STUDIES IN CRYSTALLINE AND AMORPHOUS ‘STRUCTURES

IN PbO—V205—~P205

p v e e




———

STUDIES IN CRYSTALLINE AND AMORPHOUS STRUCTURES

IN PbO—VzOs—P205

By

BYRON D. JORDAN, B.A.

A Thesis
Submittéd to thé Faculty of Graduate Studies
in Partial Fulfilment of the Requirements
for the Degree

Doctor of Philosophy

McMaster University

September, 1975

E © BYRON D. JORDAN 1977

P ey

v o e

FEE SR IPRRY S



DOCTOR OF PHILOSOPHY (1975) McMASTER UNIVERSITY
(Physics) Hamilton, Ontario

TITLE: Studies in Crystalline and Amorphous Structures

in PbO-Vzos—ons.

AUTHOR: Byron D. Jordan, B.A. (Hiram College).
SUPERVISOR: Professor Crispin Calvo.

NUMBER OF PAGES: 1ix, 301.

(11)



——_ A v w m

ABSTRACT

The crystal structures of PszO6 and a—VPOS,

from within the glass-forming region of PbO-Vzos-ons, have

been determined by X-ray methods to help provide models for

both

the local sfructure of the glass. A temperature dependent
displacive disordering of oxygen atoms is found in a—VPOs.
A specimen has been studied which is still ordered at room
temperature but appears to be vanadium rich.

X-ray scattering intensities, measured for five
compositions of V1+xP1_xO5 glass, are compared with a model
for the local structure of the glass based upon structural
features from a-VPOs. A&ailable data on.the physical
properties of the glass, such as density and electrical
conductivity, are discussed in relation to the proposed
structural model.

Methodological problems of X-ray scattering from
glass, involved with Compton scattering and multiple

scattering, are discussed.
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CHAPTER 1

INTRODUCTION

When Fritzsche (1972) reviewed the electrical
properties of amorphous semiconductors, one of the categories
he used was that of ”Semiconducting oxide glasses'". Of the
glasses listed un@er that category, half were formed from
mixtures of VZO5 wit;\other nxides. One of the more studied
of the vzos based glass- systems is that formed from V205 and
P205. Since the work Of Denton et al., (1954) and Baynton
et al (1955), it has been known that V205.P205 glasses are
semiconductors. Between then and 1965 when Mackenzie
reviewed the work to date on amorphous semiconducting oxides
several investigatibns had been made and it had been
ascertained that conduction was by electron hopping from
vanadium to vanadium. The vanadium was present in both the

V5+ and V4+ oxidation states and the electron hopped from a

+
V4+ site to a formerly V5

site. The transfer of the electron
was seen to be thermally activated with an activation energy
of about .4eV., As the most studied of the semiconducting

oxide glasses the vanadium phosphate glasseé could be

regarded as a prototype of the ctategory or at least the sub-

category of vanadium pentoxide based glasses.



Aside from being prototypic, the vanadium phosphate

glasses have been found to have some interesting character-
N

istics of their own. Munataka (1960) found in V -P,0

295-P505
glasses that the conductivity reached a maximum for a
4+/Vtotal

-Bao
ratio of V of about .2 which is rather problematic
because the probability of having both electrons to hop and
empty neighboring sites to hop to peaks at a charge carrier
to site ratio of one half. Kitiagorodskii et al. (1960)

L9

measured the Seebeck coefficient for various values of V4+/

VtOtal while holding the phosphate content constant. They

found thk Seebeck coefficient to vary linearly with vi* ytotal
but the line does not cross the axis (indicating a change

from electron to hole conduction ) at 50% V4+

as fne would
expect, but at a considerably lower value. Kenned&‘and
Mackenzie ( 1967 ) measured the Seebeck coefficient for a

}few compositions and found an extrapolation through 50% V4+

“but a study of many more compositions by Linsley et al. (1970)
indicated that the Seebeck coefficient fell on a family of
curves, one curve per phosphate content and only those
combositions in which the total vanadate content was near to
the phosphate content gave curves which extrapolated across
the axis at 50% V3. In this same study Linsley et al.(1970)
investigated the conductivity maximum found by Munataka (1966),
and they found that the D.C. conductivity, A.C. conductivity,

and the thermal activation energy for the conduction process

all went through extrema at approximately the same value of
<



4+
V4 /VtOLal however the value of this ratio yielding the

extrema shi1fted as the phosphate to vanadate ratio was
changed. lLinsley et al. (1970), Adler (1971), and Sayre and
Mansingh (1972) have discussed the behaviour of the
conductivity maximum as a function of phosphate content on

the assumption that the behaviour 1s a function of the
structural nature of the glass.

If a structural model was needed to explain the
changes in the electrical behavior with composition, the
structural clues available at the time were problematic.
Janakirama-Rao (1966) observed a line in the infrared spectrum
of vanadium phosphate glass which was also 1n V205 from which
he concluded a similar coordination for the vanadium in the
glass to that found in V205 crystals. To explain the decrease
in conductlﬁity with increased phosphate content, he proposed
that the corrogated sheets from which the structure of V205
1s built are progressively attacked by phosphates and rediiced
to ribbonsor chains. To explain';heir nuclear magnetic
resonance data,'J Landsberger and Bray (1970) built upon the
argument of Janakirama-Rao and proposed that the phosphate
ions come in perpendicular to the V205 - like sheet and replace
a terminal oxygen protruding from the sheet with an oxygen
from the phosphate. Both this argument and its antecedent
assume quite drastic variation of the local ehvironment of
the yanadiumlas the content of phosphate in the glass 1is

E
varied. Density data from scveral studies which will be shown



in a later chapter indicates that the density of the glass
varies less in going from one P/V ratio to another than even
the mass ratios. The very slight variation in the density
is difficult to reconcile with the major restructuring implied
by the model of Landsberger and Bray (1970).

The activation epergy for conduction is mildly
temperature dependent, changing smoothly from about .3eV to
.4 eV at room temperature to about .05 eV to .1 eV near
liquid nitrogen temperature. Schmid (1968) applied the
theory of the small polaron to the ¢onduction in vanadium
phosphate glass to explain the temperature dependence of the
activation energy. This theory which has had some success
in describing conduction in some transition metal oxide
crystals (see Austin and Mott, 1969, for review) required
some modification for application to the disordered state.
Following Schmid's (1968, 1969) application of the small
polaron theory to conduction in vanadium phosphate glass,
several theoretical and experimental investigations have ysed
vanadium phosphate glasses as a testing ground for ideas re-
garding small polaron behavior. A number of these studies will
be cited in later chapters. One parameter of the small |
polaron theory that can be extracted from conductivity data-1is
called a polaron radius, and for reasons to be discussed, it
could be assumed to be quite sensitive to major structural re-
ordering. Sayre and Mansingh (1972) have found the polaron

radius to be constant within experimental error as the



phosphate content of the glass ranged from 90% to 50%,
contrary to their expectations. This result is difficult to
reconcile with the major structural variation inherent in the
structural model of Janakirama-Rao (1966) and Landsberger and
Bray (1970).

When Adler (1971) reviewed the properties of vanadium
phosphate glasses, he lamented the dearthof structural
information upon which to build hypotheses with regard to the
electrical properties. Up to then, what structural hypotheses
were invoked, usually used VZOS as a reference point.
Crystalline phases of vanadium phosphate had been reported
before then. Brown and Hummel (1965) reported thé formation
of a crystalline phase in the melt system VZOS—PZO5 with the
stoirchiometry VPO;. An X-ray powder pattern was reported
in their paper. A different phase reported by Ladwig
(1965), was formed from the dehydration of crystals of
VPOS.ZHZO. Ladwig concluded that the hydrates contained
layers of (VP05)m with the water lightly bound between the
sheets. Also in the same yearggKlerkegaard and Longo (1965)
publisdgb the res;lts of a single crystal structural analysis
of BVSO5 (orthorombic phase). The structures of tetragonal
phases MoPO5 (Kierkegaard and Westerlund, 1964 ) and MoVO5
(Ei1ck and Kihlborg, 1966) are isotypic with each other and
were related to tetragonal VPO5 and VSO5 by Ladwig (1969).

Atomic positional parameters for tetragonal a—V805 were

refined by Longo and Arnott(1970). The crystal structure of

LS



the orthorhombic B—VPO5 was found to be 1sostructural with
8—V805 and has been given by Gopal and Calvo (1972).°

A successful conversion from one phase of VPO5 to another
(short of melting and recrystallising) has not been reported.
Bordes and Courtine (1972) have reported formation of both
forms, but claim that the alpha form cannot be formed from
the melt and must be formed by dehydration of the dihydrate
as was e by Ladwig (1965). In the course of the present
study, éiij;és crystals have been repeatedly grown from the

melt, and either powder or single crystal evidence was
found that B—VPO5 crystals were also present in the product.
The crystals reported herf, which were grown from the melt,
had unit cell 2xes, reproducible from specimen to specimen
to within .01 i but which differed signifiéantly from those
reported by Bordes and Cortine (1972).

When the work reported here was begun, the crystal
structure of B—VP05 (Gopal and Calvo, 1972) was known, and
was obviously quite different from the glass structure as
proposed by Landsberger and Bray (1970). It was decided to
use X-ray diffraction to try to ascertain the average local
environment in the glass. The first crystals of a—VP05
were grown during preliminary tests of how slowly the melt
could be cooled Qithout inducing crystallisation. Once the
inltfal crystals were prepared, attempts were made to grow

larger crystals with some success. The crystals were found

to have some 1nteresting disorder properties, but proved



most useful by providing the most fruitful set of hypotheses
for the glass structure.

The vanadium phosphate glasses are but one of several
semiconducting glass systems which are formed by the fusion
of v205 with another oxide. On the suspicion that the end
member, V205, may have much in common with the glasses
formed by it, Kennedy et al. (1967) investigated some of the
properties of crystalline V205 and amorphous Vzog. Unable to
produce vitreous VZOS by quenching the melt, they formed the
amorphous VZOS by condensation of the vapour in near vacuum.
This recurrent theme of similarity between VZOS and its
glasses was tested again in the V205—Pb0 system. X-ray
diffraction of the glass was not done, but a crystalline
phase was examined from within the glass forming region of the
phase diagram. In phase diagrams prepared by Amadori (1916)
and by Shimohira et al. (1967) a deep eutectic (about 500°C)
is indicated at the 1/1 V205 to PbO composition. Rawson (1967)
has alluded to the deep eutectic in the PbO—Vzo5 system as an
example of the "liquidus temperature effect” in which a low
eutectic is correllated with a glass forming region. In this
study va206 crystals were grown several times. The melting
temperature of the crystals was found to be about 100°C
higher than the reported eutectic and X-ray powder diffraction

gave evidence of congruent melting. The crystal structure is

given 1in Chapter 4 and compared briefly with Véﬂs and the

vanadium bronzes.
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In Chapter 2 the theory of x-ray scattering from
crystalline and amorphous solids is reviewed and computa-
tional procedures discussed. Lhapter 3 describes the
diffractometer used for the study of the glasses and the
experimental procedures followed. The major portion of
Chapter 3 discusses corrections for Compton scattering and
multiple scattering. Chapter 4 describes the crystal
structure of Pszos. The crystal structure of a—VPO5 and
disordering in this crystal are discussed in Chapter 5.

In Chapter 6 a model is proposed for the local structure
in vanadium phosphate glasses and is tested against the
x-ray scattering results. The final chapter is devoted to

testing the implications of the glass model against the

published physical properties of the glass.



CHAPTER 2

X~Ray Diffraction

2.1 General Features

X-ray diffraction is a scattering experiment in
which a beam of X-ray p;;tons are directed at a target
and the scattered photon beam intensity is detected at
some point in space. Such an experiment is traditionally
described by a function of angle and energy known as a
differential cross section. The initial beam of X-rays of
wavelength A with angular frequency w' and polarisation
direction £4 is characterised by a vector §in whose magnitude
is 2n /X, that defines the direction of propagation. The
probability that a photon from this beam will be scattered

at the target with energy between w and w + dw into a solid

angle d is called the-differential cross section and is

2
written as gﬁ%ﬁ . Thedirection of propagationof the

scattered beam (from sample to detector) is defined by a

vector §o of the same magnitude as S, . The difference

ut

vector S - 8. 1is denoted as S and has a magnitude of
~out —in =

4n sin (8)/ A where 206 is the angle between §in and §out'
The differential cross section of X-ray scattering can
be expressed,after Egelstaff (1967 ),with slight change

in notation in terms of the Van Hove (1954) scattering and

correlation functions as:
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2

|
(—d—a—(‘} )y = (4 L, dr dt(o(r, t) -5 ) (=T -®t)
fldw M nomson 27 - e Pele T T

where the space and time correlations function Gp(E’t) is

defined in terms of the electron density o (r) as:

G (E,t)=1fd_r_'<p

e (r',0) . p_(r + r', t)>

e e

where N is the number of electrons and Be is the average
electron density. The constant of proportionality expressed
explicitly above as (do/ dQ)Thomson is the cross section for

X-ray scattering from a singleelectron. Called the Thomson

cross section, it can be expressed as (Platzman , 1972).
L3
(29) - &% Ry
d?’ Thomson 2 ~in °~ =out
mc
where e is the electronic charge, m the electronic mass,

and ¢ is the speed of light. The dot product of the polarisation
vectors gives rise to a function of scattering angle which

is calculated for a given experimgntal situation and removed
from the scattering data as apolarisatibn correction. .

The scattering may be categorised by the energy transfer
parameter w into elastic (w = 0) inelastic (w # 0) or total
scattering (integrated over all w). The two most relevant

inelastic scattering processes for X-rays from electrons

are electronic excitations and scattering from atomic vibrations.
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The former is osdinarily ﬁ Jnotoelectricevent 1n which an
electron receives enough énergy from the X-ray to expel

the electron from its atom with some kinetic energy left
over. The scattered X-ray ﬂas, in this case, a longer
wavelength after scattering. I[f 9 1s the half-scattering
angle (see above) the spectrum of the scattered X-rays will
have in addition to thesurce gspectrum a new line C called
Compton modified line with 1ts centre shifted ffbm the
parent line in the exciting spectrum by .0485 sinz(e) X,
to a first approximation. The initial kinetic energy of the
electron during the scattering will influence the shape of
the shifted line. In the Impulse Approximation (Platzman,
1965 and 1972), the momentum transferred to the electron 1in
the Compton process is called K. If the electron's mass is
m and 1ts initial momentum was P, the electron's kinetic

energy is increased from P2/2m to (P +K )2/2m, but

W)
[\8]

(P + K) . P” + KO + 2K . P
2m 2m 2m 2m

The shift in the centre of the Compton line is identified
with K2/2m and the K . P /m term gives rise to the shape

of the shifted line. With the momentum transfer, K,
determined by the experimentally set scattering angle, the
line shape of the shifted spectrum is determined by a
projection of the momentum distribution of the electrons
during the scattering. The Compton scattering is, to the

present experiment, an undesirable background to be filtered

11



out when possible. The filtration process is found to be
imperfect, and some Compton scattering leaks through the

monochrometer. This leakage and the relevance of the

sample dependent Compton line shape will be discussed below.

The other common f{orm of inelastic scattering comes
from the atomic vibrations. The energy transferred to or
from the X-ray 1n the process 1s minute in comparison to
the X-ray energy and 1s also small 1n comparison
to the natural line width of the ex01t13g spectrum.
Experimentally selecting against this inelastic scattering
is impractical and, consequently, the "total" scattering
is observed with regard tothis process. It will be assumed
1n this discussion that the Compton inelastic scattering,
which is incoherent, has been removed experimentally or
analytically from this data, and the term "1nelastic
scattering'” wi1ll refer to the vibrational scattering.

If the "total" scattering 1s detected, the
corresponding correlation function (Egelsfaff,1967;
Leadbetter and Wright, 1972a), Ge(z, t) becomes Ge(E’O)'
The time dependence of the correlation functions will be,
consequently, suppressed in following discussions.

An ubiquitous relation in the theory of X-ray
scatterjng is the convolution operation. Let H(s) and
Q(s) be functions whose Fourier tfansforms, h(r), g(r),
respectively, exist. The Convolution theorem (see Amoros

and Amoros, 1968) states that the Fourier transform of the

12
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product H(s) Q(s) will be the function m(r) = h(r)*g(r)

where the convolution operation (*) 1s defined by:

m(r) = h(r) * g(r) = /[ dr' h(r') g(r - r').

The same process works for the reverse Fourier transform
from the r functions to the s functions. It can be seen
that effects or aberrations which multiply an intensity
function €s) will enter the corresponding correlation
function (r) as a convolution. It also 1s important for
another property. Under some circumstances a function of
a sum of arguments can be expressed as a convolution of
functions of those a}guments. If, for example, a is a
random variable with probability distribution A(a) and b is
a random variable, uncorrelated with a, with probability
distribution B(b) then the probability distribution C of
c = a + b, (Margenau and Murphy,1956) 1s the convolution

of A and B,

C(a + b) = A(a) * B(b).

This latter property may be exploited in the following manner.

Let the position of an elecitron in space be R, and let that

M
»

electron be associated with an atom whose nucleus is at
position r' in space. The vector r = R - r'will run from
the nucleus to the electron. If ¢(r') is the density

function for the location of the nucleus and o (x) is an

13
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electronic density function for the atom, and 1f these two
distributions are considered independent, the electronic
density as a function of R can be expressed as a convalution
of ¢(r) and t(r") and furthermore the fourier transform of
this function will be the simple product of the <eparate
Fourier transforms of p(r) and $(r').

Al though the X-rays scatter from the electronic
density, the object of structural investipations with X-rays
15 usually to ascertain the distribntion of atoms. If
(Dgelstaff, 1967 ) the electrons associated with an atom are
assumed to move with it rigidf} and if the internal electronic
states are not excited by the X-ray scattering, the
differential cross section given above becomes [or a monatomic

sample,

2 2

A< _ 1 | f(s)]| . 1(s.r - wt), .

Cinaw) = (@) L [odr dt e (G(r,t) - n_)
homson

where G(r, t) is a correlation function for the position of

the centres of the atoms and n is an average atomic number

density and f(s) is called the atomic scattering factor and

corresponds to the Pourier transform of the electronic density

of one atom.

2.2 Scattering from Atoms

For each atomic and several ionic species there are

three useful functions tabulated in the literature. These



are the form factor, the incoherent i1ntensity, and the
anomalous dispersion factors. If Dn(r) is the electronic

density for olectronic state n, the atomic form factor for

a spherical atom 1s

. S . - 2
f(S) = J (I_Z p.ls r dr = z S 4rpe (r) w r-dr
— n n ST
atom electronic
states

]

The functions cn(r) transformed in this way have been computed
¢

to varinus levels of sophistication. Cromer and Waber (1965),

for example, used relativistic self-consistent Hartree-Fock-

Slater wave functions. gromer (1969) has also calculated

-’

the Compton intensity function from the Waller-Hartree (1929)
formula. In this formula, <ml 1s an atomic state, and the
matrix element fnm 1s given below.

Y

is . r
f = <nle =2 - >
nm ' m

I. =1 {z - ¢ & |f lz}

inc Thomson n m nm

Z 18 the atomic number in the above, and the coherent
scattering fac&éor is the trace of the fnm matrix. It can
be seen that f and Iinc each have a maximum value of 7
(although for opposite limits of s), and that the coherent
intensity, which is pgoportional to f2, will have a maximum

of 72,

15
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When the X-ray beam has an energy slightly in excess
of that needed to induce photoelectric emission of an inner
electron from one of the target atoms, the absorption will
be greatly enhanced. The dispersive response of the medium
1s related to the absorptive response through an 1integral
transform called a Kramers-Kronig transform. One of the
early applications of this transform (Kronig, 1926) was to
relate the scattering enhancement to the absorption
coefficient. Both effects can be entered into the general
formalism by allowing the scattering factor to become
complex, such that f(k) becomes f(k) + Af (k,X) where the
normal f(k) is only a function of the target atom and the
Af terms, real and imaginary parts, are a function also of
the wavelength, A, of the exciting radiation. Rearranging

some terms in James (1967) the relationships may be

expressed as follows:

61 (wy) = L o w w (w))
absorptian dne
edges «
2 o Af"(q)mzdm
ALY (wy) = 35 o
i 2 2
w{ - W

The X-ray frequency is denoted as w, and My is the contrib-
ution from the x absorption edge to the absorption coefficient.

The absorption coefficient must be known for all frequencies,



and either an empirical fit to measured absorption coefficients
integrated, or the missing values can be calculated from
transition matrix elements between the wave functions which
were used for the scattering factor calculations. Thais
procedure was followed by Cromer (1965). An alternative
procedure, f{ollowed by Cromer and Lieberman (1970), was to
treat the entire problem relativistically and to compute the
pPhotoelectric absorption cross section theoretically and

to numerically transform the resultb thus bypassing the
semi-empirical procedure.

The effect of Af' is to make the atom scatter as if
1t had a few more or less electrons. This is not equivalent
to a change of ionisation state, because the outer electrons
transform to give their contribution to f(s) at low values
of 3. The Af' increment'is reasona ly constant for all
values of 5. When Cr Ka X—rays,afg scattered from vanadium,
the scattering factor for vanadium at a sin(8)/)
value of .4. is decreased to two thirds of the uncorrected
value.

When the anomalous dispersion is important, the
assumption made above that the internal electronic status
of the atom are unaffected by the X-ray breaks down.. The
simple identification of the differential cross section
with the Fourier transform of the electronic Van Hove
correlation function is less ‘appropriate when anomalous

1] hl

dispersion is significant. Blume (1965), however, has shown




that the form of the cross section expression with the atom-
atom correlation function remains applicable if the atomic

scattering factors are corrected for anomalous dispersion.

2.3 Description of Order

2.3.1 Glass or Liquad

The original G(r) function needed no subscripts because
all the scatterers were electrons. When the scattering
centres differ as in a polyatomic glass, one can expand G

into a set of functionsGi corresponding to pairs made up

J
of an atom, of type i and one of type ) such that:

= .. 0O (r
G(r) ElJ 1_)(L)
where Glj (r) can be further separated into two terms,a ''self”
term and a ''distinct” term

Gij(z) = 8§, 8(r) + (r)

n. .
i) 1]
where the i and j on the self term correspond to the same

atom (not just the same type) and the distinct term,

nlj(g).
which applies to pairs of different atoms of the same or
differing types.

The coherent scattering intensity of the sample

relative to the intensity which would be produced by a

single electron of the sample will be denoted as I(s). The

18



single electron factor to which I(s) is relative is the

Thompson cross section (g%)Thompson' (dst) The .

measured’
’intensity I(s) may be further separated into a sum over a
set of intensity functions Iij(g) which co;respond to the
Fourier transforms of the Gij(z) function by the following

relations.

Iij(s) = f(s) 15(s) [ Gy(x) els - L gp

b Y
x ¥
which, breaking Gij into its self and distinct parts yields

I5(s) = £(s) £5(s) / dr edS - L (6;36(r) + ny 5(x))

which reduces to

Iij(s) = 6ij fz(s) + fi (s) fj(s)‘f nij(£) e-i—§ - £ dr
and using the average
< eii‘ = >a_ll angles §i%%§£l
the intensity become;
I(s) = I, f; (s) + PR rldr nij(r)_§i§%§£l‘fi(s)fj(s)

19
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In the above notation r or s without a vector sign refers .

to the vector’'s magnitude. The function nij(g) is a pair
distribution function for atoms of, types i and j, and the sums
are taken over all atoms. If a "unit of composition’ (Warren,
1969) is taken to include a convenient set of atoms with the
appropriate stoichiometry, K for example one vanadium, one
phosphorus and fiveoxygegs for VPO5 glass, and if N is the
number of such units in the sample,'some simplification can
occur in the above integral. The integral's first problem

is convergence, and to ameliorate this, an average atomic
number density N/V (sample volume) can be added and subtracted

from the density nij(r)‘ The resulting intensity becomes:

20

1680 < te3(s) + anf ()1 (s) fridr SRED (1) ny)

+4ar T f.(s) f_(s)’nof rdr sin(sr)

uc i _—
. J s integral over

sample volume

7

Information is extracted from the X-ray intensities

by either Fourier transforming the intensities to give pair

functions or by calculating the intensities from a model

structure and makinP. a comparison in the intensity domain.

A model structure could also be used to fit the pair function.

In practice both domains are useful. Before the X-ray intensity

can be Fourier transformed to yield a pair function, it must

be scaled to electronic units and purged aof"all intensity




that does not represent single coherent scattering events,

Since,

I(s)gy = Bl ps(s) - L(S)Iinc_(s)—lair (s)—lmult(s)LIs.a.(s)

-

The number B scales the intensity to electronic units and
Iinc(s) is'the sum over the unit composition of the atomic
Iinc relative to the Thomson cross section. The incoherent
term is multiplied by a leakage function for the monochrometer
-which describes the angularly dependent efficiency of the
monochrometer for removing Compton scattered X-rays. Multiple
scattering (X-ray scattered more than once within the target)
and small-angle scattering and air scattering must be removed,
if they are significant. It is assumed that. any real back-
ground (Y—ra§s) and absorption and'polarisation corrections
have been treated as preliminary corrections. All the
corrections in the above equation will be collected into a
single function B(s). The normalisation constant B8 is
determinéd either by reference to an external intensity
standard (Wagner, 1972), or as in the case of the present
study, by the requirément that the scaled intgnsity minus the

B(s) .function should oscillate evenly about the independent

scattering term Zf?(s). Alternatively, the scaled intensity

2
i

the various corrections, functions, and procedures are given

could be said to oscillate about ILf, (s) + B(s). Details of

in a later section under the topic of data treatment. The

" function i(s), defined below, is the function to be Fourier

21
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from which the total pair distribution function may be

extracted, and is given by:

i(s) = BI_, (s) - B(s) - I _ f?(s).

The function I(s) has been normalised to the Thomson cross
section such that I(s) represents the scattering of the
sample relative to the scattering of a éingle‘electrén. In
this system of units, called electronic units, fz(O) is Z2
in electron2 and nij(r) is in units of atoms squared times
their respective electron content’squared to give electronz
units also. A

Up to this point it has been assumed that the
indicated Fourier integrals are really Fourier integrals,
.which they woﬁld be, were it possible to continue the volume
integral to infinity. This defect may be formally corrected
by introducing a function T(r) which i§ one inside the
‘irradiated volume of the sample and equal to zero outside
'thig volume. Keeping in mind.that the scattered intensity
is propo;tional to the square amplitude of the Fourier
transform of fhe_scétterer density, or equivalently, the
Fourier transform.of that density's self convolution, one

can see that the function T(r) will enter the intensity

function as its transform square or will enter the atomic

density function as its convolution square, v(r)(Wagner, 1972).

Unless the sample is a suspension of very fine particles, it

22



can be assumed that the volume of the sample is many orders
of hagnitud% greater than the molegular ordering which
governs the function uij(r) - no. For the transform of

that function it can normally be taken for granted that
nij(r) - n_ will be zero long before v(r) is significant.
For the integral of n, this is not true, and this integral
is proportional to the transform of v(r).‘ If the sample is
of microscopic dimension, the reciprocal nature of the
Fourier(transforp dictates that its transform be confined to
very low values of s. In a normal experiment the scattering
from this term of the cross section will be engulfed by the
source beam and inaccessible to measurement. Any minute
portion of this small-angle scattering which may extend into
the domain of measurement is assumed to have been calculated
and substracted from the dserved intensities. Warren (i§69)
has given an expression for this correction for the type of
scattering geometry used iA the present experiment. The
term in the intensity function that arises from the delta
&unction in Gij(r) is called the independent scattering and
is a sum of f?(k) terms. In practical units and at reasonably

accessible angles, Warren's small-angle term reduces to

ismall angle ] 4 © -1 -9
eu . density(atoms/cc)D(cm)A " (A)u(cm ~)x1.1x10
indep. a (degrees) sin4(6)

eu
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where D is the X-ray tube to éample distance, a is the
angular divergence of the beam, X is the wavelength, and
g is the linear-absorption.coefficient. In this experiment,
any measurement, taken at angles for which this correction
exceeded one half percent, was considered qualitative only
and excluded from all calculations.

