006 American Institute of Physics
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FIG. 1. The La,WO; powder XRD results for the lowest x samples. For x
=0.086 a single phase cubic perovskite structure is found (Miller indices are
shown). Additional peaks appear as x is reduced, with examples indicated by
the two arrows for x=0.080.

appeared on a few pellets. Whiskerlike formations also ap-
pear on Na,WO; when sintering above 930 °C.'"® An expan-
sion of ~15% in the linear dimensions was found following
the sintering, with slight warping of some pellets. The depos-
its and whisker formations may introduce small composi-
tional uncertainties in the samples, and hence possible shifts
in the intended x values.

La,O5; powder is hygroscopic, and this property pro-
duced some difficulties in sample production. Measurable
expansion is observed in presintered pellets when exposed to
air for several hours, and this process can eventually lead to
disintegration back into powder form. To minimize moisture
uptake, the pellets were kept under vacuum prior to sintering.
For samples with high x values, the hygroscopic swelling
effect becomes more pronounced due to the higher La,03
content. This complicated good sample production above x
=0.19. While the absorbed moisture was driven off during
outgassing, the pellets with x values 0.21 and 0.23 disinte-
grated back into powder form inside the ampoules during
handling. For these two concentrations, soft sintered-powder
blocks emerged after heating to 1100 °C and only x-ray dif-
fraction measurements were made on these samples. Follow-
ing sintering, all of the samples were stable and showed no
changes in physical properties with time.

RESULTS AND DISCUSSION
Powder x-ray diffraction

Room temperature powder x-ray diffraction (XRD) in-
vestigations were performed on the samples using a Philips

J. Appl. Phys. 99, 063711 (2006)
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FIG. 2. The La,WO; powder XRD results for the highest x samples. The
cubic perovskite single phase structure is obtained up to x=0.210. The ap-
pearance of additional peaks is detected only for x=0.230, and the inset
shows two of these peaks on an expanded scale.

powder diffractometer with Cu K, radiation (A\=1.54 A).
The XRD results for the lowest concentrations (0.050<x
=<0.086) and highest concentrations (0.150<x<10.230) are
shown in Figs. 1 and 2, respectively. The cubic phase peaks
are labeled by their Miller indices. For concentrations in the
range of 0.086<x<<0.150, the XRD patterns give a single
cubic phase. For x<<0.086, additional peaks appear in the
diffraction pattern, as shown in Fig. 1 for x=0.080. At x
=0.050, much of the pattern is due to noncubic material.
Similar lower limits for the cubic phase have been observed
in other tungsten bronzes doped with trivalent jons."*!” Fig-
ure 2 shows the samples to be in the cubic phase up to x
=0.210, with x=0.230 showing the emergence of extra
phases in the system. The appearance of mixed phases, as
seen in Fig. 1 for x—0, is not unexpected, since WO;3; ex-
hibits either monoclinic or triclinic phases at room
temperature.18 The powder XRD patterns for the cubic
phases are typical of the tungsten bronzes.>' The results
therefore indicate a cubic perovskite structure for La,WO;
from 0.086 to 0.210. This range is similar to that suggested
by previous work."® Variations in the cubic phase ranges
have been reported for other tungsten bronzes.”

The cubic lattice constants for La,WO;, as determined
from the powder XRD data, are shown as a function of x in
Fig. 3. The value for x=0.05 could not be determined with
sufficient accuracy due to the marked presence of additional
phases. A linear fit over the cubic range gives a=3.807
+0.21x A, in agreement with values for the cubic lattice pa-
rameter obtained by others.'>'* Although Broyde13 suggests
a nonlinear form for the x dependence of the lattice constant,
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FIG. 3. The cubic lattice constant for La,WO;. The dashed curve is a linear
fit over the cubic phase range (indicated by the solid line). Also shown are
the cubic phase lattice constants for Y, WO;, Eu,WOj3, and Na,WOj; (Refs.
13, 20, and 21).

the present results indicate a linear dependence on x over the
cubic range, as observed in other tungsten bronzes.****! The
cubic lattice constants found for La,WO5 are similar to those
of CexWO3.6 The labeled solid lines in Fig. 3 indicate the
cubic phase ranges and lattice constants of three other
bronzes.>**?' The arrow shown for Na,WOj; indicates the
cubic phase exists for larger x than shown in the figure. The
lattice constant in the tungsten bronzes depends on the radii
of the dopant ions,"!” consistent with Fig. 3.