The function i(s) could simply be Fourier triansformed

[y

to give an electronic density correlation function (Leadbetter
Y

and Wright, 1972a), De(r), given by

ar

- 2
De(r) = %

f; si(s) sin(sr)dk

~

or could be expressed in terms of the electronic density Pe by

X
D (r) = 4nr {p (r) *p (r) - P}

The electronic correlation function is relatively featureless
with very broad peaks because the electronic clouds around
each atom are convolgted wibth the interatomic peaks. The
function is further Eroadened by the termination effect.

The ideal expression above must be altered to take into
consideration the physical fact that an X-ray cannot change
its direction Qf flight by m&re thaﬁ 180 degrees. There

is a maximum s less than or equal to 4mn/A. IflE(s) is
defined to be one for al{ s less than or equal to Smax and

to be zero for all s greater than~smax, the alteration may

- 24
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be expressed as follows.

s -
max

~

si{(s) sin(sr)ds = % S~ E (s)i(s)sin(sr)ds

2 ]
w 0 -

De(r) =
0

. A"
The transform of 3Z(s) is now convoluted with De(r) to give

De(r), which is experime?tally accessible. The atomic pair
correlation function can be extracfed from De(r) by de-
convolution through the conyolution theorem.

If the target were a monatomic material, dividing
i(s) by fz(s) would deconvolute the electronic cloud from the
;gqmic pair correlation function. The termination effect
(the transform of Z(s)) would remain. For a polyatomic
target material, a partial deconvolution can be effected by
the use of a sharpening functiomn fg(s) which is the square
of the average scattering factor, normalised to be one at

s = 0, by

2 - 2 2
fo(s) = {ryety)

/ {Zchi}
That which is still left of the electronic cloud after the
partial deconvolution with fz(s) joins the termination effect
in the production of a resolution function Pij(r) which

must be convoluted with any model peak before comparison

may be made with the transform of the experimental intensity.
The atomic pair distribution, weighted by the product of the

numbers of electrons, can be expressed after Leadbetter and



ré

Wright (1972a) as the following:

"

D(r) = L d; (r) = £5.d;.(r) * Py ()

. .d. . .d.
1J 1) 1J 1J J

where

le(r) = % fg z (s) fl(s)fJ (.s)‘“ﬁ)cog(sl‘)ds
fe(s)

A function M(s) has been included in the definition of Pij
This represents a weighting function which is often imcluded
to counter the effect of the termination effect which has
been greatly enhanced by the sharpening function. D(r)

represents’ the following transform of the intensity:

= (s) si(s)M(s)sin(sr)ds

D(r) =
2

f

“where the common forms of M(s) are

M(s) = 1
‘2
or M(s) = e %5 (with a chosen such that M(s_,,) i about
or M(s) = sin (ns/smax)/(ns/smax) -

All three forms of weighting function have been used in this
study. The third function in the list is due to Lorch (1969)

and has been found by Leadbetter and Wright (1972a) to be

more efficient in combating the distortions caused by termination

(r).

1)
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than the Gaussian weighting function. The general idea is
to include in the Pij(r) resolution function any aberration
that may be in the transform of the reduced intensity.

The D(r) function, the transform of the reduced
intensity, has been expressed above as a sum over dij(r)
functions, each of which was a convolution of the resolution
function Pij(r) with an ideal pair correlation function

Y
d. .(r). An equivalent description of the structure can be

1)
found in the pair distribution function of Warren (1969).
In Warren's formalism, a sum is explicitly taken over a set

of distances T, with due regard to the conveluting effect

of Pij(r). With each distance, coulll be associated a

function 6(r - rv) and the distribution of r, values could be

entered into the formalism with a convolution. In the
formalism of Leadbetter and Wright (1972a), the function to

be fitted would be D(r) which oscillates about zero and

represents a deviation from the average densities. Expressing

this explicitly, >

D(r) = Iy d;(r) = L r(4nnij(?) - 4nn3?) * P L(r).

The term containingthe average atomic density may be isolated

as Do(r), where

2 0
D (r) = ‘4nr{XuCZi} n

27




p

and .

The function which Leadbetter and Wright (1972c¢) call the
total corrélation function, D(r) + Do(r), oscillates about

a ramp function Do(r) the slope of which is proportional

to the average electron density. When the total correlation
function is multiplied by w/2 it is the same as that used

by Mozzi and Warren (1969) and discussed bv Warren (1969),
and called by them the pair function distribution curve.

As noted by Leadbetter and Hling (1974) there are some
advantages to the use of the total corre%ation function

'when fitting a model, and this is the function which will

be plotted in the present report. The equivalence between
the dijfr) balsed description of ? structure to- Warren's

pair fun:?ien description has been demonstrated by Renninger
et al. (1974). The total correlation functioq, with
Warren's n/2 convention, will be called W(r), where

W(r) = I, I, % Cijy Pyg(r - r))/r, = % (D(t) + D_(r)).

The function r(D(r) + Do) follows the quadratic function
4nr2{£uczi}2no and is called the radial distribution

function. A peak in thl radial distribution function

28



due to a single rij distanc» will not be symmetric, as it is

in the W(r) function, because of the skewing effect of
N

multiplication by r. ~

Distortions inherent in the glassy state may make
AN

the description of a given interatomic pair'dij(rv) by §(r - rv)

inadequate, and a distribution of r, values must be introduced.

~

This was done, for example, by Leadbetter and Apliné (1974)
by generating a set o r, defined by a Gaussian distribution
Centred on an ?: ,and summing over the set. .An alternative
procedqu, used in this study, uses the Convolution Theorem

to produce the same result directly. Let tv(x) be a Gaussian

distribution with width parametrised by 9, and normalised

to unit area. If atoms of types i and 3 are T, + g,

Angstroms apart, including vibrations and distortions in

ijvsuCh vectors ( for example the
/\l - -

SRS and if there are C
four P-0 diétanées in a/ég: tetrahedron), d{j(r) may be

expanded in the following form, where a dij is the total

correlation equivalent of dij(r)’ .

v

(r) = L, 8(xr -1 ) * tv(r)'Cijv

d. .
ij v

The Gaussian function.tv of arbitrary distance argument x is

*

defined by:

2
e /2Qu

Y2nga ™

t,(x)

e b s .. . - . e

Vo
e
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and its Fourier transform i<:
2
T (k) = e 5 9y/2

A modified peak function, broadened by convolution with the

Gaussian function tv(x) can be generated from the relatijion:

P:j(x) = Py (x) * £ (x) = % ry ds ® Lé%%%i%lv(s)fi(s)fj(s)cos(sx)
e

where the convolution theorem has been applied. The functions
dij(r) may now be expressed in terms of a sum of sz functions
by:

“~

1 = ' . v
dlj(r) = d ij (r) * P (r) v IJV pij(r = rv)

. / .
In practice this procedure is very easy to implement because

all the functjons in the integral over s, ekcept cos (sx),
are very ?}bwly varying functlons of s. The P (x) function
in gederal has a peak at x = O whlch is on the order of half
an Angstrom in extent w1th small os01llat10ns continuing
outward from there. If X is confined to be less than 1.25 A
it was\found uﬂﬁfii}ﬁ%e point Gaussian quadrature algorithm
sampled the integrand adequately.. Gaussian gquadrature
involves a‘weightéd sum bi\}nfegrand values, taken at Sy
positigns which arecﬁctateq by the roots of an nth order

Legendre polynomial (Kopal, 1955). bnce Shax is given, the

i

.
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integrand can be evaluated at nine chosen values of s and
stored, except for Tv(s) and cos (xs) which must be
calculated for each call of the subroutine.

A great deal of compu?ing could be saved if the
K-approximation df Wafren, Krutter and Morningstar (1936)
were applicable. If the scattering factors éf all the atoms
in the target material are similar, as they would be for
a mixture of‘near neighbours on the periodic table, then

constants Ki and Kj might be found to satisfy the following

relation:

On the following page is a graph of tﬁe above function of s

for the peaks ;n v1+xP1—x05 glass for the five compositions
examined in this study. Because fg(s) is an average over

the unit composition, it cﬁ#nges with stoichometry. It can

be seen from the\graphs thg;*the K-approximation is inapplicable
for this study. The illustration fo}lowing that shows

P;j(r - rv) where r, is Qng.Angs;rom and gy is one‘tenth 6f

an Angstrgm. The vﬁnadium;vanadium peak is also plotted for
four vanadium ionisation states-to illustrate the relative

insensitivity of P, to that factor.

3
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Illustration 2.2 (a)

The peak functions P;j (r - 1.0 X) are plotted
o
with o, = .1 A for each tvpe of atom pair in VPOS.

Illustration 2.2 (b) .
v Q
The vanadium*vanaQium va(r - 1.0 A) peak functions

for four vanadium ionisation states.

The curves correspond to:

LS.
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9.4. X-ray Scattering from Crystals

In the beginning of this_chapter, the differential
scattering of X-rays from a collection of electrons was
expressed in terms of an electron density Van Hove
correlation function Ge(g, t). The time depe;dence was
later supressed and Ge(g) was expressed in terms of the
electron density f(z) as:
=-11¢fdr' <p (xr') p (x + 1r')>.

e e -

—

Ge (1)

This is almost the self convolution of pe(g). It is the

convolution of pe(g) with pe(—z)‘or:

G (r) = < p () * p (-1)>.

~

If P is the Fourier transform of pe(g),

: ; = * - >
then the Fourier transform of G (r) = < p (X) * pg( x)>

is és p_g OT py pX where the asterisk as a superscript
{mplzés :omple; ezﬁjugation. The scattered intensity will
then be proportional to gyg ‘ |

‘In a perfect crystallite the electron density
averaged over a time long compared to vibrational periods,

is assumed tq be periodic in all three dimensions. It is

¢
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assumed that_there can be chosen three noncoplanar vectors
2,3 29 and a-such that:

p(r) = p (r + ma, + na, + paj)

where m, n, and p are any integers . A parallelopiped of

L N PR oy

volume VC = 3, x (32 X 33) is repeated throughout the
crystal and is.called the unit cell. The Fourier transform

of the electron density in the crystal is now:

= is.r

Ps = ferystal 4L © p(r)
which becomes -
S
1S (r + ma, + na, + pa,) y
= is . r a a a ’
°s ® 'm,n,p Tunit ce11P(Z) © 1 2 3/dr !
1)
_ - o | |
s =2 ! ar p(r) et - X 38 .(may + may + pay) !

m,n,p ‘unit cell

and, because the second exponential is independent of r ' p

becomes:

o .y dr p(x) elS - X ¢ is . (m31+ Eﬁ2+ma

s unit cell 31

Let the vectors by, by, and b, be defined b, . &y = 1if .

1 = j or is zero if 1 ¥ j, and let the vector H(h, k, 1) be

defined as:

Y ,,



-

H (h, k, 1) = hb, + kb, + lb

1 2 =3°

Ifs = 2» H (h, k, 1) for some integers h, k, and 1,
the sum in the bracket, above becomes:
e2n i(hg1 t kb, + 123) . (mé1 + na, + p§3)

-
Zm Zn N

wvhich enumerates the cells in the crystal. 1If

s # 2r H(h, k, 1) then thesumis zero. The scattering
intensity is seen to cluster into a discrete set of angies
defined by the vectors H (h, k, 1) whichare called points of
the "'reciprocal lattice".

The above relations imply an intensity distribution
in which discrete spots of infinitesmal width contain all
the intensity. If the crystal is finite, the sums over m,
n,: and é cannot range to infinity, and the sum gives rise
to a narrow but finite spot width (see Warren, 1969). Also,
the crystals one finds in. the laboratory are composed Qf
domains. The planes of thesé domains areﬁnot perfectly
paralleléto those of other domains. The angular range
over which this mis;mafch extends is called the "mosaic

spread”. It is desirable that all domains in a crystal have

°  an equal opportunity to contribute to the measured intensity

of each spot. Toward this end, the intensity of a spot is
measured as the measured scattering angle ig moved through

the ideal value. T@e intensity is integrated over the

36
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angular extent of the spot either mechanically or analy-
tically. The result is called the integrated intensity. If
the experimental situation is such that some spots are
passed through the diffracting condition more quickly than
others, a systematic error results. This systematic error
is corrected for by a geometrical function specific to the

experimental apparatus called the Lorentz correction. As

in the case of scattering from glasses, the X-ray polarisation

must alsoc be corrected for.
The integrated intensity of a spot, corrected for
Lorentz and polarisation effects will be called Ih kK. 1°

It was seen aboveg that:

= 3 ( is . I s5(g - :
0s = ' Funit cerndr oz e (s - 2m H(h, k, 1))
where ¢' is a constant of proportionality which includes the
number of cells in the crystal. It was also noted that

the intensity is praqportional to p_ o and'consequently

x
s s,

-

Th x, 1 = *Fa, x, 1) P**n, x, 1)

where ¢ ié anothér proportionality constant and F, called

the structure factor, is

ari H(h, k,-1) . r

PR K1) = fynge ce11dr o(X) @

37
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Let the following approximation be made for the

electron density in the unit cell,

o(r) = Iy &5 %ty ¥ 4(r -1y
where j runs over the set of atomic positions r and EJ is
the electron density of atom j and tj is a normalised
Gaussian function introduced earlier in this chapter. The
asterisks indicate convolution. The density 5j need not bé
spherical. By the convolution theorem the Fourier transform
of p(£) will be a product of the Fourier transforms of its

components. The structure factor becomes:
F(h, k, 1) = Iy f, (H) T30 g2mt H . ry

where fj is the atomic scattering factor and Tj is the transform
of tj. If the spherical atom approximation is made, fj is

only a function of the magnitude of H. The function Tj called
the temp;rature factor is 6ften anisotropic (see Stout and

Jensen, 1968) and can be defined =as:

+
- T 81
T = e
J

*

where T = (h, k, 1) and 8 is a 3 x 3 matrix. A matrix U may

be defined such that: .
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where the reciprocal cell basis vectors Qm have been defined
above. The U matrix can be interpreted as Umn = <u_u

m n
th direction

where v is a displacement of the atom in the m
The square rcot of U11' for example% represents a mean
amplitude of vibration for that atem in the x direction.

The matrix U corresponds to an ellipsoid of vibration, and

U will only be diagonal if the principal axes of the ellipsoid
lie along the x, y,and z directions of the unit cell.

It has been assumed above that, averaged over time,
all unit cells are identical.  Some crystals, however, are
partially disordered in one manner or another. Krivoglaz
(1969) has discussed in detail the influence of various
forms of disorder in the diffraction pattern. Only a brief
outline will be noted here. If the disorder is a distortioh
which modulates the translational period a broadening of the
diffr#ction spot can result. A small concentration of one
atomic species substituting on a lattice can manifest itself
as:

(1) a chaﬁge in the average unit cell

'(2) an incréase in thefapparent temperature

factor Umn due to minor fluctuations in

position from 6ne cell to the next.

B I
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(3) an average observed structure factor, which
is calculated from a weighted average of the
atomic scattering factors.

and (4) average interatomic spacings.

A diffuse background relatatedto short range

correlations among defects is sometimes observable.

2.5 Structure Determination and Refinement

The Fourier transform of the scattered intensities
gives the electronic density correlation function but does
not give the electronic .density. The electronic density at
fractional coordinates (X, y, 2) in the unit cell can be
expressed as (Buerger, 1960)

1

e(x, y, 2) = —— 2, I, I, F(h, h, 1)
Veell h “k “1

o-2mi(hx + ky + 12).

The numbers F(h, k, 1) are complex and have both a magnitude
and a phase. A function called the Patterson function

(Buerger, 1960) is calculable directly from the observed

integrated intensities. This function A(x, y, z) given by:
A(x, ¥, z) = —s— E_ I, I, |F(h, k, 1)|% 2TH(BX T Ky + px)
v .
cell

is proportional to the Van Hove function Ge(g) introduced

eaflier. It is sometimes possible to derive trial positional

40
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coordinatzs for the heavier atoms in a structure from_ an
analysis of the Patterson function. If this can be done,
the phases from the calculated structure factors from these
atomic co-ordinates can be used as trial phases for the
observed structure factors. The greater the percentage of
the electron density of the cell that is known, the more
reliable will be the phases. The trial phases can then be
used to calculate an electron density function, from which
more atoms may be found. In the discussion of scattering
from amorphous solids, mention was '‘made of the spurious
ripples in the Fourier transform of the intensity due to the
termination of the data at some maximum scattering angle.

A function whiéh alleviates much of the termination problem

is the difference synthesis Ap(x, v, 2) defined (Stout and

Jensen, 1969) by:

fo(x, v, 2) = g I_ I Ly ([F | - [F_el%

e-Zni(hx + ky + 1z)
n
C .

where Vc is the volume of the cell and FO is the observed'
F (h, k, 1) and Fc is the ca}culated F(h, k, 1) and a. is
the phase of Fc. -

Although some refinemsnt of the crystal structure
can'be done with a difference synthesis, least-squares
refinemenﬂ o©f the structural parameters jg now more common.
I£ Py is a strugtural parameter.(a position cobrdinate

th

temperature factor for gxample), F is the. r observed -

or



structure factor and Fcr i~ the rth calculated structure
factor and Wi is awight applied to the rth observation,
then the vector v (equal in dimension to the number of

parameters being refined ) can be defined (Stout and Jensen,

1969) as:

¥, |

\% = - wr(Fo - F )
Bpi

. x cr
(observations) '

The matrix A can be defined as:

. A.‘ = 5 w alpcrl BIFCII 4 i
1) by r api apj \\\—
and the vector X of shifts in parameters X; = pinew - piOld‘
can be’ found by solving the matrix equation Ax = y. ]
2.6 Corrections for Physical Effects *
A crystal fully bath€d™in the X-ray beam will have ”
the intensity of its (h, K, %) reflection attenuated by a
factor, A, given by: . b
) \ .
A=23 e H(Typn. ¥ Tout)dv ’ S
V “crystal ' ' i , Q
g ; oy )
Lo+ -
. . ] I3 W ’ iy .
where Tin and Tout are the lengths of the paths of the |
incident and scattered rays inside the crystal for a

A WA e g Ml n o o e
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scattering taking place in vq}umé element dv. The volume of’
the crystal is denoted as V and p is the linear abso£ption
coefficient. The absorption correction entails the
cdlculation of an approximation to this integral for each
reflectioh‘sxanguldr setting and the division of the intensity
I(h,k,¢) by A. ’

This absorption is anisotropic only to the extent
determined by the crystal shape. If, however, the scattering
process itself“significantly contributes to the attenuation
of the X-ray beam, an apparent increase in absorption wili
be observeﬁ in the intensiﬁy of some of the stronger -
reflectionsi If a regime of crystalline perfection is called
a domain, and if the domains are misaligned relative to’
each other by a small angular distribution called the mosaic
spread, that part of the éttenuation due to interference
effects between multiply Scattered beams ingide a single
perfect deain is called primary extinction. If the primary

beam incident upon a domain inside  to & crystal has been .

attenuated by extinction in a pre&iously travelled domain, the

e f

-

effect is called secondary extinction., Under the assumption

that spherical domains are misaligned within a small mosaic spread,

B s e T U
. . N v
-

Zachariasen (1963, 1967) éeriyed a cor;ection formula for
.thq effects of extinction. Larson (1967) disoussed ways of
including a parameter for secondary extinction in the least- ' .
' équares refinement of a struétufﬁl modél. The form of

correction used in thepmesent,experiments is one of Larson's
< 't N " A ‘

-
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(1967). The corrected calculated structure factor, onrr.

1s given by:

FCOI‘I‘ .

¢ = F (1+¢gg F)?

where g is a refined parameter and é is a function calculated
: from the scattering Angles.

Several papers recently (for example, Coppens and
Hamilton, 1970; Thornlx and Nelmes, 1974; and Becke} and
Coppens, 1975) have extended the treatment of seéondary
extinction by considering an anisotropic domgig shape and
an anisotropic mosaic spread. It was suspected that a-VPO

)
should exhibit anisotropic secondary extinction. To guage

the sev;rity of the anisotropy, the g parhmeter defidéd above
was refined for two restricted subsets of the intensity data.
The first set corresponded to (h, k, 0) and (h, k, 1)
reflections and the second set included only_(h, 0, Q) and

(h, 1,2') reflecéions. These subsets correspond to the zeroth
and first layers for the X-ray beam nearly normal to or

nearly parallel to the plate of the crystél‘ It was found :‘
*that the g value refined for the two subséts were within o
expec;ed error of each otﬂer and of the g.valué for .the
tptal reflection set. It was judged from ﬂhis-that the

degree of anisotropy‘in the secondary extinction for u--VPO5

did not warrant further treatment.

~
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_§ystem is used, in which a divergent beam of X-rays from the

CHAPTER 3
APPARATUS

All of the X-ray scattering data on the glass

‘samples in this study was recorded on a diffractometer which

I

was designed for the study of scattering from liquids. The
diffractometer was built at McMaster to the specifications of
D. Crump who based its design on that’pf an instrument at

Oak Ridge Naﬁicnal Laboratory. In this kind of machine,
known as a theta-theta diffractometer, the saﬁple remains
stationary while the detector and X-ray source move about

a common horizontal axis. A Bragg-Brentano paraffoeussihg
line focus of the tube is passed through a beta filter, then
directed with a diﬁerggnce slit and soller slit assembly onto

tike top surface of the sample. The scattered radiation

passes through a scatter slit, which limits the solid angle

"seen'" by the detector, then thro%gh a second set-éf soller
slits to a receiving slit. ’Beyoné the receiving slit Ehe
beam diverges onto a curved crystal monochromator of LiF
and diffracts from it onto the crystal of a sointillation
counter. The focussing system is symmetric about the axis
of ropation with the divergemce slit and scatter slit being

equidistant from this axis and the receiving slit being the
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same distance from this axis as the focal point of the X-ray
tube. The openiné in the receiving slit should match the
projected width.of the focal point on the X-ray tube.

The scattering system consists of three units; the
source, the skmple chamber{uand the detection assembly.
The source, which includes aﬂ X-ray tube and housing with
a wheel containing various filters manufactured by
Phillips Electronics and soller slit and divergence slit
assembly, is mounted on a shelf and arm of three quarter
inch thick aluminum. The detection assembly consists of.
an AMR monochromatorunit,with the scintillation counter and
slit housings m?unted onto the monochromator base which in
, turn is secured to another shelf and arm unit also of three
quarter inch thick aluminum. The twé aluminum arms are -
each connectgd to' a nine inch rotary table and coﬁnter—
%;lanced by weights hanging from steel cables wrapped around
the table and riding in a groove. The two'rofary tables have
been carefully aligned about a common horizontal ﬁxis.
Running through the centres of the two tablés along the
common axis is a closely fit@ing~ét§el rod which has its
centre scribed on one end. ihis rod marks‘the axis for

alignment of thé slit system. The drive wheel for each

table is fiited‘with a gear ‘which is driven by a common .

worm gear. The worm gears, of.opposite pitch are connected
to a common shaft, which in turn is driyen through a set of

bevel gears by a Slo-Syn synchronous motor. This motor,

o

[
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through the shaft with the two worm gears, drives the two
tables to turn in opposite directions at a rate of .6

degrees per minute. Tﬂe gears connecting the tables to the
worm gear shaft can be disconnected from the table drive

with the removal of a set pin, thereby allowing gﬁe detector
or source angle to be set independently by turning a crank.‘
The crank on the detector table can be removed and replaced
by a notched aluminium plate which acts as a cam to.activate
a micro-switch for use in step séanning. The detection
electronics, operating in either a set time or a set count
mode generafes a five second pulse to the synchronous motor
when a count is completed. In this five seconds the cam will
be moved fgr enough so that the micrq—switch will be activated
and the motor, which is connected to its power supply through’
either the micro-switch or the gonidmeter control, will
continue to turn until the next notch on the cam is reached.

. Cams have been made for two, three, four, six, eight, or ten
steps per degree. The vernier on the table drive allows the
angular setting to be read to the nearest quarter minute, and
the step scanning system advances the angle to within this
precision.

The X-vray tube housing was designed to accommodate a
Philips X-ray tube, with a take-off angle of four degrees.
The focal spot to rotation axis distance was chosen to be

the same as that of the Phillips.%WISBO horizontél oowder
diffractometer so that slits from that machine could be

used on the theta-theta diffractometer. A standard Phillips
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beta filter -assembly is fitted on the housing. Cooling
water for the tube is supplied through a closed circuit
controlled temperature and pressure plumbing system used in
common with the other X-ray generators in the building. The
power for the tubes comes from a GE XRD-6 power supply
operating in its constant potential full-wave rectification
mode . |
The GE 75KVP generator and power supply should be
stable under the operating conditions of yhese experiments,
according to the manufacturers specifications$,to better
than .1 percent in voltage and .05 percent in éurrent‘
At‘na point was, the geﬂerator run- at more than onhe quarter
of its maximum Opeiating poﬁe£. Nevertheless, the counting
stgategy for thé'experimentywas so chosen that diurnal drifts
in the eléctronics of the souréé or detection system of one
half percent or more, if they should appear, would merely
" shift the background'siightly and not appear as spurious
signal:_ Two X-ray fubes Qere used in this expériment\ The
first, a molybdenum target tube, is a Phillips P¥2105/00
broad f00u§ high .intensity t&pe'which Wwas run af 50 KV
potential and 22 mA tube. current. This'corrgsponds to
approximately two thirds its recommended maximum opgrating
power. The other tube is a fine foeus high intensity .

chromjum target tube, also from Phillips. It was run at only

30 KV and 20 mA, which corresponds to half mximum bower.
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The detection chain begins with a focusing LiF crystal
monochromator from A.M.R. Industries, model 7-202H. The
X~rays are focussed onto the crystal of = scintilﬁtion
counter powered by a Phillibs PW4025 stabilised high voltage
power supply. The pulses from the counter are shaped with a
PW1365 and passed into a PW4280 amplifier which operates as
a single phannel analyser to discriminate against spurious
electronic noise on the one end and against higher harmonic
reflections from the monochromator on‘thé other ené. The
pulses passed by the analyser go into a PW4237 counter-timer.
The counter—timer runs a chart recorder through a PW13623
rgtemeter for preliminafy runs, or for quantitative data in
the step~-scanning mode it dumps the time and count onto a
paper tape printer through a pw4a$s printer control and
signals a step advance through the PW1364 step scanner. Data
was takea in éitbér conftant time or constant count mode
depending on the- conditions and scattering rate for that
scan, always ensuring that at least half percent statistics
were justified‘

In the normal unfiltered spectrum of a Molybdenum
X—ray‘tubé,'running at 50 KV potential, the desired Mo K
peak will be riding part of the way up‘the.baok of the//&//
bremstrahlung band. A zirconium beta filter will suppress .
the Mo KB line and @ost.of the bremstrahlung with energy agove
the Mo KS peak, but will not suppress the bfemstrahlung tail

below the Mo Kg peak. A crystal bremstrahlung selects out
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FIGURE 3.1

SLIT OPTICS )
The sample plane is indicated by
the base line. The divergence slit,
-Sl’ limits the beam from the X-ray
tube to an angle 28,. The receiving
slit, SS’ approximates thé focai
~area of the X-ray tube. A scatter
slit, Sz, limits the anguiar range .
"seen" by S3 to 2Q2ﬂ After passing
through.ss, thé X-rays diverge onﬁo
the curved monochromator erystal, M,
andcurﬁact onﬁo‘th§ face- of the

detector D.
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only a narrow pass band around the desired wavelength and,
hence, would eliminate the problem of the brewmstrahlung
tail. The speétrum of achromium X=ray tube running at 30 KV
potential has its K-alpha doublet well removed from the
bremstrahlung band. In this circumstance, the desired part
of the spectrum.should be weil isolated with only a vanadium
beta filter and a single channel analyser to discriminate
against high energy bremstruhlungwhiéh may escape the
vanadium filter. The monochromator was used for the data
taken with the moiybdenum tube, and the analyser was set to
accept apprbximately ninety percent of the radiation passed
by the monochromator. The monbchromatorcrystal wvas removed
when data were taken with the chromium tube and the analyser
set to accept approximately fifty percent of the radiation

passed by the beta filter.

3.1 Alignment ©
When a properly aligned diffractometer is set to

zero in the angle, a horizontal line will pass in turn through
the focal line‘of the X-ray tube, the centre of the divergence
slit, the axis of rotation, the centre of the scatter slit,
and the centre of the receiving slit. To allow for alignment,
several degrees 6f freedom were built into the diffractometer.
The scatter slit and receiving slit assemblies ride on and

are secured to a track on the base of the monochromator unit.

This unit is secured to a plate which in turn is bolted to

P —



the arm of the diffractometer. Slight tilting and vertical
translational freedom is possible in the positioning of this
plate against the arm. Screws in plates temporarily
c-gThmped to the arm allowed the plate position to be
manipulated. The sample chamber rides on a plate which
travels vertically altong a beveled track, drawn by a screw,
When the sample chamber is removed and its plate translated
up to its haximum, the scribe marks on the rod marking the
axis of the diffractometer are visible. The centre was found
wn the cross-hairs of a cathetometer telescope pointing
parallel to the axis of the diffractometer. An aluminium
cylindrical plug with a shelf cut into it along its axis was
inserted in the mount for the sample chamber and lowered until
its centre was found in the cross-hairs. The slits were
replaced with plates in which were cut windows one side of
which coineided with the centre of the plate. The shelf

on the plug and the monochrometer unit were levelled with

a shop level and manipulated until a plate acting as a
straight edge was level and flush with each slit and the
‘axis plate. Fine adsustment of the whole unit Qas later
done using rocking curves of the main beam (vell attenuated
with filters) and one sixth degree’divergence and scatter
slits. Once the detection slits are aligned with the

centre of rotatien, the divergence slit may be opened and
the theta angle of the X-ray tube advanced until a m#&imum

intensity 'is seen through the scatter and receiving slits.
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A knife edge attachment may then be secured to the shelf on
the centre plug and further rocking curves taken until one
is assured £hat the beam passes through the axis and all
slits. At this point a small divergence slit may be
1nserted and adjusted vertically until it too straddles the
beam. A problem was encountered at this point. Because it
1s desirable in general, and in this experiment necessary,
to be able to align the detector slits once and to only
erealxgn the easy side when tubes are changed, it is therefore
rquLred that it be possible to zero the two sides independ-‘
ently. This was only possible to within the range in which
one can simultaneously mesh the driving gears of the two
tables onto the worm gears on the common drive shaft. To
remedy the situation, the drive shaft was severed between
the worm gears and a jdint consisting of a male and a
female piug each with a flange,’was inserted. When the pair
are joined, the flanges are flush against one another, and -
one flange has a circle of sixteen holes, while the other
has fiftéen holes, equally spaced. This causes a vernier
effect as the two segments of shaft are rotated to each ’

other, and one need only place a set pin through the pair

of ﬁj}gg\that most closely align to rejoin the shaft.

-

3.2 The Sample Chambhexr

The sample chamber used thxoughout this experiment is

a Materials Reséarch Corporation vacuum furnace attachient.




The unit consists of a water cooled vacuum chamber with
beryllium windows which allew scans from zero to over seventy
degrees in theta, although the diffractometer will not go
beyond sixty nine degrees. The chamber has capability for
use from 77°K to over 1600°C but its only use in this
experiment was to orient the sample and elimunate air scatter
from the data taken with chromium X-rays. For that part of
the experiment no vacuum guage was used and only a tore
pump used for evacuation, but an observed increase of over
thirty percent in the X-ray count rate on evacuation
indicated that, for the purpose of X-ray scattering, most
of the air was gone. The transmission factor ot air for
chromium X-rays is qdoted by the International Tables of
X=ray .Crystallography. as 68% for a path ol ten centimeters.
The volume of air "seen” by both the X-ray tube and detector
is a function of n$gle, therefore, air scattering when
significant, must either be eliminated or corrected
‘analyttcally. The former option was chosen.
The sample chamber is mounted against the travelling
- sample chamber plate with a piug and is held in position
against rotation around the diffractométer axis by two
sot screws., The platé holding the chamber translates
vertically with the turning of a screw, thareby providing a
socond degree of freedom. The tﬁird degree of freedom is a
.tilt around a horizontal axis perpendicular to the axds of

the diffractometer. This tilt is provided by the sample




table in§ide the sample chamber. In this experiment the glas§
slabs vere secured to the sample table with plasticene gpq
& level placed on the top surface. The chamber was rotated
and the tilt adjustgd until the surface was level in both
ddrections. The theta angleuwas then advanced to
approximately twelve degrsgi/gpd #Kmatching scatter slit and
divergence slit ga;r were inserted. The sample height was
then adjusted to mgximize the intensity.' The following
illustrations show how this wo;ks.( In diagram A- the divergent
peam and area "seen” by the deteoctor are.ingicated at a
theta of 20 degrees. If a very weakly absorbing sample is
ra(géd from point'l to paint 3 the maximum intensity will be
reached at point 2, where the most sample is seen by béth
,lements For such samples, it Has been suggested that one
sD t be chosen larger than the other, thereby giving an
1n§§usity versus height graph like C ., "In oase F the centre
could be found ‘as half the way from & to 2°'. ?he situation
changes for an‘absorbing éamplé‘ If a rai pene@rétes to a
depth d‘from the surface anad oohes out at an angle theta it
will be atfenuated‘by a factor exp (+é udesc(9) ), where n
is the lingar absorbtion coefficient. For the glasses in-
this experi&gnt a ray (MoK ). penetrating to afwlepth.of .1lmm
‘~f311 be, atteﬁyated by approximately exp(+2) It can be seen
that in this”ckiqwonly a very tkin layex af 'the surface
offectively takes part in the soattering. Ib this cdse the

surface area "seeﬂﬁ by both sides detormines the intensﬁty
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and graph B is observed. It has been predicted that the
intensity.should be often quit§ sensitive to the orientation
and positioning of the sample. To test the reliability of
the total method, a sample was leveled and positioned, the
intensity scatter measured, then removed from the chamber.
It was then reinserted into the chamber, relevelled, and its
height reset. The intensity was reproduced to within one
percent.

One can more closely assess the approximations used
in this technique‘of pdéitioning the sample holder, by
reﬁerrihg to the next two ;llustrations~ The illustration
én%;tled "Geometrical Parameters" shows the diverging beam on
.the left and tge diverging line of sight on the right. The
case illustrated is the overviewing one in which m&we sample
is "seen” than is illuminated. As the sample .rises into
view no intensity is detected until the height reaches ul
after which the intensity rises linearly until #, is reached.
The intensity formskd plateau fréﬁ Hz fo HS at whicp innt
it ramps down to zero again at point HQ; If one considefs
the four lines which Sound the divergent p&ths a$¥funotions
of the parameters on tho diagram. one can easily oalculate the
intensity as a funotion of sample height, which 1s proportionhl

to the length of a horizontal line segment oonneoting the

appropriate beam boundaries‘ Six cases are illustrated 6n.the,

followiné page. ‘Tho slit openings ‘are g}ven in degrees and

theta is noted on each. The ordinat@ on each is the length

PRSI S
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PIGURE 3.3
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GEOMETRICAL PARAMETERS.

. RAMP EMDS
PLATEAU ENDS

PLATEAU STARTS

RAMP STARTS

The details of the scattering geometry for the case in which the scatter

. Nra the divergence slit Ammuv are not nmnwmmeuH% equal.

slit A&mNu



‘ FIGURE 3.4
A schematic of the scattering intensity -
versus sample height curves was given by
Figure 3.3. The details of the scattering
goeometry for the case in which the area
"seen" by the detector exceeds the area
illuminated by the X—réy beam were given
in Figure 3l8. Calculated examples with
sample height in millimetres are given
here. To guage the sensitivity of the
pfooodure used here to posit;&n the sanple ;-
upon the alignment of the diffractometer,
each'graph corntains. five curvgs oérre§pond;
ing to equal inorements of misalignmont of
the main beam from zero to one. half degree.
In some of tpe graﬁhs.the five curves supexr-

lmpose too closely to be resolved.
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of the above mentioned line segment in millimetresand the
abscissa.is the sample height in tenths of millimetres. Each
graph contains five curves to show the degree of change
introduced if one of the beam paths is missaligned from zero
dogrees to an extreme of one half degree. Examination of
the graphs shows a tptal travel of approximately one ﬁillimeter
and & sensitivity in most cases allowing the centre to be
estimated to within one or two tenths of a millimeter. The
‘effect of misalignment is seen to be inconsequential.

| This technique was suggested in a review by Furukawa 3
(Furukawa,1960) aud-criticised by Wagner (Wagner, 1965). 3
Wagner found tﬁai the position and height of maxima in the
intensity from l%quid metals varied with sample height h,
and that the maximum did not correspond to the axial positiona

His argument is based on the absorption.factor A, where
A= (1 + tan ¢ cot(9))/ ap

In this expression théta is the usual nalf'soattdriug angle
and epsilon is the angle made with the horizontal to the
plane tangent to the menisous at the point the centre ot .
.the beam intersects the sample surface. EKlaborating on his_
_hrgument, if the.heighttis displaced by h the beam will
sh1f£ hcot(a).éff centre. ‘If the radius of ourvature‘of .
thg menisous is Rm, tan (E) is npproximatol& hcot'(Q)(Rm. Aq,
and hence the intensity is now proportional to

JURUIPRY
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(1 + (h/R;)cofz(e)), which is a rather strong function of.
angle, ;t should be noted, however, that the functional
dependente on h is really on h/Rm and for a flat. specimen
epsilon, and hence A, is not a function of h. In such a

case one would expect the above proogdure would find the
correct sample position. To say that in the absence of .

a meniscus the correét vertical position will be found does
not imply a freedoﬁ from the cétangent aberration due to tilt
of the sample. A test of the level used.to position the
sample indicated that a tilt of fifteen minutes caused

mioh more deviation than was acceptéd 1L the positioning

of the samples, but a ten minute error was possible.

3.3 Data Treatment

Onge the intensity has been recorded over several
overlapping segments of scattering énglé‘it mﬁst be
processed through ﬁhree stages of reduction to yield
structural information. The first staée applies polarisgtion
and absofption corrections on each segment., The seocond
stage scales thg seéments,into one ourve and prepares the
data for the third gstage whioh subjeots it to.an affine
irqn&formktion which iselates that mrt of the measured
intensity’dge to single.céheregt gqattering ovénts and “
oomﬁensates for the angular variﬁtion in soéttoring,power

which distinguighes X«ray data from neutron data.

|
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Théftrst programme‘tn the reduction series reads
the complex atomic or ionic scattering curves, the ’
stoichiometry, absorption coefficient, and slit sizes and
angular variables for each data sét and punches for each
'intensity moasured a card contalning s, theta, the'élits sizes,
the correoted intensity in counts per minute, the
stééistioal variance, the average squgred scatter?ng factor,
the average scattering factor squared, and the incoherent
cross soction. These cards act as the "raw" data for
suhsequent‘processing. The polarisation is given by the
following function (Wagner, 1972) where ¢ » 1 in the absence
of anry monochromator and ¢ = oos2 (2a) with an ideally mosaio'
monochroﬁator_gfter.the sample, with the monochromator orystal.
pargilel to the sample. Alpha is the Bragg angle o; the

crystal in the monochromator. The polarisation term P.is
P (20) = 3 (1 + o c0s?(26))

The absorption coxrection used is'the one published
by Milberg (1958) whioh allows for the oase in whioh
the sample'is overviewed. .Fcr an effeatively infinite sample
thickness ahd equal viewing and 111umiqutipg slits, this
function reduces to the one derived and experimentally
verified by Lo\vy..'Agron,' and Dontord (1089). . Reforring
again to tholilluatration "Geomqtrioailpnrameﬁérs“ in Fig. 3.9,
one oan seo the regions of the sample for-which the various

oases of'thé Milbexrg correction apply. In dase one the
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bottom of the sample does not reach as far as uz. Case two
applies when the bottom is betwéen pqint szand Hl, and case
three applies when £ha sample 1s effectively infinite,

i.e. beyond Hl‘ Which case is applicabla depends on the
slits and also on the scattering angle. The approximation is
made that the incident beam has c¢ross section A at the sample

and no divergence upon penetrating the sample. The demarkation

of the viewed area is also approximated by two parallel lines %x%

A+2a apart. This is once again a "beam" crossection., If the
width of the beam perpendicular to the scattering plane is Z,
the following functions may be computed. If I is the 1ncident
intensity, the corrected intensity I may be computed froﬁkK d,
g, and r, where K = I A2/2u

d = 2udcsc (29)

r = Judosc (20)

and
gét) w1 - exp(-2pt csc(d))
and
Cus:\}‘.o < t2 da seo (0)
T = Kg(t)

Case 2 da smeo (6) < t< #(A + a) sec (8)

D= Kea(t) + (BE098CR) L & 4 dyoxp(aa toso(e))- (=)

Caso 3- #(A + a)sec(0) < t
‘ I = K(1-(1=0xp(~d)exp(=r)/d) .
In the above uis the linear absorption coeffiplent and t is

the sample thickness. The absorptidn coeffioclent of the wp~id v
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phosphate glasses for Mo KG is 30 cm_l or larger, and absorption
as a funcéion of angle is quite flat. These corrections,
although minor, were apnlied.

The data set as punched by the first programme is
suitable not only for input to the’radiél distribution
function series of programmes, but is also avallable to
PrOgramnes which\apply non-linear least squaies minimiaation
algorithms to test for aberrations in the data causéd by
alr scatter or by sample tilt of the,;zrm suggested by
Wagner (1065). _ The significance of the air scatter
contribution can be assessed by a simple approximation. At
low angle where alr soatter is mos t important its ratio to
the sample scatter wi}l be in the ratio of squére eleétrons
per structural unit of a;r to ‘that of the sample times the
ratio of the number of accessable scattering units. In
reforence again to the illustration "Geomotricﬁl Parameters"

" (Figure 3.3) the air above the sample accessible to soatter

is approximataiy the triangular prism defined by xlxsuq. .

The sanple available tor goattering is in a volume (u)"1

deap and w}th the same area of surtface as the lower bound of
the air yqlume unit‘\'?he common surfgoe, which is a runofion
of scattering angle, éancels.out and the ratio of volumes
bacomés % H4(u)‘ Given the ratid.of‘denéities and moleoular
wveights, the air scatter contribution for vanadium phosphate.
glasses is found to be in the order of } percent. Were it not

removed experimentally, air acattar would have given a
‘ )
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stignificant angulariy dependent aberration to the data taken

with chromium Ka X-rays because u is an order of magnitude *(:T
greater in that‘case and, as.noted above, the ratio of air
scatter £o sample scatter is proportional to the linear
absorption coefficient.

The second programme in the serie§ merely uses the
overlap between the various segments of data and internally
normalizes thém into a single function of &. The variance
for each intensity point is always scaled along with the
intensity at every stage of domputation in this study.

All subsequent computation such ;s normalization, Fourler
transformation, model generation and fitting, reliability
tests, etc., is done By a subroutine library communicating

by labeled Common. The data produced by the second programme
are read by this system.

When properly normalized, the intensity will osolllate
about sum of the independent soattering function (the average
of the square of the atomic scattering funotions) and the |
_ background. The true background from cosmic rays and other sources
in this axpeé;ment is seidom kreater than one part in three
hundred of the apparent background, byt the term Baokground
funotion, or B(s), will be used to include all scattering
not due to single oohérent soaftpring eveitts., If not already
removed, baockground gng air soatter ppuld be'inoluded in
this funotion, but its greatest components are the Compton
goattoring and tho doubly soattered X-rays. Some authoxs

‘would isolate the Laue @onotonio'soatiaring'term(<r3>— <r>2)
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from the independent soa;tering term, in whichh case, the
intensity would be said to oscillate about the square of the
average scatterlng function plus B(s). If one goes to low
enough angle Warren (1969) has shown that another,
small-angle, contribution must b% subtracted. More will be
sald about the background contributions, term by term, below.
For now it can be assumed that a smooth curve, ean be generated
from the sum of several contributions all of which can be

put on the same scale with the independent scattering function.
The intensity should osocillate ev&nly.about this curve after

it has been so&fed with.a scale constant K. Sevéral digorithms
have been §dggested for the oalculationof this constant and
some stydies hdve used more than one algorithm to check self
oonsiééenoy , (Black.and-Cundall. 1965).

’ In the first method the average intensity above some
high value of‘s is divided by the average of Y2+ B(s). It is
assumed that only small ripples of»the‘ﬁsoillatory contribution
Q}e still present. This method Has“tng disadvantage that the
incoherent contrfbution wh{oh'may be pregsent must be well
knownl | |

The second methoﬁ, known as the integral method, and
attributed to Norman and Krogh Moo, involves an integral of
the experimental and theoretioal\goattering xﬁnotions
(Norman, 1987). The Jjustifieation for §his tooﬁniqua lies
in the form gf the radial digtribution fgnotioﬂ‘ D(v),where,

-
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n
v wd

D(r) = 4n r(p(r) = Du) = (3/u) gm si(s)sin(sr)ds

As r godgs to zero o(r) ts 2zoro and the lett stide becomes

- 4ﬂpor and the right side is simplified by approxdmating

sin (sr) by sr. The r may be eliminated from both sides and
thé 1(s) broken into its components. Tho 92 rematining in the
integrand unduly accentuates the high s contributions, uhd
Warren (1969), has suggested a Gaussian damping factor,

exp (~4(s/s )8),be applied to the integrand. Tho following

max
{s the resultant equation for the normalization constant K,
wvhere TSF (theoretiocal SGAttering funotioﬁ) signifies the
"indppendent soattering plus the background function and ﬁ(s)
signifles the above Gaussian oonve%gonoo factor divided by
the square ol the average scﬁttaring function per electron

(M(Ov/' 1).

7)2

a ' = 2 \ - ! .
K‘f $ lexpM(S)da I 8 M(S)?SF??S an p“().uo

In the above, p, stands for the number density of unita of
composition and Z is the numbor of olectrons on each atom -
and the sum is. takon over the unit of eomposition. Tha

intogral method of normalizaticn has the advantage that it is

much less synsitive to the inooherent high angle oontribution -

and emphasiues the middle range in &, where bath the TSF and

Ipr are most froo from aberration deriving from incomplete

correotion. If tho first two methods of normaliaation
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agree well, then the high angle contributions have probabiy
been oombut@d pyoperly. 1t the mafoh 18 poor, the high
angle paxrt of t(sé’wtll glve large ripples to the RDF at low
v. The dtsadéaﬁtaae to this method is the need to calculate
the TSk, with {ts several céﬁtrtbuttons; to reason&blé
aceuracy whan net all parameters are well enough known

A third &othod velies again on the radial
distribution ftunotion, D(v). As mvnttoned above, D(tv)
(» 4n x(p(r) - 0 ,70 at low enough v is lineax wtth a glope of

= dnp oo L0 any tupotton oan be drgwn through 1 oxp g0 that

© 1t equals <Ie‘p>,£or a local range of 8 to isalate the

osotliatony purh; the magnitude .of the resulting i(s) needA

only be adjusted.to make the low ¢ slope of RDF fit the

experimenhallv known deuQity Altarnatively. the normultsatton
odn bo done by one of the methods above and- the danqtty '
m@asured from the rve sulting glope. Konnaré and K&rle (1973)
have u§ed an empirteal‘TSF. and Kaplow (1965) dxsbusses the
adjugtment of the deneity ag a parapeter in a r@duotibn'\
shome: Cargill has argued (1971) that the denstty that

MOst alosely tite the D(r) funotion at small ¥ may not be

the true bulk density i{ medium range fluotuattonq or

olustera (20~50 A) oxigt tufthe glasa and data i& not taken

to low enough angle to Qataqt the qmall—angle seattexring

from these fluotuations. This nuet be regarded as & caveat

"for thoae ‘wlshing to f@llow the prooedure Q} Kennert and Karle.
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Each of the above procedures were used in this study.
To avoild the problems in the amplrioal background apbrqaoh
tﬁat Cargill whrned about, data was taken down to very low
angle on each specimon with chromjum X-rays. With slits as
small ag one sixth degree and a wavelength of 2.20 X 1t'was
posgible to go to an & value of .1 to .2 with each sample |
before the area of illumination exceeded the sample surtacé.
Below that ahgle a oorrection proportional to cso(e) would
be required to compensate for X-rays failing to illuminate
the sample. In most cases déta wote recorded to within ohe
" third af a degreo of zero iu thota._ The obJeot.of the search
was not to colleet quantitative data, for aberrations of a
serious nature . could plague a'r?fleotien small-anﬁla
exporiment, but rather the soan sought a strong oxpenential
rise in the iptené}ty that would signal the presence of
gignd fioant wedium range density fluotuatious. Bishop and: '
Shavchiok (1974) . reoently publiqhed the resulta of a
oareful transmiasion gmall-angle experiment on uhaleogenide
glaqsas in whith they found Giauifieanoe in the absonoe of
amall angle soattoring, _ _

rn implemantins the ompirical baokground procedure a
variation of the algord thm Qf Konnert and Karle (1073) was
uged. Overlapping sogueottts of 8 wore chosen, and fox eaoh
: gogument . function a{&a = oxp (= «{a +88 + Ysa)) i& oaleulatea
by fitting a loast situares Quadf&\ti& function to/_the natural
logartthm of the intensity. The rosulting B(a) ia a é&mrovér
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v of Q(s)v W(s)vhero the weighting funotion is shown below.

Yeighting Funcotion

18

" The data in the f-igton bolow the firat peak in the intensity
were not inciuded in the tit, beoause they tended to pull
B(s) down unphysically at low &. )

A oaloulation of the Compton contribution is need
for the implementation ot thg'cthbr normaliéa¥1§n procedures.
The Compton contributien ig a product of three functions, 5
the atomic Compton intensitics E“Q 1n0(3)’ the aneit-uirac : é&
funotion for a countexr (A/AY) é, and the mnnochrnmutcr‘laakag@ ﬁb
funotion L (s). The atomic intenaitiea ure tabulated (Cromox, %
1869) or fitted te a parametric oxprossion (Hajdw, 19?2)‘ . f}

The tabulated or camputed Compton torm riges from ' :
aere at low 8 through an inflootion in the medium rango near
oight reoxproenl Angatrons -and asymptotically approachos e

the number of elgchrena in the at@m{ at high a. "~ 8inceo tho-
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coherent cross section qcales as Aa one would expeot the
relative importance of the Compton term to cdecroase at high
%. For vanadium, for example, the inooherent contribution

at high s is about’twioa phe coheront, whereas with lead

the coherent s about throo times ag strong us thg incoherent,

The experimepter worging with medium or light soatterers
faces the prgapégt of counting X-rays at high angle to the
besf atatigtioal variance his systom stability warrants,
only to find after subtraoting_ott moat of the signal as
incoherent background, that tho errorson the signal of
lnterest ave disappointingly large. One way to avoid this .
'éroblam 18 to experimentally remove tho Compton goattering
before deteotion. Warren and Marvel (19688) proposed '

a gohemo ﬁased on flouresosnoe in a molybdenum foil exodted
by rhodium Kux~raya which havo been scattered by the saﬁpla.
Tﬁa matoh in wavelengthe of Rh & Mo is auch that vbry little
of the Compton goattering 1sfablé to exoite the flouromcence

and remains undotected. Warron and Moazi (1870) describe

a proqedure uding the gurvival rate after transmigsion throdgh

a molybdenum foil, to’ meagure that porttou of th@ Compton
whidh survivos filtrnticn by the flquraaeanea teehnique‘
Strong  and Kaplow (1066), however, have gompured the,

flbureseanoe.thghe with a asohome whioh uaca bont and gpound '

Lil orystal monoohramators An both fhe &Qurce and raceiving

beams, and found the count rate to he aix timna greater, -
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with the monochromator. The oounting rate tar the floureaoenoe ‘
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soheme was of the same order of magnitude as the background.

Aside from the Warren and Marvel scheme, several

altornatives are left for the experimentalist to choose from.

~One alternative is to use a'beta filter only (Konnert, 1073)

accopting all the Compton soattering, or to use solid atate
deteotion (Dwiggins, 19071) with a light energy resolution or
a wide pass-band balanced filter (Ruppersberg, 1873). The

balanced filter (Young, 1963) has some advantage in resolution

over the bare beta filter. The ather main alternatives are
to uge orystal monoohromators tn elthex tlie source or

deteotion beam. /A o;yatal monochroma tor in the. detection

ba&m.filters out part, but not all, of the Compton_scattaring.

Until the flourescence is mada,mqra'effioient or until solid’

gtato doteotora become available with resolution equivalent
to it, the cheloce will be mainly between accepting part or

all ot the Compton soatterdng. As mentioned ‘above, the

disadvantage in acoepting all the Comp ton acattering is that .

the orror arising from the oounting atati&kiea on the net
gignal ia large. Qne eannct &ner@a&e tho oounting tima
indefinit@ly w&thout r@achlng the point at which the
atability of the counting asyaton bocomea the limiting faotor.
A&aumiug one ia alroady neaxr this limit with&kpmonochrgmﬂtor
it ia slmple to caleulate ti factor by which the 1ntenaity
must be dnhanced in gbing to anothor method, fox example
balanced filtora, to. got the aame prociaian. If R i@ the

. ratio of Qoherent aqatt@rtng to total aeattaring& the ,

4
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enhancoment must be greater than R'a. Fovr vanadium, one
order of magnitude inorease would suffice, but for phosphorus:
an intensity inorease of about forty would be needed. For the
pregent experiment, a ziroconium-yttrium balanced filter was
tabricated, but the tnorease in 1nteaaiby uver_the orysatal
monochromator wag not appreclable enough to warrant its \use,

The disadvantage to uging any method whioch only
partially 9ltm1natés the Compton soattering 18 that an
efficlency tunotion must be found whioh measures how muoh of ;
the Compton scattering at a glven angle will gurvive
tiltration by the monochromator, ‘Tha oryatakfmdnooﬁromutov
{¥s0lf, has beon faulted for s&vaial aberrationy by Black
and Cundall (xgés), and ita Iintte width &oba ag A
fourth slit in the optioal ayatem. Strong and ‘
Kaplow (10668) note asome of the. same shortoomings but turther
note éhgt appropriate onﬁtiona and proper abgorption correation
eliminatea the problem. Fxpariancas in this atudy tend to
corroberate Strong 8 ‘conalusion. '

e

3.4 . The Monochrowator Leakage Fimotionf

Once the decision ie made to use a éaf;&al'filtratien
technique, " the attioienoy function of the monochromatormuat
e found. The monochromator (er balanced filter, or 5611d ~

gtate deteotor) may be aeen &aja pané-pa&p filtor whioh
paases only radiation betweon a paix Qr.w?volanggh& Ay m\)a Age

The region from A, to Ay iz called the pass-band and ka - "‘1 :

{
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the band width. A convenieut unit for wavelength shifts
and band widths is the X unit (X.U.) which i&, to a close
approximation, one thcugandﬁh of an Angstrom. I will
present an attempt at parametriaation of the efficlency
tunotion in order to guage how sensitive the net intensity
¢ to the values of the parametors.