The dashed line in Fig. 3 shows extrapolated values of
the cubic lattice constant beyond the cubic-phase limits. For
x>0.21, the plotted point deviates from the extrapolated val-
ues, while, for x<<(0.086, the extrapolated linear behavior
cannot be confirmed due to the structural uncertainties in this
mixed phase range. The presence of the mixed phases is
particularly important at the low dopant concentrations
where the MI transition occurs. Previous investigations22
have shown that the cubic phase of the tungsten bronzes is
metallic, and the transition to the insulating state is preceded
by lattice instability in the system. If this is the case for
La,WO;, then we expect the MI critical concentration x,
<0.086.

Density and crystal volume fraction

Sample mass densities, measured on bar, and disk
samples, are shown in Fig. 4(a). The predicted density of
cubic crystalline La,WOj;, calculated using the lattice con-
stant values from Fig. 3, is shown by the dashed line. The
density of the compressed powder pellets prior to sintering
was about 5 g/cm?. The slight expansion of the pellets dur-
ing sintering is consistent with the observed reduction in
pellet density. The crystal volume fraction f, which is the
ratio of the sample and crystal densities, is shown in Fig.
4(b). The polycrystalline, porous nature of the sintered
samples is evident from these values. The figure shows a
gradual increase in f with x (from 42% to 52%) up to x
=0.15, followed by a significant decrease in f for x>0.15.
The decrease is attributed to the hygroscopic nature of La,05
with the larger La,O5 content for high x samples causing a
greater expansion of the pellets prior to sintering. The den-
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FIG. 4. The mass density and crystal volume fraction f for the La,WO;
samples. The dashed line in (a) shows the predicted crystal density for the
cubic perovskite phase, based on the lattice constant data. Data labels in (b)
give an indication of sample hardness based on the number of cutting wheel
revolutions required to cut equivalent sized samples.

sities for the largest concentrations 0.21 and 0.23 are not
shown. These samples were in powder form in the ampoules
(sample preparation section) and formed soft sintered-
powder blocks, which had even lower densities than shown
in Fig. 4(a). The results reveal the importance of preparing
La-doped samples in a dry atmosphere, particularly for larger
x values.

There is a variation in the nature of the samples, such as
sample strength and texture, related to f and x. As an indi-
cation, the number of revolutions of a cutting wheel required
to cut equivalent sized pieces of material are shown in Fig.
4(b) for some samples. These results show that the sample
hardness is dependent on both f and x.

Resistivity

Further characterization of the material involved electri-
cal transport measurements at temperatures between 64 K
(pumped liquid nitrogen) and 300 K using an Oxford con-
tinuous flow cryostat. The samples were cut in the form of
disks with thicknesses varying from 0.75 to 1.45 mm, and
diameters between 11 and 15 mm. The van der Pauw
tec:hniquf:23’24 was used for resistivity measurement, with
leads attached to the sample edges with silver paint. Offset
voltages were cancelled by using current reversal, and cur-
rents were kept small to avoid heating effects.

The resistivity of a bar sample is p=RA /[, where R is the
resistance, [ is the length, and A is the cross-sectional area. If
the material is porous, such as for these sintered polycrystal-
line samples for which f~45%, there will be a difference
between the sample resistivity p, and crystal resistivity p,,
with p.<p,. Given the limited information available on the
sample microscopic structure, a first order estimate of the
crystal resistivity is
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FIG. 5. The room temperature resistivity of the La,WO; samples. The esti-
mated crystal resistivity p,, using Eq. (2), is also shown. The dashed line
indicates metallic-type behavior with poc1/x.

pc‘:ps'f’ (2)

using the resistivity definition and the average area Ay
=A-f through which the current flows.”