Consider a'Kux-ray soattering from an electron in
the glass sample through a soattering angle 206, If the
- gleotron were initially at reat, the soattering would be
inelastio, and would impart momentum to the electron., The
edergy shift for the X-ray, 1noreaaaé its wavelength- by
an amount %% sinz(e) where h ig Plank's congtant, m the
electron mass, and ¢ the speed of light. In X unite the
shift is 48,082 sina(e) The diviston of spattered x~r&ys
betwoen elastie and inela&ﬁio is dotermined by a recoil
factor called tha Breit-Diraa faqtor and ig equal to the ouwbe
‘of the ratio of the-initial Qavelength to the shifted

wvavelongth. ‘the aquare inatead of the oube la used wh@h a

oounter is used for deteotion (Compton, 1881). The eleotren:’

wag not initially at reat, and ita momentum diatribution
provides a line anape to the shifted x-raya in nuceh tho aame
way a8 it does to the ahgular diatributxon of gammanrays in
two gamma gcaiticn deoay. Aa the poaition of the centre of
thls diatripution ig abhifted ag & funotion af angle, gho
line broadens: If one takes the tvend noted by Compton and
Alliaoh (1981) and bxpraaaga it in tormg ot-&néxe,
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the line width la seen to be proportional to sin (0)

whereas the cautia was proportional to the square of the sine.
Ruland (1964) hés alaimed that for tightly bound
eleotrong and moderately weak X-vays the width is proportianal
to 32/(a2 + &2) and both the former and Ruland's funottonal
form will be temted below. The maximum line width tw A
funotion of thé gample {rom whioh the X«rays are being
seattered and is used below as an adjustable parameter, of

the order of ten to twenty X unite., If one assumes a line
shape gnd i1s given the centre and Qidth aa a funotion of
angle, and if one places a boundary at some wavelength
representing the t@p of the monochtomator paag band, one may
integrate the lineshape wp to the bounﬁuvy to find what '
praportion of the Compton X-rays lles within the pasq-band

In the mo&@l below a Gauaaian ltne&hape normaliged to the
Breitmy&ran factor is shifted from each member of the L
dugblat. woighted by thaintﬁnalﬁy rgtio in the doublet,

and ig lntegrated to'tha edge of the pass-band. The integral
of a Gaussian dan b&AX&proaaed in termg of the error-funution.
This treatmant dtffers from Ruland's (1964) in a fow
r@apecta. 1t treata the Qompananta of the alpha doublet
geparately as in the paper by Warren and Mozai' (1870)

‘and 4t usea & stop tunction Lox & pass=band. Ruland uaod.

& Lorentaian . for both the pasa-band and the Compton
profile. . '

- -
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One other term is included in the monochromator
effiolency oaloulations. 'The bottah of the pasg-band outs
off all x—ruy3~Qh10h reach the monochromator with a too
high an enexrgy wavelength. However, {f X-raysa of higherv
onergy have been allowed to fall on the'sample, gome of
thom may be Compton soanttered into the pass=band. Carglil
noticed this (Cargill, 1970), but estimated in hia case that

~no more than four percent of the total cﬁaepved'intenaity

at high angleé was due to this "downsoatter", Working within
Ruland's formaliam, Shevchik (1973) cangidered

how the downsvgtﬁar would effaqt the monoochromator effioiunéy‘
In Shevechik'a mmd@l the K-alpha doublet ia approxiﬁated by.

& poak of height Eo and width AA, and tpa Brematrallung is
approxiﬁuted by a block Es high and golng from the minimum
brem&trahlung w&ve{ength to the K-glpha doublet. The down-
aoattor will rise aa a function of s as the Ieuding‘ﬁdge
moves aoroas the pga&-bund until ags much intenaity ia leaving

the top'of the band ag enters the bottom. This is illustrated

" on the diagram, taken essentially from Shevehik'a paper.

Taking the limit of hi& arctangent, he finda that the
dawnaoattor oontribution w#ﬁ&\ye approximately conatant at

high &, and will be aqual to the number CD = (E&b/EoAA) whioh
he eatimatex from a published apectrwn to bo about tem perceat
for & paes band (b) of 20 X.U. Comparing thia

with ihe appropriate ocurve from Ruland‘a paper one finda ~ °
" only about five porceat of “the Gompton intonsi ties Qrigtnutea
from the K~alpha doublet. Thia @tfeotivoly L - - I |
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Figure 3.5

Tarms In Shavchlk's expression for the downscatter.

AA

k ' €D« area SN

=

area &S

Compteh from Ku

Pass hand b '7 N PRl rﬁfllfﬁﬂ .

r - \i Compton from Bremstrallung
"‘ "o L} ““‘ .
Brematral lung fs ETN, .
/ A c——
//’
s .
\
\

-y

SR,
- ~

"' i
PR
PERCR NN

PR
vy

AP
S AR




4

funot ton and admtts tothe counter about tifteen percent ot

the Compton orosa seotlon.

3.8 Experimantal Doterminations

Two procedurdd have been glven {n the litevature for
meaguring the leukage‘funotton. Lawrenoce gﬁngi.(197§)
moagured an tnfeﬁatty curve with a beta filter in tlte
qource beam aﬁd adsumed thia to contain the full Compton
contrilytion. They then memuured the intenhity ourve with
the monochromator tn'plaoo snd normalised the ocurves
together at small angles where the Compton contribution is

abuent . TQ{ loakage function wéa'axtraatod from the

\
. ) 0=1
difference in tho twa ourvea. At an & of about 14 A their

leakage tunction ia about 14% whioh compares with a 18%
. 0
leakage value prodioted for a monocohromator with a .020 A

pase band. Cargill (1970) measured the paéa~bund on hig
o . -
bent LiF nmonoohromator t© be ,01€ £ 002 A, According to

Ruland'a curves (1084), Lawrence'a pasa-band would have to
4 o )
have been on the order of .04Q A to have ylelded a loakage

funation that high if there were nb downaoat ter
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Levy et al.(10668) and Esval (1988) have used a
procedure whioh assumesa that at high enough angle all the
loakage will be due to only downscatterved photons.

At high enough angle, they assume that all the downucattered
photons ¢come from beyond the beta tilter absorption line,
Thelr procedure tnvolvea placing a beta filter before and

then after the sample and comparing the {ntensitiea measured
for the two oasen. At best, this procedure only fixes the
value of the leakage tunction at very high angle. The
assumpt lon that the leakage funotion at high enough angle

la due Jumt to the downgoatter iw supported by the resulta of
Strong ﬁnd Kaplow (1988) who measured the Compton contribution
gurviving thelr bent LiF wmonochromatorand found the Compton
intensaity to vaniah beyond an & ot twelve reoipvooal'Aﬁéatroma.
Thelr source beam was alao oryatal monochromated, thereby
elimtaatins downwoatter, The assumption that all the relevant
downaantter at high angle originated beyond the beta filter
ltne. ila more diffiault to Juatify because the Compton line.
haa oconstderable width at high angle. X-raya which originally
had wavelengths botween the betn filter line and the K“ doublet

| will ‘glve rige to, a Compton line, tﬁe oentra'of whiéh’muy be
beyond the pasa-band at high angiea. but the tail of whioh

) md& have aignificant contributXOn‘to the downacatter within
the pa&&*b&nd.- To ignore these X-raya, would cawae one to

undereatimate the leakage function.
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3.6 The Downsoatter Algorithm

The following algorithm was used to generate the
downsceatter funcotion used in this study. After Shevehik
(1973), the intenstty of the bremstvahlung s taken to be a
consrtant function ot A below the'lower vdge of the pass-band,
Even allowing tor the breadth of the shltted line, tt ts not
likely that an X<ray oviginating more than .08 2 below the
pass-band, oun be shifted into {t. The relevant portion of
the bremstrahlung s thut.ﬂhort utfﬂp between the KB and the
Ky Lines.  The perceut ohange with A in the bvﬂmgtvuhlung
tatenalty e that short strip ta not large. |

In the oodputﬁv programme, w range ot 60 X. .U, (s
takon bﬂlow‘gbe paaa band, and tor each wavolength in thiw
yrange a Gaunslan peak is ahifted and broadened in the same
way ag 1t was done for the ulpha doublet. The probability

of spilling {nto the pass-band le evaluated from the fntegral

of the qausatan. Thia probability belng esmentially a smonth{

paatly ovaluated, funation of wavelength, Lt ocan be integrated
to a remnaonable deg§qa of accuracy with a 8ix polnt Gaudaian
quadrature algorithm, Alonk with the contribution from the ,
alpha doublet, thia intogral is evaluatod at oaoh moattering
ahgle of intereat. 'The ratio of do@nsoattar to normal.
Compton intenwity jla a tunotion ot the x-ray gpectrum, and e
treatod herein as n free parametor. |

In (lgures 3.6-3.10, the vatio of browstrahiung to
charaoteriatio radiation is held constant and {s catimated ,
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after Shovehtk, from the wpectra {n the Interaational Tabloews
for vas&allngvuphy. The firat two sets have tdentical
'puramuturu but the firat has the width ot the Compton protile
varytng av a rﬁumtton of angle aocovding to Ruland's expresaton,
and the second set \‘an it zﬁst proportional to s, The only
gignttieant dlffvrenQ@ ot be seen n the leading odge of
the downsoeatter curve., Resentially Ruland's runutlgp dolays
the onaet of monochromator gotton wntil «lightly higher
anglea, but once the # gots into w reglon tn whteh the Compton
oronsg gootion iw golng to have even a minov oéntributlnu,
the two methods of caloulattion glve emsentially tdenttoal
reyul ty,

One of the reaxons for dolng thewe ou\oulatlnnu was
Lo gunge thé degﬁ@e and manner (n which the leakage dopenda
on {te various pavametera, Conalstent with the assxumptton
of Sheveohlk (1074), fhe maxtmum height ot th@'dowuuoattav
funotlon at high & {a tound to be rvoughly propnvt{nqul to
the band width., Through the downsoatter, the Compton
{ntensity's influence upon the norﬁaliaattcn cohatant tor the
total {ntensity 1{a largely determined by the slae of the
band width. The slope of the le&kugé?funohlon 1 Influenced
by - the yidth of ﬁhé Cnmptog profite, but o all uwSpurumétavn
thia ta pevhypa the leaat oonuequen%iul.'und a rough extimata
of tte value ahould suftive. The position of "the infleotlon
pofut in Eﬁg"féakage.funotluu ta Javgedy determined b%ﬁth@

digtance in wav&lo& i botwoen the K“.t&naa and the top ot the
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. Flgure 3.6 5
Leakage functlon components’ §
(a) The downscatter alone. . ' ) A
X
. The width of the pass band, B, is set at 16 X U. . ;
. rNG . “ s
The maximum width of the shifted line Is varied - ) L
from 12 to 18 X U at five equal Intervals, and a
&
curve |s plotted for each value. v
(b) The 0(s) function without downscatter. '
(c) The total leakage Function. '3
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&
Figure 3.7 1 ;
Leakége functlion components .
(The same as Flgure 3.7 except the maximum ¢ Is ) ;
lower and ¢ varies with s according to Ruland's ;
function)
!
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Figure 3.8
The Influence on the Compton intensity
of the position of the centre of the pass band
relative to the Ka line.
Two serles are shown; one with o of 15 XU, and onhe
with o of 10 XU. The band width is 16 XU for all graphs,
(a) The total 0 functlon, )
This 1s the*coefficlent of the Compton intensity
in the total scattering function,
(b) The Compton contribution.
This is the Compton-lnten§ity for VPOS‘gIass
in electronic units.
(c) The ratio of the Compton contribution to
the total bac&ground function (including the

~J

.
Independent scattering Intensity).

Each graph has flve functions. The pass-band has been
shifted from zero to six XU in the direction of shorter

wavelength.
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Flgure 3.9

The Influence of pass band shift on the

M R O e

Compton intensity

o= 20 XU

Band width = 14 XU ‘
The centre of the pass bandfls shifted 1-5 XU toward
shorter wavelength,

(a) The total Q(s) function

Y4

span of - s. Thils Is bacause the downscatter is regarded

i
. 1
Notice that this function exceeds 1.0 for a short ‘ .

as extra intensity when the Compton intensity Is®scaled !
with the coherent scattering.
(b) The Compton contribution to the total scattering for

VPO5 glass (In electronic units).
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Figure 3.10

The calculated O(s) function with measured points

L

Band width = T6 XU v “

FERI TS N

The top of the pass band is fixed at 713 XU.

-

o varies from 16 XU to 24 XU with increments of 2XU.

~

(a) Total 0(s) function expressed as a percent
transmission with points from Lawrence et al. (1972)
(b) The ratio of the Compton scattering for VPOS glass

to the total scattering expressed as a percent. : {'
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pass-band. If the monochromator is perfectly tuned, the Ku
lines will be in the centre of the pass-band. In such a
case, the inflettion point on the leakage function will be
determined by the band width. Should the bandwidth be on
the order of 16 X.U. as measured by Cargill (1970), the K,
doublet could be as much as 5 X.U. off centre without great
loss of intens;ty. This last factor is not very influential
on the high s portion of the leakage function, but it does
have a strong influence on the Compton contribution.in the
middle range of s.

The bandwidth can be measured once and henceforth be
considered a constant of the instrument. The %pite radiation
to Ka radiation ratio can be estimated from measured spectra,
and for a given set of operating conditions, could also be
congsidered a constant of thé instrument. If one could assume

that the Ka doublet is always centred in the passband, then

measured leakage functions_such as that given by Lawrence
{

et al. (1972) ,would be much more useful. They give a leakage

0
value of .653 for an s value of 3.77 A -1

which is rather
interesting, considering that two thirds of the éompton
scattering briginates from the Kal line, and that at that
_scattering angle this two thirds will still be mid-way
between the components of ka doublet. This implies that
their méﬁochromator'was so tuned that the top of their pass-
band sat so close to the Kuz line that nearly all tne Compton

originating in that line was lost. A leakage function

94
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0 0
calculated with a handwidth of .016 A, L. of .017 A, and
0

shifted such that the top of the pass~band is at .713 A

falls close to their' measured values. A graph showing this

is in Figure 3.10.

3.7 Multiple Scattering

E]

It.is aSSﬁmed'in the interpretation of.thé measured
scattering intensities that all the X-rays considered have
: scatferea only once while in the sample. If it can be
taken for granted that the secondary scattering is either
too small to be significant or so slowly varying that an
empirical background corréot%én'contains it, then no further
concern is necessary. Algorithms have beén developed to
calculate the secondary scattering, and it has been estimated
that a correction as high as ten percent (Warren, 1969) in
silica glass is needed. This shows that i% is not necessarily
small enough to ignore in an a priori background correction.
It was féund in the course of the present study that
oscillations of significant magnitude and frequency may appear
in the secondary scattering at high angle. The empirical

background correction procedure will not adequately handle

this component.

cr - e . e < e W
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Strong and Kéblow (1967) devised a very flexible
Monte-Carlo algorithm for the calculation of secondary
scattering. At about the same time Warren and Mozzi (1966)
developed a closed form equation for secondary scattering
from a flat, effectively infinitely thick sample, in the
reflection mode. It is Warren's algorithm which will be
used here. Dwiggins and Park (1971) extended Warrig's method
to the case of reflection or transmission from thin slabs of
weakly absorbing material. For the case in which the linear

absgrption constant times the thickness is much greater than

one, the influence of the finite of the sample thickness

dwindles, and Warren's infinite sample equations become adequate.

The variables in.Warren's approximation are defined in
the diagram on the fo{}owingi;age which was copied from
figure one of Warreq adﬁ)Mozzi (1966). The X-rays enter from
the left and intersect the saﬁple surface with an angle theta.
The original beam lies in the XZ plane and the XY plane is
parallel to the sample surface. The X—rax\if first scattered
in volume element dV1 and travels a distance r before
scattering again in element de. It then leaves the surface
of the sample with again the angle theta. Polarisation effects
due to a crystal monochrometer are ignored, but the polarisation
caused by each reflection in tge sample is included in the

function PF, where

b LV

P
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PF = &(pi + pg + (pyPy - cos(26)?)
where .
py = cos(zel) = cos(6) cos(@) cos(e) —sin(8) siﬁ?e)
4 )
an Py = c0S(28,) = cos(H) cos(P) cos(e) +sin(0) sin(e)

The initial penetration distance s and the distance
between scattering events r are integrated over to give an

absorbtion term of the following form; '
sin(8)7(2u?) (sin(8) + |sin(e)])

The intensity of scattered X-rays is expressed in terms of

J(26) which is in -electronic units,and is approximated in

2
i

where applicable). First order scattering has only one J

. Warren and Mozzi (1966) by L f; (+the incoherent intensity
fungtion, but ﬁhélgécond'order scattering has a J(20,) in
véf?ﬁgigvl and}&?éﬁé} in volume element dV,, and the
probébility o?ra\combined scattering event is proportional
to the groauct of the two J's. The probability of a
scattering event is also proportional to the probability of
the X-ray encouhtéfingng séattering centre. The density of
scattering units is denoted as n. Because one eventually
wants to subtract the secondary scattering intensity I(2)
from the primary I1(1), and because they have several

variables in common which may*be eliminated by using the

7 ot A ,_...-y-'“

e e e,
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expression for I(1) into that for I(2). The scattering
cross section for an electron remains as does the density
of scattering units andthe linear absorption coefficient.
'The ratio of the latter two is simplified as

no _
— = N/I Aiui

This latter is a simplification in the sense that the mass
density of the sample has been factored out. The N is
Avagadro's number and the Ai hnd ui are the atomic weigﬁts
(atomic units) and mass linear absorption coefficient. The

sum is taken over the atoms-in the stoichiometfic unit.

It may appear that this term destroys the invariance of the
expression to choice of the structural unit, but the invariance
is restored in the sum over f2 to which J is normalised.

The expression at this stage is

I(2) . , 2 sin(6) n Ty PFJ (p P(py)cos(e)dedp
H © (1+cos?(20)) W (26) —6 Egéz sin(6) + [sin(e)] -

The symmetry of the integrand allows its reduction. If the
X-rays scatter to the left or right, as viewed .from above the
sample, of the I(1l) scattering path in their travels between

dv,. and dV2 before being scattered at de back into the I(1)

1
path, we have a negative or positive @. Because of the

-

symmetry of the scattering, only positive @ need appear in the
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|
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i
integral and a factor of two compensates for the negative 9.

Taking € to -¢ interchanges Py and Py but the product J(pl)

J(pz) is inva;iant. The range of ¢ can be reduced to
positive values alone. Taking @ to 7 - @, takes n to
which corresponds to adding 45° to the scattering angle
to which J corresponds. The integrals of @ from O to m/2

and from m/2 to m can be computed simultaneously by replacing

J(py) I(py) by J(py) J(Py) + J(-py) J(-p,). Lastly, it can

R YN

be seen that ¢ appears only as sin (¢). A change of variable
0fx = sin(e) saves computing the sine and cosine of epsilon.

If one now defines a current J'(28) as

J'(20) _ 1(2)
T (29) (1)

which is now the secondary scattering in the same units as

the primary scattering, the expression for J' is

> e ""‘" h"x'_ -

- AR s

; m/2 1 PF(I(p1)I(p,)+J(-p;)I(-p,) s

J'(20) = o gﬁ - Sl“(9)2 1 1sin(§) X 2° dxdg T
i1 (1+cos™(28)) &

In Warren and Mozzi's paper (1966) in which the above .2

is all derivéd, it is assumed that J may be approximated by

2

the sum of f” with or without the Compton component. J is

parametrised, and the integral is evaluated and -tabulated

for various values of the parameters. In the present study, <

J was either taken as a cubic spline interpolation of the

normalised measured intensity, extrapolated above.and below
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the measured domain in s by the TSF function, or J was taken
to be thé TSF function itself. Gaussian quadrature was used
for the iﬁtegration, which was performed for each & at which
data were taken. When the TSF was extended to include the
Compton scattering with the downscatteyéfunction described
above, computation became rathe; costly,~ and great savings
were realised by using spline interpolation for thé TSF also,
With this approximation, the J' can be calculated for a
whole data set, with either or both definitions of J, in
less than one minute of computer time. Reliance on
tabulated values should not'be necessary.

On the* following page is a graph of J' for the
vanadium phosphate glass with fifty percent vanadate cqmp;
osition. A few features of the curve warrant notice. The
secondary scattering is scaled by the linear aﬁsorption
‘coeffiéient. Warren computed (Warren, 1969) that secondary
scattering should be a ninepercent (maximum) effect in

silica glass. On the basis of absorption coefficient scaling

the VPO, glass should have a three percent effect, which is

5
approximately what is found. Warren's (1969) curve, in
percen?}secondary scattering, peaks as theta goes through

L . .
450, and this same behavior appears on the present curve of

°_1

J' as a change of slope near an s of 12 A~ The most

important feature of the curve is the oscillatory component

1

o
above 10 A"~ in the curve computed from I(s) but nop in the

one computed from TSF. The amplitude of the oscillation is

e

-
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on the order of half an electronic unit. Although I(s) is

on the oraer of seventy units,.its oscillatory portion i(s)
has an amplitude of only two electronic units. This
constitutes approximately a thirty percent systematic
correction to 1(s) which could not be removed by an empirical
background correction such as that of Konnert and Karle (1973),
because one of the constraints built into such a system
requires the empirical background to be monotonic over
regions of the order of the period of oscillation of the
signal, i(s). In this case the sgurious signal has a
wavelength on the-same order as that of i(s). Were
oscillations of the same relative magnitude.to occur in
silica glass, they would constitute nearly a one hundred
percent correction to i(s), and there is no guarantee that
the spurious signal would interfere constructively wigh the
true signal. This estimate is based on the scaling of the
secondary scattering with the linear absorption coefficient.
It should be kept in mind that i(s) is only a few percent of
I(s) for most glasses of interest, and that I(s) is the
function used to calculate J', the secondary scattering
intensity. A large correction to i(s) from this effect will
still not significantly change J', so there is no advantage
to using corrected I(s) to calculate J' again. In their
Monte-Carlo calculatioqs, Strong and Kaplow (1967) used

both the independent scattering and the scattering computed

Ifrom two pseudo-liquids. The J' from one pseudo-liquid

-
P S e sty . - St N 4
«
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qualitatively follows that of the independent scattering,
but the J' from the other pseudo-liquid has structure.
Only four sample points were compufed in the region of
interest.

One other question with re%ard to this problem is
worthy of note. The above treatment follows that of Warren
and Mozzi and ignores the effects of crystal monochromators
Malef et al. (1973) treat the problem of double scattering
more generally, and includes the effects of a menochromatof
in the source beam. For the special case of an infinite
slab, their results reduce to the ones quoted bove except

for the polarisation factor which appears outside the

integral in both treatments. 1In the treatment of data in this

study the term 1+c052(26) in the above is replaced by
(1+cos2(2a)cosz(28)) to bring it into correspondence with
Malet's result. The polarisation correction corresponding
to' a monochromator before the sample differs from that
corresponding to the monochromator after the sample by a
nfultiplicative constant. The function used here differs
from Malet's by that constant.

The above has listed all the ingredients in the
data treatment used in this study. The specific treatment
sequence used is the following. The intensity, corrected
for ‘absorption and polarisation is merged into a single

4

curve from its segments. It is then normalised using the

Krogh Moe (1956)algorithm to a theoretical background

v e R e
"
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function which includes the Compton scattering times a

filter function incorporating the downscatter contribution.
Once normalised, the intensity is used to calculate the
secondary scattering which is then added to the background
function and a new normalisation constant found. This
normalisation is fine-tuned with a least-squares minimisation
algorithm to minimise the ripples at small r in the radial
distribution function. Attempts to refine the bulk density,
were discontinued when it was found that the ripples due to
the termination effect made the apparent density but not the
normalisation constant a function of the size of the domain
in r space expected to be structure free. At this point the
intensity and background were plotted and a radial distrib-
ution curve calculated. The secondary scattering is then
subtracted from the intensity and an empirical background
calculated. The empirical background gives a slightly
improved fit to the intensity at high angle, and the above
procedure of first including the secondary scattering in

the background and then subtracting it from the intensity
ensures its proper contribution to the normalisation‘but also

removes the systematic spurious contribution to the signal

g

before the empirical background is fitted. In their treatment

of the empirical background function, Konnert and Karle

(1973) use a minimisation routine operating on the

small r ripples to fit the background function. An alternative

approach is to treat the ripples as the transform of a

Bt gl s ve "

b o v
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correction function to the empirical background, and to
calculate the correction by Fourier transforming the ripple
to scattering space. That this has an equivalent effect to
Karle's minimisation procedure was acknowledged by him in,
the question period following a paper delivered to the
American Crystallographic Association (Karle, 1974). 1In the
present study a single back-transformation correction
following the formation of the empirigal background function
was found to give a very clean region below the first peak.
In general the a priori background function gave a reasonably
clean region at low r to its radial distribution function,
and the empirical corrections served only as a fine tuning
of the background function.

- The reasoning behind the back-transform correction
mentioned above may warrant further discussion. Aside from
the ripples in the secondary scattering cross sectionf;which
at this point will be considered a correction to the
intensity rather than a component of the background function,
the background function may be considered to be the sum of
the independent scattering function (Efz) and the Compton
component. Both of the latter terms are Fourier transforms

) b
of atomic wave functions, and consequently, should not exhibit

oscillations in scattering space which would corresvond to
lengths in reasl space that extend well beyond the radius of
an atom. Any electrons which cannot be considered to be local-

ised on the parent atom will be considered for the

e
I R
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purposes of this study to be part of the radial distribution
function, and consequently their scattering is ascribed to
the signal as opposed to the background. It can be seen

from the absve that a rather clear demarcation can be found
between the intra-atomic and the inter-atomic regimes and
that spurious detail in the low r region can be identified
with the intra-atomic scattering i.e. the background function.
If the real background function is called Q(s) and it is
approximated by QO and if its transform leads to non-physical
signal in r-space which would be absent in thé transform of
a, tﬁen this spurious signal may be identified with the
transform of QO- Q.

Several workers have investigated the generic causes
of the ripples at low distance in the pair function or radial
distribution function. Leadbetter and Wright (1972¢) and
Kaplow gﬁ_gi.(lQGé) perturbed their intensity functions and
measured the effect on the ripple magnitude. The most
outstanding cause of the ripples is improper normalisation,
and the choice of normalisation constant may be fine tuned
(as it was in the presentstudy) by minimising the amplitude
of the ripples. The ripple amplitude is only one parameter,
but Rahman (1965) has generated an infinity of parameters
to be minimised by the further requirement that the pair
function be not only zero but flat in the low distance region.
Flatness implies that all Fourier coefficients of D(r) in

that region vanish. Rahman Fourier transforms that part of

S mm e e ——— e e, ot S
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the radial distribution function to an arbitrary u-space and
compares the result with the transform of the ideal function
for each value of u. He finds that neutron scattering data
fits his function better than X-ray data and suggests that his
equations be used to find the normalisation constant and to

test the quality of the data. As investigated by (Leadbetter
and Wraght, 1972c and Kaplow et al., 1965) the atomic
scattering factors hay be slightly in error, or the Compton
contribution may be inadeqdately treated (Levy, et al. , 1965),
or the multiple scattering may be a problem.a All these factors
have been shown to have a form which will give rise to the

low distance ripples. _They are also faqtors from which (except
multiple scattering) neutron scattering does not suffer. It
should be no surprise that Rahman found better agreement with
neutron data.

The final stage of analysis, once the radial distribution
is available, is to fi% a model to it. Original attempts to
use least-squares refinement on the model, for which programmes
had been written, were abandoned when it became obvious that
the number of variables had become prohibitive. Aside from
computer spaée limitations, a basic problem in any such
least-squares refinement is to find parameters which are not
correlated , Once the a—VPO5 perturbed crystal
model had been shown to have reasonable success in predicting
the positions and strengths of the most prominant features,

various warps andperturbations were considered and whole

e —— s e~

e o A
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classes of peaks were shifted or broadened to correspond to
that perturbation. The semi-empirical bond-strength criteria
of Brown and Shannon (1873) were used as a quantitative
guide in estimating the more likely form of relaxation for the
perturbed crystal to take. A pair distribution function was
then calculated for the perturbed structure and compared with
the experimental pair distribution function. This procedure
allowed the systematic consideration of adjustments to tge
model, while avoiding some of the problems that variable
correlation would cause in a least-squares strategy.

The calculation of the radial distribution function
or the'bair distribution function involves the evaluation of
an integral of the form fy(s)sin(rs)ds where the kernel of
the transform, sin(rs), may for some rs combinations be a
rapidly varying function of s. There is particular cause for
concern when the kernel is changing sign after sampling
only a few data points of y(s). A partial solution of the
problem is to interpolate the relatively slowly varying
function y(s) onto a finer grid of s values and to use a
quadrature algorithm which is sensitive to rapid changes in
the quadratures. Another solution is to use a quadrature
algorithm which is specifically designed to ameliorate the
problem for integrals‘with a sinosoidal kernel. 1In 1928.
L.N.G. Filon presented just such an algorithm (Filon; 1928)
for the evaluation of Sfy(s)sin(rs)ds when y is tabulated

for evenly spaced intervals of s. A separate sum is taken

Rt et taatd
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over ceven and odd indexed data and a weighted combination
of these sums is formed where the weighting factors are

functions of the arguments. The algorithm 1s discussed 1n

a text by Kopal (1955), and a specific form for the
x-ray problem 1s given in a review by Wagner (1972). )
However Wagner's form has some typographical errors. The form

as used 1n this study is given below.

z2(r) = 2 y(s)sin(re)ds
a

A = b - a
D - Ar
v = cos(p)
¢ = sin(p)\\\
a = yep? eap -2 8P
R (1 w? - 2 9e/p)(2/pY)
Y = as/p - ¥)/p?
198
Ev = Xi=2’4’-'.sin(rsi)y(si)
199
0d = Fi=1,3,,, sin(rsi)y(si) —&sin(rslgg)y(slgg)
I 2 y(sy)cos(rsy) - y(s;gq) COS(rs, 4q)

z(r)= A(al' + B80d + YEvV)



This algorithm reduces to Simpson's quadrature when the
inyegrand is smoothly varying withqrespect to the tabulation
interval. The specific numbers 198 and 199 are given above
for clarity but a 400 interval subYoutine was used alter-
natively with the 200 interval routine when needed.

The last step in the analysis was to calculate a
curve in scattering space which could be' compared directly
with the data. The model intensity is calculated by the
equﬁtion below where Cij is the multiplicity of a Gaussian

peak of width uij and centred on the interatomic distance

ri; in the pair distribution function.

~

sin(sr. ;¢ 2
, - . ij) _-3u..s
1(s)moa = Zpairs ©ij fif; vn RS W(r; g, Rmod)
ij
ff
I1f peaks are onlysupplied to the model for Ty < Rmod there

will be large fluctuations in ;(s)mod at smaller s values
corre;ponding to a termination effect very similar to that
seen at small r in the transform of the reduced intensity
. because i(s) is not given beyond some finite value Smax”
One way around this problem is supplied by the quasi-
crystalline model, in which one sees the local order as
described\by the finite model as a crystallite imbedded in
a mass of constant density equal to the average density of

the crystallite. One then calculates the scattering by the

upiform matrix surrounding the crystallite and includes
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that in the model intensity as a correction, The W(rij,ﬁmod)

in the equation above is a weighting function which merges
the matrix term with the model term. It is given by
Leadbetter and Wright as below along with their function for

e

the matrix continuum scaftering (Leadbetter, 1972a).

£ = rij/Rmod

i 4

W(E) = (5 -~ 1% + 2)/2 <1

W(g) = 0 £>1
. - 3 o) 1 1 2sin 1
IO(S) .75 w Rmod Zizj fifjpj {(——Z - —6-)cos(2y).. --_5__ (2y)+__§. +%‘_}
y y y y 'y
y = sRmod/2

This function for io(s) corresponds to a spherical crystallite
and would not be expected to work well for a highly anisotfropic
model such as the one proposed in this study, however it does

work reasonably well in this case. -
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CHAPTER 4

CRYSTAL STRUCTURE OF PbV206

f—

P

4.1 Preparation and Preliminary Investigation

R TV

The initial investigation of cell dimensions and
space group was performed on specimens provided by
Dr. R.D: Shannon, but several subsequent attempts were made
to grow larger or more equidimensional crystals. The

following procedure was followed in those preparations.

Stoichiometric amounts of Pb0 (Fisher Scientific) and VZOS

(Fisher‘Scientific) were melted together and the temperature :
reduced slowly through the melting point. The melting point
was determined by differential thermal analysis to be

600 + 5°C. Most of the crystals grew as/very thin yellow-
brown negdles, often clustered into,a//;eath of nearly
parallel needles. Some crystals had very dark, nearly
opaque, colouration. The crystals were often glued

together by a black vitreous matrix. Density measurements
were nat made because the intimacy with which the crystals .
were mi%@d with the matrix militated against the isolation

\
of enough‘purely crystalline sample. No chemical. analysis S

W as perfotwed X-ray photographs had indications qf
ofthorhombié\symmetry with extinctions for h odd in hkO and

k+ 2 odd in 0k\. Two possible space groups which fit this

AR |
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symmetry are Pnzla and Pnma. Attempts were made to refine
the structure in each space group.

The first crystal upon which diffractometer data
was taken was a needle .02 X .02 X .4mm. This was mounted
onto a Syntex P1 diffractometer with a graphite crystal
monochromated MoKa X-ray source. The angles for fifteen
reflections with 26 values between twenty and twenty-five
degrees were rgfined to give the cell dimensions. The cell
constants found, with standard error in parentheses, are
a = 9.,771(10), b = 3.684(4), and c = 12.713(13) Z. ¥ith a
formula weight of 405.07 grams per mole, an assumed four
formula units per cell and a cell volume of 457.6 23, this
gives a calculated density of 5.89 g/cmB.

The intensities were measured using a 26 scan with
variable scan rate depending upon the maximum counting rate
in the intensity profile. The scanning rate in degrees 20
per minute varies from 2°/min to 24° /min. The diffractometer
then measures the background on both sides of the spot so
that an interpolated background correction can be made.
Reflections whose calculated standard deviation exceeded one
third of fhe intensity were tagged as "unobserved'" and those
reflectioqs whose integrated intensity, after correction for
background, was indicated as'negative were deleted. Within a
sphere of 26 less than fifty éegrees, 759 unique reflections
were measured. Using the programmes in the X-ray 71

Programme series, the intensities were corrected for
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polarization, the lorentz effect, and absorption.

The absorption correction applied to this crystal
approximated the crystal shape as a cylinder. The needle
axis corresponded to the short axis (b) of the cell. In a
cylindrical crystal absorption correction, the data set is
divided into subsets according to the angle that the
scattering plane makes with the needle axis. In this case
each subset was defined by the index k. An effective
absorption coefficient is calculated for that subset by the
relationship (Buerger,1960)

Ry = pR/cos(v)

effective
where R is the radius of the cylinder, u is the linear
absorption coefficient, and v is the angle between the
X-ray beam and th€ cylinder axis. For any given subset the
transmission factor varies slowly with scattering angle,
but the degree of this variation is quite similar between
subsets except for a multiplicative constant. The greatest
effect of a cylindrical absorption correction is to apply a
relative scale constant to each subset. It follows that the
greanst manifestation of systematic error due to inadequate
absorption correction will be to scale one subset relative
to tﬂe others.

A ratterson function was calculated from the intensit-
ies and solved for the positions of £EE lead and vanadium

atoms. The space group assumed at this point was Pnma.
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A difference synthesis readily yielded the positions of the
oxygen atoms, and least squares refinement was begun. The
scattering curves for 02; and Pb3+ and the dispersion
corrections were taken from the ;nternational Tables for

X-ray crystallography (1963), and the scattering curve for

yor

was taken from Cromer and Waber (1965). When the
refinement had progressed to the point at which the thermal
and positional parameters were shifting only slightly
relative to their errofs, the data was separated into subsets
as had been done in the absorption correction and different
scale constants were refined for each subset. Enough
systematic variation in the higher k index sets was found to
warrant further attentioq.

A new crystal was‘grqwn, which was more equidimen—

sional, and use was made of a microscope attachment which

had since become available, to measure the dimensions more

closely. The dimensions were found to be .016 x .016 x .04mm.

Reflections from eight quadrants were measured, corrected
for absorption and then averaged. In this way the effective-

ness of the absorption correction could be monitored by

comparing the intensities for symmetry equf;glent reflections.

Only 649 unique reflections remained after the averaging..
The absorption corrections were calculated with the programme
Absorb written by R.F. Stewart . A4 x 4 x 8 integration

grid was used and found agequate to make symmetry equivalent

reflections equivalent. [ The intensities from the first data
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set were scaled and averaged with the second set. There
was not total overlap between the segments of reciprocal
space sampled by the th data sets, so the composite data
set contained 816 unique reflections. With the new data
set, refinement was continued. Anisotropic temperature
factors were réfined on the metal atoms only. With so much
of the scattering power of the unit cell dominated by the
metal atoms, as in this structure, the thermal parameters
of the weaker scatterers are not as well defined. Only
isotropic temperature factors were refined for the oxygens.
In the final few cycles of refinement, a weighting
function was used. Vhen a weighting function is used, the

quantity minimizedly the least-squares algorithm is the

weighted residual, Rw, which is defined as:

2 2

=
|
|| e A
j =Y

where FO and Fc represent the observed and calculated

structure factors respectively, and the index i runs throu§ﬁi

all N rgflections. The diffefence between the moduli of the
observed and calculated structure factors is often denoted
as A. The weighted residual is to be distinguished from

the often quoted conventional "R'" factoer, or reliability

index. That index is defined as o

R = z|Ai|/z|FO|i

N
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where once again the index i runs over the data set. One
criterion for choosing a weighting function is to require
that the function being minimi zed, Rw, not be dominated by
the small or large structure factors. The weighting scheme
used in this stu@x/was developed by the following procedure.
The histogram of A2 was plotted for intervals of IFol and a
function w expressed as a polynomial in IFOI to make a

histogram of wA2 reasonably flat, and such that

2
Zv W, Av J(N - M)
equals one, where v labels the histogram intervals, N is the
number of reflections, and M is the number of refined

variables. This method (Cruickshank, 1961) assumes the A's

are due to random measurement errors in FO, not to model errors.

An isotropic parameter was refined to correct for
the effects of secondary extinction (Larson, 1967). The
weighting function used in the final refinéﬁent was
w = 1/(19 - 1.28F + .0077F5). The refinement was terminated
when the parameter shifts were all less than one tenth of
their standard deviations. The weighted residual at that
point was .058 aqd the conventional "R" factor was .052.

No écceptable refinement could be achieved in space-
group-Pnazl. 4

The final atomic coordinates are give in Table 4.1 and
the interatomic distances and angles in Table 4.2. The

observed and calculated structure factors are given in

Table 4.3.
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4.2 Description of the Structure

The space group Pmna provides mirror planes
perpendicular .to the b axis and separated by half the b
spacing. All of the atoms are on these mirror planes. The
vanadium environment could be described as a distorted
octahedron. The vanadium is shifted toward one of the oxygens
to form a short bond 1.615(15) X for V(2) and 1.650(14) ﬁ for
V(1). Trans to the shorter bond is the longest bond 2.737(14)
X for V(1) and 2.566(14) Z for V(2). These bonds lie in a
mirror plane. Of the four equatorial oxygens, two lie in
the same plane as the vanadium, and two are in the adjacent
mirror planes. ;The equatori;l V-0 bond lengths vary from
1.6690(14) Z to 2.062(15) X. The VO6 groups share edges, the
shared oxygens in each case being one equatorial oxygen and
the apical oxygen with the long bond to its vanadium. This
is so arranged that the long bond of one vanadium is an
equatorial bond of its neighbourin the plane and is also an
equatorial bond of a vanadium in the planes above and below
it. If the pair of yvanadate octahedra in the same mirror
plane are idealized as forming a dominoe, the double chain
of octahedra running up the b axis could be visualized as a
stack of dom%noes with the alternate dominoes in the stack
displacedtOWérd a corner such that even layers ére abo%e each
other and odd layers above each other (Fig. 4.1). Two V-O bands
on each vanadium point out of the stack. One of these

corresponds to the shortest apical oxygen and the other to
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Table 4.2 Bond Lengths and Angles in va206 with standard

errors in parenthesis

bond  distance (Z) angle (degrees) angle (degree)
Pb-0(3) 2.641(14) 0(3)a-Pb-0(4)c 151.4(5) 0(4)c-Pb-0(4)d 67.5(4)
-0(4)c 2.586(15) -0(4)d 127.9(3) -0(5)b  86.5(4)
-0(4)d 2.559(10) (2x) -0(5)b 72.8(4) -0(6)d 128.6(3)
-0(5)b 2.703(10) (2x) -0(6)d  68.3(4) -0(1)a 100.0(4)
-0(6)d 2.680(10) (2x) -0(1)a 108.7(4) 0(4)d-Pb-0(5)b  84.7(3)
-0(1)a 2.907(14) 0(5)b-Pb-0(6)d  80.8(3) -0(6)d  61.9(4)
-0(1)a 136.8(2) -0(1)a 59.8(4)

-0(4)d 152.7(5) -0(4)d  92.1(3)

)

-0(5)b 85.9(3 -0(6)d 121.2(4)
-0(6)d 141.1(4) 0(1)a-Pb-0(4)d  59.8(4)
0(6)d-Pb-0(1)a 61.7(3) -0(6)d 61.7(3)

-0(6)d  86.9(3)

V(ﬁ)-o(z) 2.737(14) 0(2)a-v(1)-0(5)a 176.6(6) 0(5)a-Vv(1)-0(6)a 107.3(7)
-0(5)a 1.650(18) -0(6)a 76.1(6) -0(1)c 101.5(7)
-0(6)a 1.660(14) -0(1)c 75.1(5) -0(2)b 101.0(4)
-0(1)c 2.062(15) -0(2)b 78.2(4)  0(6)a-V(1)-0(1)c 151.2(6)
-0(2)b 1.926(4) (2x) 0{1)c-v(1)-0(2)b 75.3 -0(2)b 98.9(4)

V(2)-0(3)a 1.615(15) 0(3)a-V(2)-0(4)a 105.2(7) %&%3213$£§1%?%3% ‘%%:%ié%
-0(4)a 1.714(15) -0(1)d 101.8(4) -0(2)a 150.5(7)
-0(1)d 1.920(4) (2x) -0(2)a 104.2(7) -0(6)a 75.2(6)
0(2)a 2.029(14) - _0(6)a 179.6(6)  0(1)d-¥(2)-0(2)a 76.2(4)
-0(6)a 2.566(14) 0(2)a-v(2)-0(6)a 75.3(5) -0(6)a 78.1(4)

0(1)d-v(2)-0(1)f 146.9(7)

P
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the shortest equatorial oxveen. Both of these oxygens are
bonded to a lead, but the strongest Pb-0 bond corresponds

to the equatorial oxygen of the vanadium. The stacks 04
vanadate dominoes are bonded to cher stacks only by the

lead atoms; no oxygens are shared between stacks. Each lead
co-ordinates to three stacks, forming nine Pb-0 bonds ranging

in length from 2.563(10) X to 2.904(14) K. The lead is
co-ordinated 1o three'oxygens in its own plane and three f{rom
each of the planes above and below. The components are -
so arranged that the vanadate octahedra of one double chain

(stack of dominoes) is related by a glide plane to those

of another double chain.

4,3 Discussion

Although the structural form of the lead meta-
vanadate is new, it shares common features of other related
structures. Several meta-vanadates are known to have the
brannerite structure (Ruh and Wadsley, 1966). These
metavenadates are of the form Mv206 where M is Cd, 2Zn, Ca, Cu,
and M g (Augenault and Rimsky, 1968; Bouloux and‘Galy, 1969;
Bouloux et al., 1972; Ng and Calvo, 1972; Calvo and Manolescu,
1973; Gopal and Calvo, 1974). If one visualizes the
dorinoes in vazo6 to share outside corners with
those of another stack, one could see how such a meshing

of stacks would form sheets. This is how the vanadate

octahedra in brannerite i;e joined. The apex oxygen of the
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PbVZO6 and the equatorial terminal oxygen would each bridge
to another VO6 unit in the brannerite structure, With the
vanadate octahedra forming sheets in brannerite, the other
metal atoms are situated between sheets.
One neighbor of PbVZO6 on the phase diagramme isg
PbV207, the structure of which is known (Shannon and Calvo,
1973). In this structure, the vanadium is found in separate
V207 bridged tetrahedra. The structure of PbP206 contains
infinite chains of PO4 ions bridged together (Jost, 1964),
but the phosphate tetrahedra are paired in such a way as to
look like a condensation of P207 ions into an infinite chain.
The lead meta-vanadate did not follow this pattern from the
pyrovanadate. ) I
Another phase diagramme neighbour of iead mqta—
vanadate is beta lead vanadium bronze, Pbxvzos- f, (Darriet
et al., 1969; Galy et al., 1970; Goodenough, 1970). This
structure is more closely related to the PbV,0, than was
bra&nerite. This structure has the same double chain of
vanadate pctahedra (stack of dominoes) as the PbVZO6 but
the terminal equatorial oxygen (the one which had been most
closely bound to the lead) of the outermost octahedra in the

double chain of Pb-VZO6 is shared between two double chains

in the vanadium bronze. These shared corners bridge the

. 3 *
double chains into sheets as in brannerite but the chains are less

intimately meshed, and the apex terminal oxygens (the very

shortest V-0 bonds in PBVZOG) remain terminal oxygens in

N
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the bronze. A new structural feature is found in the beta
bronze which was absent in the lead meta-vapadate. This

is a ribbon of edge sharing‘VO5 square prisms. If the
dominoes are now placed side by side with Half of their long
" edges in common, a serrated ribbon can be formedh;‘This is
an idealigzation of the ribbons in the beta Vanadium bro;ze.
The ribbons run parallel to the double chains and the
corners sticking out of the opposite sides of the ribbon
(the serrations) join the ribbons to the double chains of
different sheets. This cross links one sheet to another
but leaves large channels bounded on two sides by ribbons
and two sides by sheets. The lead atoms are found in the
channels.

Without bridging into sheets but cross-linked by
ribbons, the double chain found in PbV 06 is also found in V4O9
(Wilhelmi and Waltersson,1971 ) aﬁd V3O7 (Waltersson et al.,
(1974). The double chains in PbVZOG are only bound to each
other through the lead. The cross-linking of the ribbons
in the bronze along with condensation into sheets provides
a network which does not require the lead to hold it togethei.
Similar cross-linking networks ﬁold toéether V307 and V409_

without the assistance of a lead or similar ion. The structure

of PbV 06 is so dependént upon the lead, that one would not

2
expect order to remain if the stoichiometry were altered much
by deleting lead. The onset of new cross-linking elements

such as a ribbon might lead to a random structure intermediate

between the lead meta—yanadate and the lead beta vanadium bronze.
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A paper on the crystal structure of PbVZO6 by

B. Jordan and C. Calvo has been published in the Canadian

Journal of Chemistry (1974).
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FIGURE 4.2
A projection of the structure of PbV,0, down
the b axis. Shaded bonds and atoms lie
in thé plane y = % and open bonds and
atoms lie in the plane y = . The smallest
circles are vanadium atoms and the large
circles” are oxygetls. The intermediate
sized circles aré lead atoms. It can be
seen that only the lead atoms gonnect one

chain of vanadate octahedra pairs to

another.
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CHAPTER 5

CRYSTAL STRUCTURE AND DISORDER IN oz-VDO5

5.1 Preparation and Initial Investigation

In the course of preparing samples of VPO5 glass, it
was decided to test how slowly the melt could be cooled
without inducing crystallization. Following the procedure for

the preparation of B-VPO. outlined by Gopal (1972),

5

stoichimetric proportions of (Fisher Scientific) VZOS and

T

fresh P205 (Fisher Scientific) were mixed and heated to 800°C
and the melt allowed to cool with the thermal relaxation of
a small furnace (about 2 - 3hr.). Thin mica-like platesqof
yellow crystal formed on the surface of the charge, with a
black glass filling the rest of the crucible. These crystals

appeared different from those of the beta phase that Gopal

had prepared, and X-ray precessionphotographs readily gxhibited

tetragonal symmetry with extinctions for h+k odd in hkO.

The cell dimensions were close enough to those of tetragonalr
VMoO5 (Eick gnd Kihibofg, 1966) to sugg?st that the new
crystals were isotypic with that structure. An attempt was.
then made to grow better specimens for intensity meaSuremefts.
fhis time the V,0

276
which were fillpd in a dry box in stoichimetric proportion,

and 9205 were welighed in stopped bottle's

mixed well, and transferred in a platinum crucible to a

130

o m———g

e rv—

r e v -
>

N
T T

L e ——— -
¥ .
‘e ”
" A

S S ————
KL .



131

preheated furnace (ZOOOC). This was to avoid as much as
possible the hydration of the P205. Mhe temperature was increased
and the melt allowed to equilibrate overnight at 850°C. The
melt was then cooled at between ten and fifteen degrees per

hour through 7OOOC, at which point the furnace was turned off

PN P SO

and allowed to cool to room temperature. The crystals this

o i L an b

time were not confined to the surface of the charge, but
were distributed throughout the crucible, suspended in a
partially vitre&us:gatrix. Repeating the procedure with an
even slower coolfﬁz’rate (2—5°C/hr.) produced an even la}ger
proportion of the charge crystallized and larger crystals.
Crystals with considerable mosaic spread could be cleaved
and sliced into specimens suitable for X-ray diffraction |
with a smaller mosaic spread. The larggr specimens, before ;
cutting, grew up to 3 mm square and .2 to .3 mm thick. Even

for the optimal crystals the reflections on precession

photographs were about three times longer in the §*direction ;
than in the g*or b* direction. One specimen was heated .
with a steady stream of hot air while mounted oﬁ a precession
camera. It was hoped to be able to measure the thermal
expansion by taking several exposures, with the film shifted, -
on the same film. The spot shape made measurements dif{icult,

however it could be seen that the c¢ axis expanded about an

order of magnitude more than the a and b axes. The expansion

coefficient for ¢ appeared to be about 5 + 3 x 1075 ©o¢-1 L

When the temperature exceeded 500°C the spot shape extended
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greally indicating a consicderable increase in disorder.

A platelet with dimensions 1.5 x 1.5 x .1 mm was N
mounted on the Syntex P1 diffractometer and cell dimensions
were found from a least squares refinement of 26 values
from 11 reflections. The cell constants were found to be
a =Db=6.014(7) 2 and ¢ = 4,434(2) X. The crystal was
tetragonal, so the angles were 90 degrees. The extinctions
were consistent witﬁ the space group P4/n. With two formula
units per cell, (formula weight of 161.91 grams per mole),
and a cell volume of 160.37 XB, the density was calculated
to be 3.353 g/cms. As with the lead meta-~vanadate
difficulties in getting a large enough collection of isolated
crystals prevented the experimental determinat;pn of density.
Had the density been slightly less, a flotation technique
using brohﬁform could have been used as it was for some of
the glasses in this syudy.

With the Syntex Pz di ffractometer, all those
reflections in one hemispﬁere defined by 26 < 60° were
measured with a 6-26 scan. The scanning rate varied with the
peak height of the intensity profile, taking on values
between two and twenty-four degrees per minute. The diffracto-
meter receded 1° on both sides of Lhe spot ito measure the
backgrounds. The background under the peak was interpolated
from these values and the integrated intensity corrected.

Those reflections which yielded negatlve intensities

after correction for background were deleted, and those whose

LRI e S
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standard error exceeded one third of the intensity were
tagged as unobserved. Lorentz and polarizatiom corrections
were made with the programmes in the X-ray 71 programme
package, and correction for absorption was made with the
programme Absorb written by R.F. Stewart, and using a linear
absorption coefficient of 32.6 cm—l. After the absorption
correction was applied the symmeilry equivalent reflections

were averaged. After averaging, 248 unique reflections

remained.

5.2 Refinement

The atomic positions from'VMoO5 (Eick and Kihlborg, [
1966) were used as initial parameters, with the phosphorus
subs%ituting for the Mo. The scattering curves and dispersion
corrections for P and O were taken from theé International
Tables of X-ray Crystallography (1963), and the scatltering
curve for V5+ was taken from Cromer and Waber (1965). The
refinement was done with.the full-matrix least-squares
programme written by J.S. Stephens. The weighting function
used was w = 1/(2.5 + .Ong) where FO stands for the observed
structure factor. The reason for using this kind of weighting
scheme was noted in the previous chapter. When the positional
and isotropic temperature factors had converged, the temperat-
ure factors were allowed to-become anisotropic. The U33

component, corresponding to vibration in the soft z direction

was large. This could be from positional disorder or large
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vibrations in a soft direction. On 0(2) alone, the oxygen
in the general position, the temperature parameter U11 was
found to be quite large. This parameter indicated a shearing

motion of the lattice with the PO, tetrahedra and VO

4 6

octahedra librating together. The amplitude (root-mean-square)

of the tgavel of 0(2) was indicated to be about .5 X. The
"motion" indicated by this thermal parameter straddled the
position x = %, so a model was tested in which 0(2) was
statistically divided between two positions on either side of
x = % with variable occupancy. The weighted residual Rw
immediately dropped from .12 to .10 when the occupancy was
refined. In the final refinement the occupancy was found
.67 + .02 indicating one third of the oxygens were in the
minority position. The final weighted residual Rw was .089.
Nine reflections of the 248 unique reflections were so
anomalous that they‘were not included in the final refine-

-

ment. The final difference map contained a residual at the
vanadium site of approximately three percent of a vanadi;m.
Peaks of about one percent of a V atom and of equal height
to each other are found in the difference map at(}. %, .653)
and(%, %, .405). The parent crystal from Which the X-ray
—specimen was cut, was given to Dr. H.N. Ng for an EPR
experiment. Ng (1972) found the signal strength to be

total concentration of less than one

consistent with a V' v
percent. In the glass model below, will be introduced a

grouping called a V209 unit. This is invoked to account for

ofrm ==

o
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the accommodation of thé glass structure for a moderate
amount of V4+ which is formed when oxygen is evolved. If
that mechanism were applied in the crystal in the same
manner as 1t is applied 1n the glass, and 1f a 1% V4+
concentration is present a peak of the right magnitude

and in the right position to account for the residual noted
above. It does not, however, predict the second matching
residual.

Twinning, with the twins related by a mirror plane
which passes through the P positions, and with the minor
twin oéeupying about one percent of the crystal volume, 1s
another possible source of the ghost peaks on the (2%,%,2)
line in the difference map. The peak positions predicted by
such twinning, however, are in only fair agreement with those

observed.

5.3 Description of the Structure

The basic structural units are a PO4 tetrahedron and

a tetragonally distorted VO6 octahedron. The phosphorous sits

at a special position which has 4 (84) symmetry and the PO4
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FIGURE 5.1
Illustration of the network of PO4 tetrahedra
and VO6 distorted octahedra forming a sheet
in a—VPOS. The outline of a unit cell (with
origin at 4) is denoted by the dark square.