The room temperature sample resistivity p, is shown in
Fig. 5 for the range of x values available. Also shown is the
estimated crystal resistivity p, using Eq. (2) and the mea-
sured f values shown in Fig. 4(b). Above x=0.15, p, unex-
pectedly increases with x. This is attributed to the significant
decrease in the volume fraction indicated in Fig. 4(b). p,
shows a more gradual change in this region. The dashed
curve in Fig. 5, with p=c/x, shows metallic-type behavior
with the conductivity proportional to the dopant (carrier)
concentration. The proportionality constant ¢=0.155 was
chosen to fit the curve through the x=0.12 point. The resis-
tivity values for x>0.12 can be accounted for as conven-
tional metallic-type behavior. The increased slope of the re-
sistivity plot for x<<0.12 suggests that disorder effects are
important in this range. Similar resistivity changes with a
dopant concentration have been observed in other single
crystal tungsten bronzes such as Na,WO; and
Na,Ta,W,_,03.%

Previous results suggest that La appears in its trivalent
oxidation state in LaXWO3,7’14 consistent with the view that
in the tungsten bronzes, the dopant ion donates its valence
electrons to the WO5 1,,(7) conduction band.” For different
bronzes it is therefore convenient to compare transport data
relative to the donor electron concentration n,. For La,WO3,
ny=3x/ a3, with a the lattice constant, while, for Na, WOQO;,
ny=x/a’. The conductivity data” for single crystal samples of
Na,WOj; and Na,Ta,W,_ O3 are shown in Fig. 6. The vol-
ume fraction corrected conductivity o, for low x La,WO;
samples (0.06<x<<0.11) is also shown for comparison. The
La, WOj; conductivity is about an order of magnitude smaller
than for Na,WO;, but is comparable to values found in
Na,Ta,W,_,0;. The dashed lines in Fig. 6 indicate an expo-
nential dependence of the conductivity on the dopant con-
centration for the range shown. (This is also observed in the
resistivity data of Fig. 5 for x<0.12.) The slopes are very
similar for the three tungsten bronzes shown. This similarity
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FIG. 6. The room temperature conductivity of Na,WO3 and Na,Ta,W,_,05
(Ref. 2) and La,WOs;, vs the donor electron concentration n,; (x/ af for Na*
and 3x/a> for La** states). The dashed lines are linear fits of the Na,WO;
and La,WO; data. Due to lattice constant variations with x and dopant (Fig.
3), the top scale is approximate.

in behavior suggests that a common mechanism is respon-
sible for the evolution of the high T conductivity with x (or
ng) in all three systems.

The reduced conductivity of Na,Ta,W,_,O3, relative to
Na,WOs;, has been attributed to the increased disorder cre-
ated by the Ta substitution.' Following similar arguments,
the reduced conductivity of polycrystalline La,WOj;, relative
to Na,WOs;, is, at least in part, due to enhanced disorder
effects associated with the trivalent La ions and will, in ad-
dition, involve grain boundary scattering.

Figure 7 shows the conductivity o, plotted versus the
temperature 7 down to 64 K. Except for the crossover be-
havior of the x=0.15 curve, which may be due to the mea-
surement errors of the absolute resistivity or to the slight
uncertainties in x mentioned above, there is a uniform
change in the behavior as x and T are varied. The uncertain-
ties are estimated as ~7%, mainly due to uncertainties in
sample dimensions and finite contact size. The samples be-
come less conducting as x is decreased, with a marked in-
crease in the T dependence of o,.. At 60 K the conductivity
changes by two orders of magnitude, with only a threefold
change in x. For x=0.19, the resistivity has a linear 7 depen-
dence over the range shown in Fig. 7, with a positive slope
(do,/dT<0). This is typical of metallic conduction, and
similar behavior is observed in other bronzes.”** do,/dT
changes sign at x=0.17, and then increases uniformly as x
decreases. The curves in Fig. 7 show similar features to those
of Na,WOj3; and NaXTale_yO3,l’2 and are characteristic of
an MI transition.