The vanadyl oxygens (0(1)) are not shown. v

The sheet is seen in projection down the c¢ axis.
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Figure 5.2

Sheet of a-VPO. in projection down the

5
c—-axis emphasizing the PO4 tetrahedra.
The P lie on the n-glide plane. Oxygen
0(1l) is not shown. Oxygens above the
glide plane are shown as circles and
those below the glide plane by dashed
circles. Vanadium atoms above the

glide plane are shaded and those below

the plane are unshaded circles.
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FIGURE 5.3

‘A projection of the unit cell (origin at 1)

of a-VPOg down the c - axis. The small
circles denote P atoms and the double
circles denote the vanadium and vanadyl

oxygen. Oxygen-oxygen distances are shown.

The minority oxygen positions in the

disorder description are indicated by the

dashed lines.
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Table 5.3 Observed and calculated structure factors for 2 VPO

oted by U

th .(*) were "unobserved" and those den
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. reflections

luded in the refinement.
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TABLE

5.

4

Structure Factors for Some Sensitlve Reflectlions

With and Without the Minority 02 Contributlion

F observed

5.44
7.59
7.00
10.22
4y, 23
52.10
38.73
28.67
" 5. by

24.85
20.68
20.06

27.17

12,66
12.96

F calculated

With disorder

b2,
50.
33.
27.
.25

19

24,

12

15,

.25
.33
.78
.86

12
38
83
14

.33
24,

28

91
16.

27
26

.48

.55
1.

31

87

Without

2.43
10.97
3.92
12.55
34.35
57.41
39.70
20.96
2.43
10.97
28.69
16.18
9.30

31,61

6.98
15.58
6.65
19.40
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F observed
46.57
k2.00
14.68
17.59

FC disordered
hé. 44
4o.37
13.81

17.11

146

F ordered
c

51.76
34.81
10.63
19.85
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is an undistorted tetrahedron with a P-0 bond length of

1.541 (8) X. The vanadium ond 0(1) atoms lie on the fourfold
axis. The [four equatorial V-0(2) bonds are equivalent by
symmelry and are found to be 1.858(7) X long. The vanadium

is shifted above the plane‘of its equatorial oxygens and towards
one 0(1) with which it forms a very short bond of 1.580(11)2,
which wili be called a vanadyl bond. Trans to the vanadyl bond
ié a long V-0(1) bond of length 2.853(11) X . The VO6
octahedra form chains running up the fourfold axis (z direction).
Another chain of vanadate octahedra with its vanadyl bond
pointing antiparallel to those of the first chain is related
by the n-glide operation to the first chain. Dach vanadium
shares bridging oxygens 0(2) with four phosphales. Each
phosphate shares oxygens with four vanadiums, each from a
different chain. The arrangement involves only corner sharing.
I1f one starts with one V06'and one PO4 and repéatedly applies
the n-glide operation a corrugated sheet will be generated.

An alternative to viewing the structure in terms of infinite
chains of vanadate octahedra cross-linked by P04’ions, is to

view it as built up from sheets loosely bound together by only

0
the long 2.853(11) A V-0(1) bonds.

5.4 Temperature Variation

In one experiment a crystal, contained in a cryotip

cooling device, was mounted on the Syntex PI diffractometer. The

crystal was enclosed in a berylium shroud which was evacuated.
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After finding an orientation matrix at room temperature the

crystal was taken to -190 + 5°C and a new cell found

The new cell was found to be a = 6.010(10) i and ¢ = 4.367(8)2.

This gives a thermal expansion coefficient of 7.2(8) x 10'5/C0. 3
The thermal expansion of the a axis is an order of magnituae -
less and is not resolved within experimental error. VZOS and
a-rVPO5 are both layer structures with the layers held
together by a long V-0 bond trans to a vanadyl bond. It would ;
not be surprising if the energetics of separating the layers

were quite similar in the two structures. Kennedy et al.(1967)

have measured the thermal expansion of crystalline VZOS and

found the values of 2.0 x 10°% along a, 8.0 x 107°

5

along c,
and 5.54 x 107" along b. It is the expansion along the é
axis in VZOS which corresponds to the separation of layers. ]
The nitrogen gas which cools the Cryotip through the

Joule-Thompson effect, is expended rather rapidly when the
Cryotip is operating at ~-190°C. After finding a new unit cell
it was only possible to measure the intensities of a few
reflections. Several h—glide extinction violations were

found in which the intensity was several times its standard

deviation (Tfable 5.7). Attempts to observe with films any n-glide

e i -
3 .
FA I 4

violations or indications of a doubling of an axls were not

successful. A rotation photbgraph was taken on one specimen {v,
at nearly -190°C with no JEW reflections observed. Precession
photographs have been taken at temperatures near -150°C

with no new spots observed. In these experiments, nitrogen
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gas, cooled in a liquid nitrogen heat exchanger, was passed
over the crystal. A thermocouple near the crystal recorded
the temperature.

In another experiment, integrated and non-integrated
zero and first layer precession photographs were taken of a
crystal held at a series of temoeratures between-150°C and
+200°C. By blowing a steady stream of either cold nitrogen
gas or hot air over the crystal a temperature stable to iSOC
over 9 day's duration was usually attainable. The object
of this experiment was to observe some sections of reciprocal
space which had been calculated to be particularly sensitive
to the 0(2) disorder parameter. A table listing several
sensitive reflections is given (534)\along with a map(5.8)
indicating the intensity distribution expected for an ordered
arrangement, and one corresponding to full disorder.
Photographs of the hkl net are shown in figure 5.4 which
are representative of a series which demonstrate a definite
progression from quite well ordered at -130°C to nearly
total disordering (population of each 0(2) alternative site
= }) at +100°C. A diffuse background can be seen in some of
the higher temperature photographs. This may be spurious,
or it may be disorder diffuse scattering (Krivoglatz, 1969),

It was deemed desirable to repeat this experiment
on the diffractometer. Because the crystals appeared to be
generally close to the disordered form at room temperature,

cooling was seen as a more fruitful experiment. Due to the

L.
-



loss of one specimen at a very inconvenient time, it was
decided to mount a specimen from a newly prepared batch

and proceed with the experiment. The new batch of crystals
had come from an attempt to use the Czochralski crystal
growing technique and had come from a section of the charge
which was rather late to crystallize. The first crystals
to have formed had been B—VPO5 and an unidentified body
centred form. The a—VP05 crystals formed toward the outer
rim of solidified portion exhiblited a much better X-ray
spot shape when photographed than had previous specimens.
One of these crystals in the form of a small plate was
mounted on the Cryotip for cooiing. The ¢ axis of this
specimen was significantly larger than that of previous
specimens. Several crystals of a~VP05 had been mounted on the
Synpex P1 at one time or another and it was found that a
specimen-to-specimen reproducibility of cell constants was
consistent with the standard errors produced by the least-
squares with maximum deviations on the order of .007 to .01 X.
The cell measured for the new crystal was a = 6.011(4) and
c = 4.452(4) i. It was also soon apparent ‘that.the new
specimen was almost completely ordered at room temperature.
1t was used in the experiment anyway to see how it changed

with temperature. Before cooling, a data set was taken on the

new crystal.

150
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Attempts to refine the room temperature data set
on the new "ordered" specimen lead to a minimum R factor
of .12 to .15 with the temperature factors going small or
negative. After some effort an idea which had proven
rather fruitful in the analysis of the vanadium phosphate
glasses was tried. It was hypothesised that the crystal was
off stoichiometry with tetrahedral vanadium substituting for ‘

the phosphate. A partial vanadium was placed at the phosphate

site and the population factors of the phosphorus and vanadium

were varied. With a stoichiometry set as v1.08 + .Olp.QZi _0105

the data set refined with reasonable temperature factors to an
R factor of .076 and a weighted.residual of .090. This is
comparable with the result of the "stoichiometric'" crystal.
Small data sets were taken at temperatures as low as —1000C,
and another larger data set was taken at room temperature
after the cooling. Tables 5.5 and 5.6 pertain to the initjal
room temperature data. Positional parameters of the \
stoichiometric and nonstoichiometric crystals generally match
within standard error. The value of U33 is about fifty percent
higher for all atoms in the non-stoichiometrie crystal and the
U11 and Uz2 in this crystal for the metal atoms is comparable
to an oxygen temperature factor. This is true both before

and after cooling, but at -100°C the temperaﬁure factors

are about half the room temperature values. The temperature

factors reflect more random displacement of the pentavalent

ions in the non-stoichiometric crystal. The assumption is

—
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% TABLE 5.7

Reflections violating n-glide extinction rule
(H,K,0) reflections with H + K even should be absent)

deleted from data set of V after cooling

1.087.92%5
to below -100 °C (still on Cryotip goniometer with

Be cap). For all reflections L=0.

H Fobserved () H Fobserved (o)
6 1 7.2 (3) 1 6 6.9 (3)

1 8 2.2 (8)

L7 3.3 (6) N

2 7 2.2 (D)

4 5 3.8 (4) 5 &4 3.9 (6)

2 5 b.ho (4)

0 5 3.6 (7) 5 0 k.1 (6)

3 2 8.2 (3) 2 3 10.6 (2)

3 3.9 (5
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maﬁé’that the presence of tetrahedral vanadium ‘could inhibit
the librational motion connectewl with the disordering found
in the stoichiometfic crystals by essentially raising the
transition temperature. The amount of expansion of the c
axis found is commensurate ;ith the expansion predicted fo;
an eight percent substitution of VO4 for PO4 in the glass %ﬂ\\\\v/,%
model. Also, ffom the minor amount of change found in the
vanadium phosphdfus peak in the X-ray pair distribution
function of the glass it was assumed in the glass model that
the glass equivalent of the crystalline a and b axes change
very little with substitution. One would expect that the‘
effective P-0 bond length would visibly lengthen, but the
uncorrected P-0 bonds are identical within error between the
two crystals. The higher temperature factors on the
pentavalent ions in the non-stoichiometric crystal lengthen

the thermally corrected (Megaw, 1973) bond lengths to a

value more in line with expectation.

5.5 Discussion

The oxygen position 0(2) in a—-VPO5 has been described t

P

in terms of an orientatiopal disordering of the palyhedra of
=

the structure. This effect changes with temperature to give
. ‘ - )

ORI

nearly total disordering slightly above room temperature. In
the isostructural compounds VMoO5 (Eick and Kihlborg, 1966),

NbPO5 (Longo and Kierkegaard, 1966), TaPO5 (Longo et al.,1971),

‘MoPO (Kierkegaard and Westerlund, 1964), and VSOS(Longo and

5



156

»

Arnott, 1970) anisotropic temperature factors were not
refined in all cases but one,and one cannot ascertain
whethér'tho disorder feature seen here is present in any of
the related structures. In the one other case in which

r

anisotropic temperature factgrs have been refined, MoPO5
(Kierkegaard and Longo, 1970), there appears to be no
indication of the 0(2) disordering. Most of the temperature
factors of that structure are close to their counterparts

in a~VPO5 except the U,,of 0(2) which is two thirds to half the

33

corresponding value in a—VPOS. In VMoO. Eick and Kihlborg

S
(1966) find crystals off stoichiometry in both directions,
with the V or Mo subsﬁftpting on the site of the minority
element. It is also interesting to note that the obseﬁyed
change in cell constants was not isotropic. When the larger
tetrahedron substituted for the smaller one, the percentage

c axis ecxpansion was four times that of the a axis. Whatever
the difference between the assumed stoichiometric and assumed

non-stoichiometric o-VP0O. crystals, that difference is

5

physical and not an accident of anatysis. This is because
intensity distgibution in reciprocal space is visiblyl
different for an "ordered" and a "disordered" a--VPO5 crystal,
and the assumed non-stoichiometric crystal is 'ordered'" at

room temperature. A further test was made of the intensities.
The population parameter for tetrahedral vanadium was set
midway between the stoichiometric value and the 8% substitution

found optimal for the non-stoichiometric crystal. Identical

parameters were put into the model and both data sets refined.
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The assumed non-stoichiometric crystal refined back to 8%,
and the assumed stoichiometric crystal refined back to
stoichiometry. s
A paper on the crystal structure of a—VPO5 has been
published by B. Jordan and C. Calvo in the Canadian Journal

of Chemistry (1973).
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#

Table 5.8

. 2
Approximate Fcalc. for the ordered
and disordered cases for one area
of reciprocal space. The numbers
show an intensity distribution

indicative of the degree of

disorder. '

[

e i
’

ap



(ht1) (h 31)
361 56 225 (5 k1)
1024 36 169 (& k1)
300 L4 72 L84 (3 k1)
LiLg
Approximate Intensity
Loo
Distribution for 100 %
Majority 0(2) Position
Occupancy
400 170 220
Lyo 36 320
620 40 kho  hoo
480
Approximate Intensity
620 \ Distribution for 50 &

Occupancy in 0(2) and in

0(2)* Positions

159

PR X

AR

s e e

B ST, o

LETEE AL



(a)

(b)

Figure 5.4

First layer precession photographs of an

a—VPO5 crystal above and below room temperature.
The crystal was cooled by a stream of cooled
nitrogen gas. During exposure to X-rays the
temperature varied from 139°K to 150°K. Some

ice formation tended to block X-rays going

toward the lower left quadrant of the film.
Because of this Laue group equivalence is
destroyed but the local relative dist?ibution

of intensities in a given corner of the film
should be insensitive to the ice absorption
problem. Note the loss of reflections (h, 4, £)
above (h, 4, 1).

The same crystal as in (a) but heated to

158 + 2°C by a stream of hot air. Note the
changes from (a) and particularly the move

toward a mirror symmetry across the diagonals of
the film (h, h, 1). There are local fluctuations
in the dark cloud which surrounds the centre of
the film which may be disorder diffuse scattering.
Many photographs, simple and integrated, first and
zero layer were taken as a function of temperature
from 110°K to over 600°K were tgken and those

shown are representative of the obscrvcd trends.
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CHAPTER 6

A THE MODEL

6.1 General

A model 1s proposed, which is based on the a—VPO5
crystal structure. A high density of slip dislocations, 1n
what would be the ecasiest shear direction yvields the
necessary free volume to match the measured density. Stoichi-
ometry is changed by replacing PO4 groups w?th VO4 groups,
and by allowing the VO6 units to rotate about the fourfold
axis to adjust for the larger tetrahedral ion to oxygen
distance. When it is found that reasonable agreement with
experiment was achieved without making any allowance for
the oxygen released in the reduction of the vanadium, a new
grouping V209 is proposed to accommodate the oxygen loss
and yet not be inconsistent with the X-ray data.

This model does not intend to imply that the glass
is merely a collection of small crystallites. The most
ordered feature of the model is the sheet, which is originafly
taken from the u—VPO5 cry%tal structure. Iven two dimensional
periodicity, however, is assumed to be greatly perturbed by
distortions made locally to accommodate VO4 substitution
and V4+. This distortion would make the shecet more consistent

with a Ltwo dimensional paracrystalline (lloseman and Bagchi,

1962), rather than crystalline, translational ordering. It is
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hypothesised that the extent of the sheet is great enough
that features on the edge of a sheet are not necessary to
explain 'the X-ray results, or merely that features internal
1o the sheet adequately outnumber those on thg/houndary of

-
-
a sheet or in connective regions between sheets™

6.2 The Shecet

The basic structural feature of the model is an
a-VPO.-like sheet, composed of VO, units PO, units
In rx—VPO5 (which has space group P4/n), the n-glide operation,
combined with the fourfold axis, operating repeatedly on a
single VOG—PO4 pair, generate a corrugated sheet. The units
of the sheet are all connected by V-0-P bridging oxygen
bonds. The phosphorus sits on the n-glide plane at a site
of 4 symmetry, and its 2z value is invariant. Two oxygens of
each P04 unit 3ie above the plane and two below, each bridging
to a vanadium. The vanadium and one oxygen sit on the four-

o}
fold axis, and vanadium forms one short (1.58 A) bond and

0
one long (2.8 A) bond with this oxygen. This short bond will

he referred to as the vanadyl bond, and for descriptive
purposes will be said to point in the direction of a vector
from the vanadium to the oxygen. If the sheet were viewed
down the "a' or "b" axis, the vanadyl oxygens protruding
from the shecet would appear as rows of oxygen&, with the

rows running parallel to the line of sight. Those octahedra

with their vanadyl bonds pointing in the same direction are
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related by "a'" or "b" translations.
Adjacent rows are generated by the n-glide operation
vielding alternately anti-parallel rows of vanadyl

oxygen atoms.

6.3 The Slip

If the vanadyl oxygens areabiewed as protrusions from
the average surface of a sheet, then trans to these oxygens
is a recess into which the vanadyl oxygen from the layer
below fits. The sheets are very weakly bound, and should
casily be separated. The weakness of the binding is demon-
strated by the ease of shearing or deforming a crystal and
by the disordering behaviour discusse€d in Chapter 5.
A liquid by definition yields to any shearing stress and a

glass quenched from a fluid melt could be suspected of

maintaining some of the features which had allowed the melt

‘to flow. Because of the relative weakness of the intersheet

bonding the likeliest candidate to relieve a shearing stress
is a slipping of sheets relative to each other. Two slip
directions are releyvant. A slip along the diagonal of half
a cell brings the apices of the vanadyl protrusions into
coincidence. Such a slip has been proposed by Perlstein
(1970) to explain the electrical properties of VZOS‘ In his
model the slip is accompanied by the loss of some of the

vanadyl oxygen and the formation of direct bonds between the

R e
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FIGURE 6.1

A cross sectional view of four layers. The central

two are aligned as in crystalline a-VPO The

5°
interface between the top two and between the bottom
two sheets illustrate the two cross sectional
manifestations of the proposed slip operation.

The 0-0 repulsion distance between the upper

pair of oxygens on a P04-unit and a vanadyl oxygen

pointing toward the PO4 is expected to be or
o .
exceed 2.8 A. The vanadium atoms in the second
. o)
layer from the bottom are at least 7 A removed

from the nearest vanadium atom in the layer below.
£~

*
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DOUBLE LAYER WITH SLIP
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vanadium aloms brought into juxtaposition. If the slip is to
take place without the loss of any features of the sheets, ¢
the sheets must be separated from each other by four Angstroms
to allow the vanadyl oxygens to slip past each other without
approaching closer than a normal oxygen-oxygen distance. The
other slip directionis-half a lattice spacing

along g\%nd é: This translation would still leave
the same rows of protrusions aligned, but the translation
would be parallel to the rows of protrusions. This slip
brings half of the phosphate groups into line with the four-
fold af&s of VO6 groub. The vanadyl bond from above points’

directly at a phosphorus atom. Oxygen-oxygen repulsion.

between the vanadyl oxygen and the upper oxygens of the
nearest phosphate group is directed at an angle from the axis.

net layer separation necessary to bring about suéh a slip is
only 1.5 to 1.8 Angstroms, giviﬁg a 34% to 40% expansion per
layer per slip. " If all layer interfaces were .antiphased in
this fashion, a new‘crystalliﬂe order would. be imposed. If
alignment or antiphasing (slipping) were equally ﬁrobéble,
each sheet would on the average be aligned with cﬁe other
sheet above or belqw. This is the situation thaé appears
most consistent with the X-ray dafé and the measured dené@ty.\
I{f the free volume associated with an antiphasing occurs on
the‘average only every second interface, the expansion imposed
on the "crystal" ‘is only 17% to 19% in agreement’with the

measured densities. The bilayer arrangement is incorporated

| AT e By, W e S TR By L



into the analysis of the X ray data in two ways. In the
calculation of the pair distribution function, pairs of
atoms within a sheet are given a weight of one and pairs of
atoms from different sheets are given the weigh; one half,
One of the afguments frequently put forward to
‘—@ispute quasi-crystalline descriptions of glasses is that
the void distribution due to. the interfacing of quasi-
crystallites should give rise to small-angle scattering.
This aspect is discussed by Bishgp and Shevchik (1974),
Shevchik and Paul (1974), and Bagchi (1972). If the inter-
faces are an intimate part of the short-range order, as they
are in the present case, the,influence of the interfaces
will appear in the usual high angle scattering regime, with
perhaps' extra peaks due to the void-void distribution function.
It will be seen that justlsuch a peak appears with the
Eppropriate position and width as an observable shoulder on
the lower side of the first maximum in,the X-ray intensity

’

curves.,

"6.4 Substitution

4 4 and Eick and

Kihlborg (1966) have found a variation in cell constants.

VOMoO, is isostructural with o-VOPO

in crystals made off stoichiometry which they interpret as
a substitution of the excess metal onto the site of the minority

metal constituent. The sizes of the M004and VO4 units

are huch more closely matched than amePO4 to VO4.
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Reporfed in.another chapter is evidence which suggests
that a crystal prepared in Ponnectioﬁ with the present study /
may be as much as four percent off stoichiometry (V1.08P.9205).
The dévxatlon from stoichiometry is believed to be achieved

in this crystal by substituting tetrahedral VO, units for

4
PO4 units. It is not known how much substitution can be
effected in crystalline a~VPO5 without the loss of crystalline
order. It has beén reported by Brown and Hummel (1965) that

B-VPO. is not stable beyond ten percent substitutionof V for P.

5
According to Vegard's law, (Klug and Alexander, 1974),

the lattice cbnst&hts of a solid solution should interpolate
linearly between those of the end members. Neglec{ing

second order terms, this implies a linear interpolation for
the density of the crystalline solid. The measured density
of the glasses would be consistent with a solid solution
model, although for lack of a vanadium end member VOVO4(V205
is structurally tco difXerent for comparison), a quantitative
interpretation ofthe slope is difficult. On the basis of

all this, the hypothesgis is made fhat at least over the
region s£udied, change in sﬂoichiometry 1s effected by simple
substitution of VO, units for PO,. It could be expected

4 4
that the longer V-0 bond in comparison to P-0 should introduce

et . s = =
v N

some structural alteration. A rotation of the VO4 group in

R

the xy plane in the direction which increases the bend in

the P(V) - 0 -~ V bond, would allow for much of the increased
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tetrahedral size.
The substitution is implemented in the calculation of
the pair distribution function in the following manner.

Using distances taken from the a-VPO_. crystal structure,

5

the stoichiometric VPO pair distribution function is

5
calculated with a composition weighted Scatteping factor at

the tetrahedral site. The justification for the first step
is that the second and third neighbour P-0 and P-V pairs will
be little effected by the substitution. Adjustment in the
first neighbour environments is accomplished by substracting

initial electron density and inserting new density elsewhere.
An appropriate proportion of the 1.54 X P-0 peak is deleted
and a tetrahedral V-0 peak inserted at 1.714 2. An approp-
riate proportion of the 0-0 peak at 2.5 X from the PO4
group is moved to 2.8 Z for the larger VO4 group. The

V-P pair at 3.26 Z is shifted only slightly to a value
between 3.28 X and 3.33 X; with ingreasing vanadium content.

All shifting‘is done by subtracting . density at the P-X
distances ana inserting density at the V-X characteristic
distances. With regard to the vanadium to phosphorous *. .
separation, it should bemted that some of the distortion
introduced by the larger tetrahedral unit will be in the

separation in the z direction-of the tetrahedral and

octahedral units.



To the extent that rotations in the xy plane can accommodate
the effecg of the larger ion. the vanadium-phosphorus
separation can remain constant.

The manner in which the z component of the separation
between the octahedral vanadium site and the tetrahedral
site adjusts to the presencé of vanadium on the tetrahedral
site may vary with VO4 concentration. When each VO6 has
only one VO4 neighbour, the VO6 may rotate slightly about V;
causing the vanadyl bond to deviate from the normal to the
sheet. When the VO4 outnumber the PO4 about a given V06,

a rigid group translation of the VO6 in the z direction

may result.

6.5 Sensitivity to Various Features

Because the phosphorus lies on the glide plane, peaks
to which it contributes are quite prominent. A vector drawn
from P to another atom in the same sheet, for example above
the glide plane, will be matched by a vector to an atom
below the glide plane at the same separation. Vanadium, will
have peaks iﬁ different positions for its pairs above and
below the glide plane, and one of these members will often
involve crossing into another sheet. Most vectors of
consequence, less than fivé Angstroms, will have much less of a
z component than x or y. Because of this, distortions along
2 or involving the sheet to sheet separation are much less

consequential in the pair function. Rotations of the

octahedra and tétrahedra in the xy plane leave the P and V
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sites invariant and in general move the oxygens nearly

tangentially to most of the V-0 and P-0 vectors.

6.6 Reduced Vanadium

With increasing phosphate content, the percentage of

total vanadium which is reduced increases. The local

environment of V4+ is detectably different from that of V5+.
o)
The 1onic radius of V4+ is at least .05 A larger than that
+
of V5 (Shannon andPrewitt, 1969) ., Two configurations

appear in the literature which give equivalent‘valence bond
strength sums as defined in Brown and Shannon (1973). The
first of these appears in B-VOSO4 (Kierkegaard and Longo,
1965) and VOSO4 .5H20 (Ballhausen et al. 19585 in which the
bond length of the vanadyl cohplex is relatively unaltered
from that in octahedral V5+ comp lexes, such as a—VPOS, but
the equatorial oxygéns are pushed out to about 2.03 X amd the
long bond trans to the vanadyl is shortened to about 2.3 3.
In a—VOSO4 (Longo and Arnott 1970) and to an even greater
extent in VOMoO4 (Eick and Kihlborg, 1966), both of which are
the vanadyl bond is longer than

5
0 0

in the VPOg structure (1.63 A in V050, and 1.677 A in VOMoO,)

and the bond trans to it is longer than in the cases noted

isostructural with oa-VPO

above but still shorter than in «-VPO;. These bonds for the

. o o .

sulphate and molybdate are 2.47 A and 2.59 A respectively. N
. o .

The equatorial oxygen bonds are 1.97 A in the molybdate but

o)
remain at 2.04 A in the sulphate.




The pair distribution function 1s sensitive enough to
the position of the equatorial V4+ - 0 bond length to indicate
a preference for the 1.97 X position over the 2.04 X position,
Concommitant with this choice, the vanadyl bond is assumed
1in the model for the glass to be lengthened to approximately
the value found in the molybdate.

As with the treatment of the tetrahedral vanadium,
the correction curve for the reduced vanadium was calculated
by subtracting a fraction of the appropriate V5+ peak and
introducing a fractional peak at the V4+ positions. The
relevant new positions are 1.677 X for the vanadyl bond and
1.97 K for the equatorial, bridging, V-0 distance. The long
bond trans to the vaqadyl is also taken from its VPO5 position
and transferred to 2.588 X to maintain consistency with the
VOMo0O, vanadium environment.

4

6.7 The V,0

29 Group

This element of the model was chosen more for @hat
it dogg not do than for what it does. When it was foﬁnd that
“a reasonable fit to the paif distribution function could be
obtained with no considerations given to the effect of the‘
lost oxygen, it was apparent that whatever new complex
resulted from thF loss of the aoxygen, it causes only minor
perturbations td the basic structure. If the\vanadium is

reduced by loss of oxygen, and every two V4+ ions correspond

to one lost oxygen, and if forty or more percent
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reduction of vanadium 1s to be expected in some compositions,
and i{ the chemical rearrangement caused by the lost oxygen
1s major, then there ought to be ewidence for i1t 1in the
X-ray curves.
The proposed configuration to accommodate the loss
of oxygen is the following. In a bilayer, an outside
vanadyl oxygen is remgved and the vanadium bonded to it is
reflected through the plane of 1ts bridging oxygens to form
a single bond with the vanadyl equatorial oxygens from the level below
The resulting complex can be seen as two tetragonal prisms,

4

\Y% +O units, sharing a bridging oxygen at the apex. Relative

5
to its layer, the lower vanadium need not move at all. The
shift of the upper vanadium is in the z direction and the
only pair function peak to be significantly shifted will be
the V-P peak for the upper vanadium alone. This adjustment‘
takes a fraction of the 3.26 i V-P peak, equal to one half
the concentration of Y4+ relative to the number of six P
coordinated V sites, andmoves it to 3.06 X. As the vanadigm
content increases, this adjustment diminishes greatly because
of the decrease in the concentration of V4+. The other
feature of the pair distribution function which is changed
is the V-V peak between sheets. The formation of such a
complex would give rise to a peak near 3.9 K which would
involve both vanadiums in the pair. A drawing of the Vzo9
complex is on the following page. The equatorial V-0

o) ,

distances are assumed unchanged(1.97 A).’

¥

e e e -




Figure 6.2
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V, O, GROUP

The proposed Vzo9 group. The large circles are
oxygen atoms and the small filled circles, partially
eclipsed by the oxygens above the page, are

4

vanadium atoms. The dashed circle indicates the

‘ oxygen below the plane of the page.
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The greatest drawback of the hypothesized V209
complex is the dearth of evidence for its existence anywhere
else. Were 1t a stable environment for vanadium, one would
think that it should have appeared 1n the structure gf
some crystals studied to date. It does appear without
comment 1n a diagram 1n Perlstein's (1970) paper on the
conductivity in V205 in which he proposes slip dislocations
with resultant bonding changes. The V2O9 unit could be
viewed as a pyrovanadate V207 1on with an extra terminal

oxysren on each end. In Mgzv O7 (Gopal and Calvo, 1974) an

2

extra terminal oxygen can be found 2.44 i from the one
vanadium and 2.873 from the other. The extra oxygen on
the pyrovanadate group 1in Tevzog is so close that the
pyrovanadate groups form chains (Darriet and Galy, 1973).
Each'Vapadium in the latter structure is f{ive coordinate
with the V-0 bond lengths ranging from 1.64 X to 2.08 X.

The fit of the pair distribution function is slaightly
improved, particularly from the proposed 3.9 i V-V peak,
by the inclusion of the V209 unit in the‘model, however
slight adjustment of the widths of the neighboring peaks
can yield nearly as good a fit in the ab%ence of this feature
from the model. The X-ray evidence is consequently ambivalent
with regard to this feature. Any alternative explanation of
the effect of the lost oxygen would be highly constrained

by the need to maintain the basic OL—VPO,5 pair distribution

function. A graph indicating the fit to the VIPIO5 glass

PP T R RO R i
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pair function, with and without the V209 feature is on

the following page.

In the calculation fo the pair distribution function,
the equatorial V-0 bonds were treated as 1f they were on a
normal VP05 vanadium site. They were set to the value found

n a—VPO5 or that found in VMoO5 according to the concentrat-

ion of V4+ per octahedral site., Although two electrons are

liberated on the formation of a V209 group, it 1s not assumed

that these electrons must remain there. In the absence of
evidence to the contrary, 1t is assumed that the electrons

wi1ll be distributed evenly among the octahedral (including

VzOq) s1tes. Because both the V4+ and VZO9 populations

scale 1dentically, their separate influences on the equatorial

b

V - 0 bond length would be very difficult to extract from a
pair distribution function. It was assumed 1n the model pair
distribution function calculation that the equatorial V-0
bond lengths expanded and contracted with the arrival and
departure of the hopping electron in the same way on the

V209 sites as it’woula on a vaﬁadyl site. Il remains open

to speculation whether the parémeters found to be consistent
with the experimental curve represent an average response
between the two types of V4+ environment or whether the

responses are indeed similar. It is a deliberate part of

the model that all tetrahedrally coordinated V are pentavalent.
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Figurce 6.3 shows the experimental pair function
for VPO5 glass with the calculated pair function with and
without the VZO9 hypothesis. The parameters riJ , Cij )
and Olj are tabulated in table 6.1 for the unperturbed VPO

5
glass model, Changes to these parameters which are made to
account for V4+ ot‘tetrahedral vanadium have been described
above. Figure 6.é\gisp1ays the low angle Cr Ka X-ray

data on four compositions of the glass. The experimental
relative intensity, corrected for absorption and polarisa-
tion is tabulated for five compositi®ns of glass in tables
6.2 to 6.6. Figures 6.5 to 6.9 contain the measured
intensity, the radial distribution function and g(r) for
each composition of the glass. Figures 6.5 to 6.9 also
contain graphs comparing the observed and calculated
reduced intensities and total pair Eunctions. All glasses
were prepared by melting Fisher V205 and PZO5 in a vitreosil
casserole in air. The glasses were quenched to room
temperature from 900°C. A piece of each glass was then

briefly melted in a vitreosii! mold and quenched again from

300°cC.
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FIGURE 6.3
The pair function for VPQ5 glass with and

without the \/209

(a) This graph includes the Vzoq unit 1n

the calculated pair function. It also

hypothesis.

illustrates how the model function 1s

controlled.

Key.

—— Experimental curve
Bare model function
when x # 0 this function is the
x = 0 model with averaged
scattering functions.

- . ~-.The perturbation which subtracts old
peak intensity and inserts new. This
curve perturbs for V4+ changes.

————— This curve perturbs for VO4 when
present and also includes. the c-axis ) .
translation generated compound peak
located at about 4.4 X.

-..-..The total mgpdel function to compare
with the experimental curve.

+

(b) The same as (a) but with the V-P peak
- 0 -
at 3.26 A broadened and the V209 ‘s

contribution deleted.

*
L e s o
N
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FILGURE 6.4 . .
Intensities of Cr. K X—rays reflected from four
compositions of V 1 % glass at low

scattering angles When the scattering angle

falls below some eo valﬁe, determined by the

size of the sample and the slit width, the

sample ceases to intercept all of the incident

beam. At this point the scattered intensity S
should diminish but parasiti¢ scattering in the.

* background should increase as the main beam is

approached. An approximate estimate of 6, is
indicated on all ‘'graphs except (c) by an arrow.
All of graph (c¢).falls below eo. The reader:
is referred to Shevchik and Paul (1974) for
graphs of glass samples with and without
small-angle scattering for comparison. Apling
(1973)'has interpreted scattering data\on Asz-
S3 glass as implying a layered structure.
Bishop and Shevchik (1974) have examined the
small-angle scattering from A3283 glass ‘and

have found no evidence of an exponential rise T

in the* 32 to 50 X size regime. They interpret
this lack of small angle scattering as supportive

of the 1ay§?ed structure model for As2 3 glass. .
. o _ ,

V1+x pl—x 05 glass.

(3) x= .6 _ ) e

(b)) x = .33 ’ : .

(e¢) x = .2

(d) X = 0 e
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Figure 6.5

Functions for VlPIO5 glass

The measured intensity I(s8) in electronic
units (Intensity Scale divided by 100).
The radial distribution function r (D(r) + Do(r)).
and r D(r), before back transform of r<l1 K
regién. )
The same as (b) but after the ripples in the
r <1 3 region have been filtered by back
transform. Graph (b) is only included with
this composition to illustrate the degree of
ripple which was removed. .
The correlation function g(r) =‘(D(r) + Do(r))/Do(r).
The calculated and experimental W(r) which is
% (D(r) + Do(r)) in electronic units.
The calculated and experimental si(s) and si(s)
M(s) where:
M(8) = <f(o)>2/<ffsggg.

\\\\

The dotted function is the unperturbéu\mgggl

function (no adjustment for V4+).
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Figure 6.6

Functions for Vl.2 P.SO5 Glass

The measured intensity I(s) in electronic units,.

The radial distribution function r(D(r) + Do(r))

and r D(r).

The correlation function g(r) = (D(R) + Do(r)YDO(r).
The calculated andexperimental W(r) which is

%(D(r) + Do(r)) in electronic units.

The calculated and experimental s i(s) curves

and s i(s) M(s) where M(s) = <f(0)>2/<f(s)>2,

The dotted function is the unperturbed modél

function with average (V,P) scattering factors.
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Figure 6.7
Funct%ons for V1.33P.6705 glass
Heasured intensity I(s) in electronic units.
The radial distribution function

r~(D(r) + Do(r)) and r D(r).

The correlation function g(r) = (D(r) + Do(r))/Do(r).

The calculated and experimental W(r) which is
g (D(r) + D (r)) in electronic units. :

The calculated and experimental s i(s) curves
and s i(s) M(s) where M(s) = <f(0)>2/<f(s)>2,

The dotted function is the unperturbed model

function with average (V,P) scattering factors.
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(a)
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(e)
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Figure 6.8

Functions for V1.6P.405 Glass.

The measured intensities I(s) in electronic
units.
The radial distribution function r (D(r) + D_(r))

and r D(r).

The correlation function g(r) = (D(r) + Do(r))/Do(r).

The calculated and experimental W(r) which is

3 (D(x) + D_(r)).

The cafculated and experimental si(s) and

s(i) M(s) curves. The d ed curve is the bare
model function ealculated with average (V,P)
scattering factors. The function M(s) =

M(s) = <£(0)>2/<f(s)>2.
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Figure 6.9

Functions for V.8 Pl.zo5 Gl ass

(a) Observed intensity I(s)
(b) The radial distraibution function r(D(r) + Do(r))
and r D(r).
(c) The correlation function g(r) = (D(r) + Do(r)/Do(r).

(d) The calculated and experimental W(r) which is

Il
7 (D(r) + D_(xr)).
{e) The calculated and experimental si(s) and si(s)M(s)

curves where M(s) = <f(o)>2/<f(s)>2.

This composition is unusual in two ways. The sample
was too thln to remove from the mold and the mold 1lip
limited the scatterlng data to an S > 3 A 1. Secondly,
the substltutlon aspect of the model cannot extrapolate to
the phosphorous rich side. The model function plotted
here is for an x = 0 glass with 95% reduction. This
allows those portions which have changed relative too

the VPOSOglass to stand out. Enough of the region 3A

< r <5 A is the same as the VPO5 glass (if V-0 peaks

are weakened) to suggest that the basic structure may

be intact except for V vacancies. A PO4 with one

terminal bond along the Z direction could satisfy

three of the formerly V-0 bridging oxygens. The result-
ing P-P peak would strengthen the pair function

0
immediately below 3 A.




P e e

- -

216

SWOMLSINY HI0HLI33E NI S

R

Wl e

(S)]

0§

R s TR T

00T / SLINN JINOYL3373



217

SWOYLSING 40 SHIN3L NI

d

JRNTSIGEPUEY TSP VPPV A

'y

0T

ST

0¢

PR et

. 000T / SLINN JINOYLO33



218

o R A NPT B e o

SWOHLS3NY 40 SHIN3L NI d

007 06 08 04 08 0g 0¥ o€ g2 oT

* * g * v v T A 4

L

0T

0T X OTigy

'l

ST




219

08

o T % 8, Y P e yeme sl

SWOYLSANG 40 SHIN3L NI ¥

o€

) i

L

0r

A

08

0.

00L/ N3



220

(e)

©

c
C T
LY
T o~
= L T »n
D> e
|
0 v
w— n
L. ©
oo

\
e A AR, S P

-~

o —

00t /7 n 3

000t /'N"3

16

14

12

8

£ . g

Pated



CHAPTER 7

IMPLICATIONS OF THE MODEL

The properties of vanadium phosphate glasses have
been the object of many investigations. As a semiconductor
with a temperature dependent activation energy for electronic
conduction, the glass has attracted the interest of both
experimentalists and theorists who have applied their efforts
to the explanation of the conduction process and the degree
to which it is influenced by the disorder inherent in the
glassy state. The conductivity has been measured as a
function of temperature for various compositions and degrees
of vanadium reduction. The Seebeck coefficient, which comes
from the voltage induced across a sample experiencing a

thermal gradient, has been measured for various temperatures

and as a function of vanadium degree of reduction (Linsley,et al

1970). Spectroscopic investigations into the structure of
the glass have involved infrared absorption (IR), electron
paramagnetic resonance (EPR), and nuclear magnetic rescnance
(NKR). Densitigs~have been noted in several pape}s, and in
some céses eleé£f0n @icroscopy was used to test for phase
separation or devitrification (crystallisation).

It is the‘object of the present section to discuss the

implitations of the various toatures of the structural model
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on the physical properties mentioned above.
The following notation will be used to denote the

composition Vl+x pl—x 0 _% where x is the proportion of PO4

tetrahedra replaced by VO4 tetrahedra and ¢ -is the ratio V4+/

total

\Y In the formula, notation of ¢ will usually be

suppressed but is implied., The term "vanadate content” refers
to x (or the vanadum to phosphorous concentration ratio).
The term '"percent reduction'" means 100 ¢ and c¢' = c(1+x).

In a pair of papers Janakarama-Rao (1965-1966) studied
a number of properties of'the P205 - VZOS - GeO2 system,
In the infrared spectrum of his glasses he noticed a prominent
line at 1005 cm"1 in the vanadium rich glasses which became
enveloped by a broad band as phosphorous was added. He
correlgted this line with one he observed in the spectrum of
V. 0. at 1015 cm ! and concluded from this that the vanadium

275

environment in the glasses resembled that in cry¢$italline V.0

2
The line which he identified as the vanadium-oxygen stretch,

5°

has been shown by Gilson et al., (1973) in a single-crystal
Raman scattering and infrared reflection experiment to be
one of several distinct vanadium-oxygen stretches. The~
octahedral environment of vanadium in V205 (Bachmann, et al.,
1961) is quite distorted with three different equatorial
bond lengths as well as the axial long and short (vanadyl)
bonds. The vibration to which Gilson et al. attribute the
line seen by Janakirama-Rao is primarily the short terminal

vanadium-oxygen bond (vanadyl bond). The similarity between

»
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the glasses and the V205 crystalline structure noted by

Janakirama-Lao should not b:> generalised to imply that the

vanadyvl VOS or VO, units are linked in any way similar to

6

that of V205. What could be deduced from the appearance of

the line 1s that it is not caused by non-condensed VO4 groups or

by metavanadate chains (two bridging and two terminal
oxygens per vanadium). Both alpha and beta VPO5 have vanadv]
VO6 units although neither of the vanadium phosphates has
the edge sharing configuration found in V205.

Landsberger and Bray (1970) reported a nuclear
magnetic resonance experiment on several compositions
of vanadium phosphate glass. They fitted their line profile
to oné generated on a computer by a procedure which calculated
the line arising from an anisotropic chémical shift tensor and
quadrupole coupling tensor for a fixéd orientatjon of. the
magnetic field and tenéors.gng QGe;aged over all directions
in space. They separated the broadening of the line due to
the chemical shift from that due to the quadrupaleshift by
comparing data at two resonag:e frequencies. Axial symmetry
about the vanadyl bondwas assumed, and consequently the
tensors were reported as a value parallel to the bond "
direction and one perpendicular. They found that as the
phosphate content of the gias§ was increased, the chemical
shift component in the direction parallel to the vanadyl bond

decreased, but that the shift perpendicular to the vanadyl

bond remained constant. They interpret the decrease in the
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chemical shift parallel to the vanadyl bond as evidence that
the vanadyl bond has beeri made more ionic, and consequently
weakened, by an attack by therhosphate. TInterpreting
Janakirama-Rao's (1966) infrared spectra to imply that the
flasses were structually based on V205 - like sheets, they
concluded that the axial nature of the change in the chemical
shift implied that the phosphate attacked the vanadyl oxygen
and replaced it with a P04 group. Changing the terminal
vanadyl oxygen to a P-0-V bridging oxygen preserved the axis
of symmetry and weakened the vanadyl bond. The decrease in
the parallel component of the chemical shift was found to be
linear in the proportion of vanadium which had been reduced
to the four plus oxidation state. Because the V4+ content
increases with phosphate content, it was concluded that the
oxygen loss which gives rise to the vanadium reduction was
due to the vanadyl oxygen replaced by the phosphate. Within
the context of the model proposed in the present study, the
loss of oxyvgen is éonnected with the formation of V209 units,
which are axially symmetric, and which replace a terminal
vanadium oxygen bond with a bridging V-0-V bond. The axial
symmetry of the whole V20g group arises more naturally from
the structure than would be the case of the structure proposed
.by Landsberger and Bray. The VZO9 group has just those
at?ributes of their model which they used to explain their datg

namely, an increased ionic character to the axial V-0 bond

and axial symmetry for both VO6 ani;jkoq groups.
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The model of Landsberger and Bray (1970) has only
two tvpes of vanadium environment; those bridged to phosphates,
and those with vanadyl bonds. To incorporate the disorder
assumed inherent in the glassy state, they allowed the
elements of their parameter tensors to take on values about
an average or '"'most probable’” value and distributed according
to a probability distribution parametrized by a width 4.
They found it necessary to employ a skewed distribution, and
one could ask whether such a skewed curve might contain an
unresolved bimodal distribution. The following page shows
a schematic of their distributiof.

Were the major cause of disorder about a vanadium
site the distribution of phosphates, it should be assumed
that the environment would be most disordered at high phosphate
content. Indeed, it had been proposed by Janakirama-Rao
(1965,1966) that the decrease in electrical conductivity at
higher phoéphate content was due to the progressive breakup
of VZOS sheets to accommodate more phosphate.' It is found,
however, that the width parameters A for the distribution of
both the parallel and perpendicglar components of the chemical
shift tensor increase quite significantly with increased
vanadium content. If there had been a minority component
of the glass which increased with vanadium content, and if
the tensor components of the minority feature were near or
internal to the distribution of values generated by the

majority component, then its observation could perhaps be
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FIGURE 7.1

Ve
{mp)
g ->
This Is a schematic of the skewed probability distribution
used by Landsberger and Bray (1970). The solid line Is
thelr curve centred about the "most probable" value (mp)
and characterised by a width A. The dotted curves show how
the apportionment between the members of an unresolved pair

of peaks could be scaled by the width A.
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obscured by the skewed distribution that was used. A
candidate for that minority feature is the tetrahedral
vanadium that has been proposed to explain the X-ray data
in the presént study. .

Although Landsberger and Bray have two types of
sites(V06 and VO4 - 0 - P03) they find that they do not
observe separate speqtra for each type of site. They assume
that their sites are close enough in the values of their
chemical shifts that the averaging procedure superimposes
the two signals to form a compound line the peak (most
probable value -"mp" ) of which will be shifted to the
weighted mean of the components. They plotted the following
expression, in which 911 and 04 are the respective chemical
shift for the "parallel” and "perpéndicular” directions,

and where y is the number fraction of P-0-V type environments.

11 11

mp __mp _ _
(011 olp) o + Y (OPOV ovzos)

The intercept a, is the parallel minus perpendicular

components for pure VZOS and it is assumed that oéov is the
same as that in V,0 The number fraction y was taken as

2°5°
half the V4+ fraction on the assumption of one POV unit being

formed for every oxygen lost. The slope of their linear

. 11 1 -4
plot yleldedcipov ~ 9poy which they found to be 34 x 10
which is twice the maximum measured o;; - o;p and almost

four times the equivalent number for VZOS‘ If one assumes
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that the minority peak is due to V209 units instead of

04V—O-—PO3 structures, both vanadiums of the V209 unit will

contribute a resonance and hence y will be twice as great

and the slope will yield a chemical shift difference

of 17 x 10—4 instead of 34 x 10-4. The lower anisotropy

(by half) predicted by the use of a V209 group brings the

parameters of the two components CVZO and VOG) closer in

9
value and makes the hypothesis of two superimposed averaged

peaks perhaps more reasonable.

7.1 The Density

The density of the samples used for the Xlray
experiments was measured in one of two ways depending on
how large a specimen could be dislodged from its holder
without cracking. For two compositions, intact slabs of
ten or more grams were looped with a wire and weighed in
air and water to the nearest milligram. The depth of sub-
mersion was reproducible so that correction for the buoyanc&
of the wire could be made. The others were measured by a
floatation technique (International Tables of X-ray Crystall-
ography IT , 1962) in which clips of the sample were matched
in density by a benzene bromoform mixture and the density of
the liquid mixture subsequently measured in a pycnometer.

As can be seen on the following page, the density
measurements in this experimen£ ére compatible with those

of Greaves (1973), Janakarama-Rao (1965), and Caley and

B et s o - -5 rmntn
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Fiqure 7.2 Densitv of vanadium phosphate alass

Key: ‘
. This study
q Greaves (1973)
C Caley and Murthy (1970) .

$(0) Sayre and Mansingh (1972)
J-R Janikirama - Rao (1966)
L{0) Lynch‘et al. (1971) prepared under oxyqgen

L(A) prepared under argon

— — Calculated assuming:

)
0 - 0 repulsion distance at slip is 2.82 A

PRI TIRE R e e r L e T i AL

a axis expansion with x is 1%

o

¢ axis expansion with x is .15 A
4 o]
c axis contraction with V3% is .15 A

B 2l N B 4.

+ . . . .
V4 concentration varies as in Figure 7.7
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Murthy (1970). Those samples prepared in oxygen atmosphere
by Sayre and Mansingh (1972) and in oxygen and in argon

Lynch et al., (1971) are systematically lower by about

four percent. Comparing the glass with fifty percent vanadate

with the a-VPJ_. crystal indicates a seventeen percent decrease

5
in density from the crystalline state. Only a slight change
1n density occurs as the vanadium content 1s increased.

The variation with vanadium substitution is nearly linear
with a rise of less than five percent. Simple mass change
oa substitution should give a twelve percent increase in
density from the fifty percent vanadate to the one hundred
percent vanadate, were it not for expansion.

The most prevalent feature of the density curve is
the uniform drop of seventeeq to twenty percent from the
crystalline value and then the very mild increase across a
wide compositional range. The doubleglayer of a--VPO5
sequence with the intervening slip dislocation as
described in Chapter 6 gives just such a constant density
decrement. The two sheets that compose the double layer
could be pinched together by V209 groups to give the
observed two percent increase in density‘with reduction
al though Sayre and Mansingh's (1972) fifty and sixty percent
vanadate glasses decrease from a reborted forty percent
reduction to eighteen percent reduction with no major change
in the density. Itwuld appear that much more data is

+
needed to sort out the separate influences of V4 and
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tetrahédral vanadium substitution. A moderate increase in
volume on go%ng from VPO5 to VOVO4 is indicated by the slope

of the graph. The increased size of the VO4 unit quex the

PO4 unit should shift the V-P peak in the pair distribution
function significantly and increase the volume of the
"apparent' cell significantly if uniform expansion were to

take place. The shift in the V-P peak is much more restrained,
indicating that a rotation of the tetrahedral group about an
axis normal to the laver to accommmodate much of the increased
bond length may be taking place. Tﬁe tetrahedra could rotate
as much as about twenty degrees before oxygen-oxygen repulsiqn
would intervene. A projection down the c-axis in the a—VPO5
crystal structure shows a VO6 octahedron and its n-glide
generated mate. This pair of octahedra and the tetrahedra
which join them, form a parallelogram (Fig. 5.3) with the innermost
four oxygens of the group. Rotation of the tetrahedra increases
the major diagonal of the parallelogram and decreases the

minor diagonal. It is theoxygen-oxygen vector described by

the minor diagonal of the parallelogram which would limit

the rotation.

7.2 Homogeneity - The Literature

Two forms of heterogeneity have been discussed in the
literature with respect to vanadium phosphate glasses. The
first of these is devitrification. 1In some glasses nucleation
and growth of crystals occurs when the specimens are heated

or allowed to sit for an extended period of time. Although

e A
s
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Hamblen et _al, (1963) have 1eported that they were able to
induce devitrification in virious ternary glasses which
included vanadium phosphates by heat treatment, the question
relevant to the present studv 1s whether devitrification s

to be expected 1n as-cast or moderately anncaled samples,

In the course of the present study, devitrification was
observed 1n only a few samples. These specimens had been
discarded because thelr:thermal historv was unknown due to

a malfunction of the furnace control during their preparation.
Over a period of several montis to three years some of these
diszards lost their black glossy sheen and took on a dark

green colouration on their surface which progressed‘with'time
into the bulk. Powder X-ray diffraction yielded crystalline and
amorphous patterns. Samples for which a thermal history 1is
known, have been stored as chunks or slabs for three>or

more years with no i1ndication of degradation. It 1s a

commbn practice among those workers experimenting on the
transport properties to test their samples for devitrification
by X-ray techniques. For example, Landsberger and Bray (1970),
Sayre and Mansingh (1972), and Anderson and Luehrs (1968)

used X-rays to screen samples for devitrification. Ilench (1970)
experimented with glasses in the systems VZOS - P,0. and

275

V.O. - XKPO, to test the effect of quenching temperature and

275 3
annealing on the electrical properties. IHe found slight

differences in the electrical properties of glasses quenched

from various temperatures above 7OOOC, but that glasses

\
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quenched from 5507C were quite different from the others.
This was attributed to about 1% of the bulk having crystal-

l12¢pd. Hamblen et al. (1963) had also noted marked changes

1n conductivity upon devitrification. It appears that
devitrification is readily detectable when it is present and
that for those compositions interior to the glass-forming
regime and auenched from temperatures well above the melting
temperature 1t 1s not common.

While devitrification does not appear at this time

to be a centre of controversy, the other form of heterogeneity

1s. If two melts are immisible below a given temperature
but form a solution aboye that temperature, and if the
solution is quenched from above that temperature fast enough
that the two components can only separate on the molecular
scale before freezing into place, an intimate mixture of

two glasses results. In systems in which this behaviour has
been studied (see for example, Zarzycki apd Naudin (1967))
the size of the domains could often be monitored by small-
angle X-ray scattering as they grew upon annealing. Hench
(1970) quotes the results of small-angle X-ray scattering
experiments on .33 KPO3 - .67 V205 glass, but does not give
experimental details. Ile noted concommittant changes in the
electrical behaviour and in the small-angle X-ray scattering
when the samples were annealed at 288°C. Shaake and Hench

(1970) discuss this further and propose a theory of the

conduction process which is -redicatedupon phase separation.
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Two points are worthy of keeping in mind when considering
Hench's results,; having established that the change in
conductivity upon annealing is a characteristic of glass-glass
phase separation in the ternary glass (containing potassium)
he does not find significant change in the electrical
properties of the binary glass upon annealing, and secondly
I[llarionov et al. (1961) have published phase diagrams for

the potassium oxide-phosphate-vanadate system which contain
four crystalline phases one of which matches Hench's glass

in vaqadape to phoéphate ratio, Hench (1970) concluded

that the presence of sodium oxide, potassium oxide, or barihm
oxide in vanadium phosphate glass strohgly changes tendencies
of @he glass for phase separation and c¢rystallization.
Mansingh et al., (1975) measured the AC conductivity of

some glasses in the binary vaﬁadafé—phosphate sysfem be fore ,
and after annealing and found no change in the conductivity «
after annealing at 300°C. Aside from those of Greaves (1973),
whose results they attribute to his use_of vanadiuﬁ electrodes,
they could find no published data indicating an a?nealing )
induced change in cogdﬁctivity. They interpret their results
as evidénce agaiqst phase separation in the binary glass

. system. The demonstrated sensitivity of phase séparatioh to
the presence of alkali oxides as a third component, and the
absence of the characteristic behaviour in the binary

glasses indicates that the roesence of heterogeneilty in the

ternary glasses is a separat question from whether hetero-
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geneity is present in the binaf& glasses. This is not‘to
imply that the ternary glasses are structurally drastically
different from the binary glasses, for that is, again, a
separagé question, and the very minor degree of change in the
conductivity of the binary glasses as several percent of
the third component is added (Caley and Murthy, 1970, and
Baynton et al., 1957) suggests a high degree of similarity.
The strongest eQidence for phase separation in )
the binary vanadate phosphate glass system comes from electron
microscopy. - Anderson and Luers (1968) examined glasses
quenphed from 900°C both as chips and as thin films blown
from the(melt under an electran microscope. The chips were
problematic because of a tendency to melt in the electron beam
when mounted on a cold stage at liquid nitrogen temperature.
The equivalence of the thin fiims to the‘bulk glass is openh to
question, although Austin and.Sayre (1974) were able to blow
films in which the electrical properties matched those of the
bulk glass. In the films, Anderson and Luers (}968) found
no phaqe separation in glasses of eightyépercent vanadate or
1ess, but found evidence of phase separation in an 87.5%
vanadate glass “1th the qize of the heterogeneous regions
baing about 20 A .  Several other workers, such as Mackenzie
(1964), Austin and Sayre (1974), Sayre and Mansingh (1971),
and Sayre et. al., (1971), have used electron microscopy to
screen their glasses for heterogenéity and have not

raported evidence of phase separation. Friebele, Wilson,
-
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and Kinser (1972) reported electron microscopic evidence of
phase separation which begins between sixty and sixty five
percent vanadate and increases with vanadate content to major
propertion at ninety percent vanadate. The size of the
heterogeneities on their photographs is an order of magnitude
or more greater than these seen by Anderson and Luers (1968).
In a later paper, Kinser and_thson (1973) indicated phase
separation on the phosphate rich side of a minimum in
heterogeneity near 70% vanadate., They further suggest that

the heterogeneity minimum coincides with the conductivity
maximum when considered on a triangular phase diagéam of

v205 - V204 - pZQS‘ It is not cleaf that the latter conclusion
is justified by the half dozen compositions investigated in
that baper, but further evidence is promiéed in a "to be
published" paper. An alternative explanation for the conduct:
ivity maximum in ferms of the polaron-polaron repulsion
hypothesis of Sayre andMnsingh (1972) and using the structural
parameters of the model proposed herein will be given below.
With regard to the electraon micrographs a couple of points
might be noted: the 800°C to 900°C quenching temperature

used by  Anderson and Luers (1968), Caley and Murthy (1970),
Baynton et al. (1957), Sayre and Mansingh (1972), Hench (1970),
" and the present study is 200°C lower than that used by Friebele
g_g__ag_ (1972) and Kinser andWilson (1973), and secondly, that

the problems of local heating by the electron beam severe

enough to melt samples 0f glass that had been mounted on a
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cold stage at liquid nitrogen temperature in the experiment
of Anderson and Luers (1968) could also be effecting the
samples in Kinser's work. JFriebele et al., (1972) had noted
an increase in phase separation in their samples upon
antealing at 300°C. Measures to avoid local heating of that
magnitude are not reported. Also no explanation has been
offered as to why the stoichiometry for maximum homogeneity
in one paper (Friebele et al. (1972) Jcorresponds to a maximum
inhomogeneity in the other (Kinser and Wilson 1973).