Hall effect

Hall effect measurements were performed on bar
samples of length ~10 mm, width ~7 mm, and thickness
~1 mm. The width to thickness ratio was made large to
optimize the Hall voltage detection. The two current contacts
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FIG. 7. The conductivity of the La,WO; samples, vs the temperature 7. The
estimated crystal conductivity .= 0 g/ f is shown.

were attached with silver paint, while the voltage probes
were pressure-contact gold-coated pins. Currents of 100 and
200 mA were used with a magnetic field up to 1.2 T sup-
plied by a Varian magnet.

The results for the Hall effect measurements are shown
in Fig. 8, which plots the Hall carrier concentration® ny
=A/Rpye versus the donor electron concentration n,. Ry is the
measured Hall coefficient, and the scattering factor A is con-
ventionally taken as unity. Shown for comparison are the
Hall carrier concentration results for NaxWO3.22 The two sets
of data fall close to the ny=n, line in Fig. 8, which, assum-
ing A=1, corresponds to all the donor electrons being in-
volved in transport.

The sign of the Hall coefficient confirms negative charge
carriers. The results in Fig. 8 are consistent with Na* and
La** donor-ion states, with the donor electrons in the WO,
conduction band. The slight differences between the data and
the straight line in Fig. 8 may be attributed to variations in
the scattering factor from unity. Assuming that ny=n,, a lin-
ear fit of the data in Fig. 8 produces scattering factors of
An,~0.8 and Ay~ 1.1.

The relaxation time approximation for metals predicts
the conventionally used value of A=1. For many metals A
will deviate from unity (although A ~ 1), and more elaborate
models are required to describe the scattering factor. The
alkali metals have measured scattering factors ranging from
~0.8 to ~1.2. The values for the La and Na bronzes found
above show similar deviations from unity.
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FIG. 8. The room temperature Hall concentration ny=A/Rye for La,WO;,
with A=1 vs the donor electron concentration n,;. Also shown are Na,WO;
Hall results (Ref. 22).

CONCLUSIONS

Sintered polycrystalline La,WO5; samples have been pre-
pared by solid-state reaction for 0.05<x=<0.23. Density
measurements on the sintered material give a crystal volume
fraction ~45%.

The structural and electrical transport properties are con-
sistent with those expected for the tungsten bronzes. The
cubic perovskite phase exists for 0.086<x<0.21, with ad-
ditional phases appearing outside this range. The XRD pat-
terns give cubic lattice constants increasing from
3.82t03.85 A as x increases. The appearance of mixed
phases is similar to that found in other uncompensated tung-
sten bronzes as x— 0. This effect prevents a precise determi-
nation of the MI critical concentration in these systems.

The polycrystalline structure makes direct comparison of
the La,WO; conductivity to that of other single crystal tung-
sten bronzes somewhat uncertain. However, the 7 and x de-
pendence of the conductivity corresponds to that found for
single crystals of Na,WOj3 and Na, Ta,W_,O3. The Hall ef-
fect carrier concentrations are similar to those of Na,WO;
when allowance is made for the different valence states of
the dopant ions. The Hall effect measurements confirm nega-
tive charge carriers, and indicate that the donor valence elec-
trons are donated to the WO; conduction band and partici-
pate in conduction at room temperature.

The MI transition for Na,WO; is
x,~0.19,"* corresponding to n,~3.4% 102! cm™. If the
MI transition is mainly determined by the donor electron
concentration, then for La,WO; we would expect x,.
~0.063. This is consistent with the upper bound value of
0.086 based on the stability of the cubic phase as given by
XRD. The present results suggests that the critical concen-
tration is also governed by the electron density in the con-
duction band and not simply by the donor density x, as ex-
pected in some site percolation models.

estimated at
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This paper presents the properties of La,WO; over a
range of x values, with comparisons to other tungsten
bronzes. The temperatures used here, however, are not suited
to a detailed analysis of the MI transition in this system. The
investigations down to liquid He temperatures are in
progress and the results will be presented elsewhere.
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