The eother évidence for phase separation put forth by
Friebele et al. (1972) is not as strong as the electron

micrographs. They note a minimum fi their EPR linewidth

near 80% vanadium which they relate to the combined broadening

of the line due to phase separation, dominant at high vanadate
concentration, and inhomogeneity in the magnetic ion}s local
environment, dominant at iower Qanadium content. Without
their hypothesis of a VZOS based glass structure, their
argument does not explain the data. The VPO5 based model
proposed herein pfedicts the opposite trend in broadening due
to variation of tﬁe local environment, If, as they claim,
forcible reduction of the vanadium by the addition of sucrose
enhances phase separation, or as Kinéegiand Wilson (1973)
propose phase separation is enhﬁnded for stiochiometries
avay from the conductivity maximum, a prime candidate for
phase separation wéuld be the forcibly reduced 80% vanadate

specimen of Friebele et al. which had a smaller EPR linewidth
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than an unreduced 90% vanadate glass. Whatever the )
explanation of their EPR linewidth may be, its connection

with phase separation is not obvious. Their other argument
for phase sepa;ation involves the observation of EPR hyperfine
structure lines. Lynch et al. (1971) were able to observe
hyperfine lines in an 80% vanadate glass prepared under an
oxygen atmosphere (V4+/Vtotal = ¢ = ,05) but not in the glass
prepared under argon (c = .11) Dipole-dipole broadening at

higher V4+

concentration was given as the reason for the
absence of hyperfine lines in the spectrum of the more
reduced glass. Landsberger and Bray (1970) were unable to
observe hyperfine lines in a 90% vanadate glass with ¢ = .06
Lynch et al (1971) explain the discrepancy by noting
weaknesses in Landsberger and Bray's procedure for analysing

4+

for Vv content. Friebele et al (1972) take the results to
]

imply that Landsberger and Bray's 90% vanadate ‘glass was

more phase separated with a higher effective V4+

concentration
.in a vanadium rich phasé. As will be discussed below, the
VPO5 model fo? the glass with excess vanadium substituting

for phosphorus on the tetrahedral sites, with the extra
hypothesis that the itinerant electron does not come to rest
on a tetrahedral vanadium, implies that the more Yelevant
measure.of vt concent}ationjg;the number of reduced vanadium

atoms per octahedral site. Transforming to that parameter,

Landsberger and Bray's glass is one and one_third to one and

240

. e

y—

ety < e we s e ——pct -

P S

- A 4
LY




241

one half times as reduced as that of Lynch et al. More data
will be required before it can be ascertained whether this
degree of enhancement of the effective V4+ concentration is
adequate to smear out the hyperfine structure, but the
apparent conflict between the two sets of spectra is
significantly lessened.

The discussion of phase separation in the paper of
Friebele et al. (1972) was incidental to the investigation
of magnetic ordering in the glass. They measured the
integrated intensity of the EPR signal as a function of
temperature and found approximately a 15% variation which
they attributed to the loss of signal from magnetically }

4+

coupled V sites. Lynch et al. (1971) had measured the EPR

absorption curve directly.arong'with that of the standard, and
integrated. Friebele et al. (1972) and Landsberger and Bray

{
'(1970) approximated the integral strength from the derivative

P

curve as being propoftional to the product of the peak to ?
peak height and the square of the linewidth. Landsberger and
?ray (1970) had pointed out that the proportionality constant
1s lineshape dependent, and consequently a change of lineshape
rather than line intensity may have been responsible for some

of the temperature variation observed by Friehele et al.{1970),

However in a later paper Kinser and Wilson (1973) report that '
the linewidth had been tempesrature invariant. Lynch et al.

. ) § -
(1971) had also measured the line strength.ag,aoﬁunction of

temperature and found it invariant. The discrepancy lies in
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the size of the error bars, which are more than an order

of magnitude smaller on the data of Friebele et al. than on
that of Lynch et al. (1971) or of Landsberger and Bray (1970).
The peak heights and widths would have to have been measured
to four significant figures to give such precision.

Friebele et al found that the temperature variation
of the EPR signal stréngth was slightly different for those
samples considered to be phase separated, and the variation
led them to suggest that the minority phase was V204—like
but vitreous. ;

The X-ray model pr@posed herein has several
implications for the question of heterogeneity in the glass.
If the average electron density of the two phases were \\ ;
adequately different andjif the domains were on the order of

o
20 A as observed by Ander@on and Luers (1968), then signifi-

|
cant small angle.scatteridg should have been observed. The
' |

S e e e

VPO5 structure and the\&Oé structure are both layered, and "
i ”~ r

the layers are bonded to each other in both cases by the
iong V-0 bond trans to a Qanadyl bond. In spite of these .
similaripies, it would befdifficult to fit tetrahedra into
a V20s baéed structure. V$ome examples have been found in

the niobium phosphates( Roth et al.,1965; Levin and Roth,1970)

in which small amounts of phosphate have been ordered at

e e

the corners of blocks of edge sharing NbO6 octahedra. The
high degree of ordering oﬁ' he phosphates in these niobium

phosphates makes this kind of structure a less desirable glass



model. In as much as VOVO the totally substituted VOPO

4’ 4’
has not been observed, a maximum may exist in the degree of
substitution be&ond which the excess vanadate would form
layers of V205 form. A maximum in vanadium concentration
beyond which paréial crystallisation takes place has been
noted by several authors including Caley and Murthy (1970),
Denton et al. (1554) and Grechanik et al (1960). No X-ray
data were taken on a sample with more than B0% vanadate
content and the substitﬁted VOPO4 model appears to extra-
polate well to that point, and no phase separation was seen
by Anderson and Luers (1968) through that composition.
Whether the model extrapolates right up to the limit of
vitrification near 95% vanadate content remains open to
speculation. A phase diagram published by Nador (1960)
indicated a eutectic near 86% vanadate content, and Anderson
~and Luers (1968) interpreted this composition as the boundary
beyond which vitreous phase separation begins. The composition
at which they observed separation was 87.5% vanadate. The
structural features discussed above would suggest that should
rhase separation.take place in the 90% vanadate region the
phases would be V,, Py . Oy and V,0g with x near .8. If
these are indeed the phases which sepa}ate, it is not obvious
why separation should occur near x = 0 or X =.2, as seen by

Kinser and Wilson (1973), but not seen by Friebele, ‘Kinser,

and Wilson (1972).
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7.3 Magnetism
Friebele et al. (1972) suggest that vanadium phosphate

glass has antiferromagnetic coupling between some pairs of

V4+ ions. They locate the transition temperature from

their EPR line strength measurements and find that it agrees

within error with the Currie temperature derived from the \
femperature dependence of the magnetic susceptibility. They

take the agreement of the two temperatures to rule out

superexchange. The magnetism is discussed as a property of

the unseparated glass and is not predicated on a phase

separation hypothesis. As was noted above, Lynch et al.(1971)

observed no change in EPR line strength with temperature,

but Friebele et al. (1972) with very much smaller error bars '
found significant variation. The results af Friebele et al.

were very reproducible from sample to sample, also. If it is

assumed, after them, that the coupling exists and that the

4+ 5+ |

temperature dependence rules out V' -V interactions, then j

the X-ray model may be searched for acceptable site pairs.

4+

The closest V - V4+ separation would come from

an octahedral and tetrahedral pair. Examples of tetrahedral

4+

\% are not abundant in nature. There are advantages in the

interpretation of the conductivity to the hypothesis that 3

the itinerant electrons do not lodge for long on tetrahedral

vanadiunm sites. An effective g value -~ - - =« = =« = = w « =
{
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of approximately 1.960 has been observed in the EPR of the
vanadium phosphate glasses fthroughout the composition range
studied by Friebele et al. (1972), Bogomolova et al. (1968),
Landsberger and Bray (1970), and in crystalline a—VPO5
H.N. Ng (1973). If the EPR signal were due to V4+ on both
tetrahedral ond octahedral sites, either separate signals or
an average signal with a centre which shifted with vanadium
content should be expected. Alternatively, the EPR signal
of tetrahedral V4+ could be so broadened (Siegel, 1964) even
at liquid nitrogen temperature so as not to be observable.
WYere this the case, the V4+ on tetrahedral sites would be
invisible to the EPR but still be counted in a chemical
analysis, and, consequently, the EPR line strength should

no longer correllate well with the chemically determined

4+

Y content, and the disagreement should be most severe at

higher total vanadate concentrations. Friebele et al.(1972)
have suggested that the magnetic coupling could cause the

EPR to underestimate the V4+ 4

concentration at high V
concentration, however they plot their EPR concentration
results with those of Landsberge; and Bray (1970) and the
chemically determined concentrations of Mackenzie, with
reasonable agreement between the three. The hypothesis that
the tetrahedral sites should not be counted among the possible

V4+ sites is consistent with the EPR results.

\
If the tetrahedral vanadium sites are excluded from

consideration, the next closest vanadium neighbour set is

P

- —

LREp




246

in the vzog sroup, with a vanadium separation of approximately
o]

3.9 A. The oxygen between the two vanadium atoms could play

a role in the exchange, however Friebele et al. (1972) suggest

Y

superexchange is not involved. The 4.4 R vanadium separation,

parallel to the vanadyl bond, between octahedra i1n adjacent

sheets also has an intervening oxygen. Another candidate,

although even more distant, is a 4.67 X separation between

a vanadyl site and two vanadiums in the sheet above whose

vanadyl bonds are pointing down. No oxygen blocks the line

of sight between these vanadium sites. All of these

separations are much larger than the three Angstrom or less

distances in edge or face sharing yanadium oxides. The site

0. model

275
O
for the glass would be separated by approximately 3.08 A

pair suggested by.Friebele et al.(1972), using a V

Stronger evidence for the existence of maghetic
ordering would be desirahle, such as magnetic neutron
scattering above and below the reported Neel temperature of
203°K. Landsberger and Bray (1970) measured the magnetic
susceptabiiity from 77°K to 300°K and found it to fit a Curie-Weiss
law x = C/(T - 6) where x is the magnetic susceptibility,

T is the temperature, and C and 0 are fitted constants. Their
values for 6, the Curie temperature for two glassés were

13 + 5°K and 5 * 5°K. This is not consistent with the

B = —QOOOK observed by Friebele et 2l.(1972), but .implies
either paramagnetism or a magnetic ordering at very low

temperatures. The long distances between vanadium sites

e b il s ol 2 8 =

Seaihebss ateamih A b

.




implied by the X-ray model would be more consistent with a
woaker exchange interaction, and a lower ordering temperature.
Lynch and Sayre (1973a) suggest that magnetic ordering should
occur at no more than a few degrees Kelvin and could be
o1ther ferromagnetic or antiferromagnetic. Aleng this line
1t may be helpful to note the observed magnetic ordering
behaviour i1n related structures. VSO5 has both an alpha and
beta phase which are isostructural with the alpha and beta
vhases of VPO5 respectively, (Longo and Kierkegaard 1965;
Longo and Arnott, 1970). While the distances and spatial
arrangement of the vanadium atoms correspond between the
phosphate and matchipg sulphate structure, only a minority

of the vanadium i1ons in the phosphate are in the magnetic

+4

V state while all the vanadium i1ons in the sulphate are

V4+. One would expect magnetic ordering in the phosphate

to be no easier than in the sulphate. Magnetic susceptibility
data on both sulphate phases has been published by Longo and
Arnott (1970). Above 100°K the magnetic susceptibility of
both phases follows a Curie -Weiss law with a Curie
temperature of —12°K, indicating ferrimagnetic ordering.

The susceptibility of the alpha phase maintains this behaviour
dowﬁ to about 10°K at which point a new line éommences which
indicates a Currie temperature of about 4.2°K. The suscept-
ibility of the beta phase begins its deviation from the

Curie -Weiss law at about 100°K and its behaviour below that

point is interpreted as indicafing a Neel temperature of 25°K.

. e

~e
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With such low ordering temperatures for the vanadium sulphates
and particularly the alpha phasé, it would be reasonable to
expect the ordering in a—VPO5 to be confined to temperatures
lower than 4°K. On the basis of the glass model proposed
here, this would imply that magnetic ordering in the glass

should be confined to low temperatures.

7.4 Electrical Properties

7.4.1 " General

The conductivity of vanadium phosphate glasses has
been discussed in a book (Mott and Davis 1971), in review
articles (Mackenzie, 1964b, Austin and Mott, 1969, Adler,1971,
Austin and Garbett, 1971), and in several research articles.
Various theories are reviewed in Austin and Sayre, (1974) and

extensive experimental data on binary VZOS - P205 glasses is

Rt W B ki Etab g = voaf e AL e T N e

given in Sayre and Mansingh, 1972, and Linsley et al.(1972).
kS
Data from these last two papers will be drawn upon heavily

in this discussion.

s

The conduction is usuaily regarded as a small-polaron

§

hopping process. Oxygen e¥olving from the melt leaves some

of the original V5+ ions reduced to V4+, and as long as the
V4+ ions are in the minority the conduction is electronic.

In specimens reduced to majority V4+ concentration the Seebeck

coefficient (Linsley et al., 1970, Greaves, 1973) shows hole

type conduction. The transfer of charge can be seen (Mackenzie,
4+ 5+

1964b) as a change from a V configuration to one of

-0 -V
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+ +
V5 - 0 - V4 . The electron transfer from vanadium to

vanadium is subject to two types of localisation, Landau
localisation (1933) and Anderson localisation (1958). An
extra electron in an ionic material can cause its immediate
environment to distort enough in some cases to trap the
electron (Landau localisation).

The conductive process of small polcron transport
In a crystal is often described as band conduction at 1low
temperature (T less than 1 Debye tenpernture(=60)2and hopping
conduction at higher temperature (T>§9D). The slowly moving
electron is seen to trap itself at higher temperatures in
a potential well generated by its own induced polarisation
of its environment (Landau, 1933). VWhether the electron
traps itself depends upon the '"stiffness'" of the host lattice
and the electron's bandwidth. If Landau trapping is in
effect, the electron is seen to hop from site to site with
the assistance of one or more optical phonons . At low
temperature the density of accessible optical plonons |is
small and the electron is seen as tunnelling between sites.
If the host is not a well ordered crystal the energy of
possible electron sites may differ from site to site by
an energy of approximately WD‘ If this modulation in site
energy is large énough relative to the low temperature counduction band
wfdth, the band conduction is destroyed and the electron
once again localised, this time by Anderson (1959) localisation.

In disordered materials (Emin 1973) the theory usually involves

g e b v
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hopping by way of accoustic phonon nssistance at low temporatures,
~ .

" There are two common ways of ﬁurametrizing the polaron
onergy or well depth wp. This ts the energy gained by the
polaron by digging a well., llolstein (1959) has expressed Wp
in terms of the phdnon spectrum as W = ,1 b ly Izh W

p 2N o q qQ
where A wq s the energy of a phonon of wave number q, N 1is
the number of centres per unit volume,vq 1s the electron-
phonon coupling constant for a phonon of wave number q.

It 1a tmmediately spgen that the stiffness of the host lattice
¥y ’

will influence Wp through hwq and stoichiometry will influence

\\'p through (2N)“1.

The other parametrization commonly used is that of a

polaron radiue (Austin and Mott, 1968) in which ¥ _ 1is equal

P

to 3 %"r where Y is a distance called the polaron radius,

P
o la an offective polaron dielectric constant given by
-1 ‘ )
sp"l =€ —‘cgl where ¢ is the optical (high frequenoy)

dielectric constant and ¢ is the static dleléotrio oonstant.
The conatant e ts the charge of the eleotron. The difterence
of Ehe dieleotric oconatants ocomes from the net ohahge in
energy {rom thp electron-lattice configuration befbra
valaxgiion anq after relaxa;ion. Austin'angggétt (1969)

- and Adler (1071) argue that r_ should be "somewhat leas"

p
than the metal-oxygen dismtance, '

o
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=%
Bogolomov ot al., (1968) have made an approximate

integral over a Brillouin zone of the llolstein formula

W= %N Ly Iyqudw and parametrized the results in terms of

1
the other form with ry, = é(%)l/SK where n is theé average
tnterionic geparation(in‘thls case V-V separation).

.~ One approach to the theory of the small polaron in
a disordered environment has been to saimply multipLy.tha
hopp{ng pfobabtlity, R‘J’ for n glven patr of sites {1 and jJ,

by a factor (Emin, 1973) 9+A/2kT

wvhere the energy of site

3 ls incremented (decrementéd) relative to site i by an amount
34, and KT ts the thermal energy. The phonon description

of ché vibrational spectrum is ocarried over f{rom the theory

in the orystal. This could be problematic in as muoch as .
phonons are'nonlooul in qharaéter, however the model usad

by Emin (19731, oglled the Molecular Crystal Model, asaumes
that the most important optiocal phonons in the process
corresﬁand to "molecular" vibrational modes of the hoét ion
and its immediate coordination sphere. Specializing to

the case of vaqndium~phospﬁate glasg, tpis would correspond

to the stretéhing and bending modes ot the VOg distorted
octahedron, Phanomanologicaxly, the conductivity, as a
function of inverse tempergturs, has three rogioné of ~ -~
interest. The high temperature region, and lowest Eemperature
roglon are each characterised by a different .activation
energy, and the tntermediate regioﬁ containa a aﬁooth

;nterpolution between the aotivation energles at tho tw%
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extremes. The iﬁterpolétion is based on the availability of
appropriate phonons at a given temperature to participate
in the procesd. Multiphonon processes are assumed to
dominate at higher temperatures, giving way to single optical
phonon processes and then to accustic phonons as the
temporature is progressively lowered. _

If the hopping frequency is small compared with an
optical phonon frequenoy, the small polaron is said to be in
the non-adiabatic regime. For this case, Austin and Garbett

(1973), have summarised the parameters for the oconductivity,

with a slight change in notation,in the following way. At

temperatures gredter than one quarter of the Debye temperature,

the hopping probability P, can be expressed as:
P = g(x,0)ve "(wn¢ET$ + iWD)/kT

where the pre-multiplier g has been made a function of the

stoichiometry of the glass and the density of charge carriers

(o), and WD is the averaged disordor energy (compare with A
. -t

above), WH is the hopping energy of the polaron (&Wp) and

o(T) 1= an intorpolation function of temperature given by

$CT) = tanh CkHugB)/ (RHug8)

L

whora § ie 1/kT and B s Planck's conatwit dividod by two pi,

and We is a,ohnrngﬁerintic optical phopéq frequency. Tho

\
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premultiplier v, is an attempt to hop frequency and is
assumed to he inversely proportional to the square root
of the hopping energy Wu and kT and to have an exponential

drop-off with hopping distance e~°R

where o is a tunnelling
factor and R is the Jntersite distance.

At lower temperatures the conductivity activation
energy approaches WD‘ If the electron bypasses the nearest
neighbours and tunnels to further sites to find a better
energy mafch between sites, Mott (1968) has argued that the
logarithm of the conductivity should be linear in T'* rather

than T"3, | )

7.4.2 Summary of Experimental Information

Eleotron paramagnetic data of Lynch et al (1971)
and thermopower measurements (Brown, 1966; Linsley et al,
1971; Kennedy and Mackenzie, 1967) are consistent with a
temperature independent carrier concentration above 150°K,”
‘The mobility is a funotion of temperature and the dieleotric:
losa function (Mrnsingh ot al, 1B71) at lower temperature
‘has‘u’peak at a rrequenoy»fo which is itself a rﬁnotion of
tomperature. This peak in tho dieledtric loss funaotion
(A.C. oénduofivity) is shown to be thermélly activated with
poarly the same aotivatiaon energy as the D.C. oonduotivify
(Mansingh ot _al., 1971; Sayre and Mansingh, 1972) and ia
. 1dentified with the same proooéﬁ. Their reault ocould bo

oxpressed as:
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Ip.c. = 9o(R) gle,x) (T, x,¢)
where R 1is the intersite separation, T i{s the temperature

and X and ¢ are defined by

Viex P1ox Os- %

where ¢' = ¢,(1%+x).
The function fo is the hopping frequency, and o, and g are

premultipliers. -
The temperature independent Seebeck coefficient

(thermoelectric power) is taken to imply (Mott, 1968) thﬁt

WD is on the order of or legs than KT for the temperature

range over which it is constant. The equation used to

describe the Seebeck coefficient as a funetion of o(v1* ytotal,
implies that the Seebeck coefficient should change sign at

¢ = 3. This funotion, the Heikes-Ure Tormula (1961) ,describes
the measurements of Allersma and Mackenzie (1967) but fails

to fit the more extensive data of Linsley et al (1870).

Lingley ot al (1870)formed sampies.with X constant and o
variant, and the Seebeck coefficlents for samples with a
constant x fall on & separate ourve whioch did not in general
oxtrapolate to zoro at o = 3.

| Linsley gt al (1670) also found that for a given x,
the oconductivity was o maximum for a vglue of o bthead

.1 and .2. The b.C. ootduotivity and A.C. condugtivity

Lo e
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both peaked at the same ¢ and the activation energy dipped
to a shallow minimum (variation by about .02 eV) pegar
the same point to give an asymmetrical maximum to the
conductivity. Sayre amd .Mansingh (1972) were able to fit
the data of Linsley et al.(1970) with a conductivity of |

-W(ec)(kT)

the formo = ¢ g(x,c) e only by varying both

o
the expénential W(x,c) and the pre-exponential g(x,c).

The A.C. conductivity o(%) has the funotional form
(Mansingh et al., 1975) o(w) = A(x,¢) w*(T?. The multiplier
A is a function of x and o but the exponent s appears to Be
& funoction of temperatufa. The exponent s varies between
«8 and .95, This behaviour was also fbund by other workers
including Schmid(1968) who interpreted the result in terms
of electrons moviﬂg easlly down troughs, or paths along
which the V site to site hopping energy is moxre easily
acceasible with a given energy kT. When an electron reaches
the end of a trough it must hop to the next tfough. The
saturation that takes place as the electrons in a given
trough Quéue up to hop to the next trough gives rise to
the obsgerved ‘”dépondenoe. Jonsgher (1973) cansiders the
problem in terms of time rather than “.and ooﬁcludes in
goneral that the observed behaviour is a funotion of a path '
or goquence of ovents,

If the onergy required to hop to a new trough is
roadily accessible at a givep tomperature the two troughs
could bq visualised as one longer trough, Auatiﬁ and Sayre

' o Can o ¢ * in which they moasured the
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conductivity at quite high fields but below the point of
dielectric break down. They interpreted their results in

terms of a ”hafd—hop” at the end of a chain of easier hops..
The length of the chain Waé found to be weakly x dependent

and also temperature dependent. The separation of "hard-haps",
or effective chain length is found to be approximately

o
16 - 20 A. They suspected a structural source for the

hard-hop.

7.4.3 Dielectric Constant

The high freqdéndy dielectric constant (Sayre and
Mansingh (1972) is found to increase with x. The static
dielectriz\bonstant E, was found to increase strongly with
temperature (Sayre M, 1975.). However, using another method
of extracting Eo from the peak of the dieleétric loss function,
Masingh et_al (1972) and Sayre and Mansingh (19272) found
€0 to decrease with temperature in uocofdance with a

functional form given. by Austin and Mott (1969),

X, GR) o~ /KT

where ¢ is a'constant;with regpeot to temperature hut
changing with composition, and WJ {s the disorder energy.
Sayre and Mansingh (1972) plotted‘ao versus the reciproeal

of temperature and did not find ag much deviation from
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linearity as would be dictated by a W, of about .leV. The
WD indicated by the analysis of the low temperature conduct-
ivity wag of that order of magnitude. a
As can be seen on the following page, Wi the ’
hopping energy is a reasonably linear function of x, the

toetrahedral vanadium content. Mott (1968) and Austin and
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Mott (1969) have analysed the data of Nestor and Kingery (1963)

by looking at the product of ¢, and W“ on t@p assumption that

]
€, ls near ¢ and if W, = EE*—* then e,.W,; should be a constant.

p pTp p

This assumes that rp is independent of x. For a series of
four compositions the product of ¢; and Wy is 1.2, 1.3, 1.8,

and 1.4,

The product of ¢_ and Wu from the data of Sayre and

P
Mansingh (1972) glives the following sequence: 1.7, 1.8, 1.8,
1.6, 1.6, 1.7 and they have extracted approximate s values

. 0 o)
from their data which range from 2.0 A to 2.3 A with an
o

average near 2.1 A, They used the formula of Bogomolov et al.

(1967) to calculate an rp bht their interatomio distance was
caloulated from a random distribution of ions and decoreases
with greater vanadate content. Under the assumption that
tetrahedral vanadium should be.exoluded from the counting,
the relevant interatomic distances are 4.43 A (one), 4.66 A
(four) and 4.94 ﬁ (four) which give an average of 4.70 X.
The influence of Vao9 unit formation aon the average distance

between vanadium sites is on the order of one percent or less

With this average site separation the formula of Bogomolov

o
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et al (1967) may be used to vstimate the polaron radius r
——= o .
(= .403 T). The value found is 1.92 A. March and Jones (1974)

have indicated that the polaron radius should be on the order

6f the interionic spacing or a bit less. Adler (1971) used

the same rule to estimate rp. The value estimated above
from the formula of Bogomolov et al (1967) is slightly

4+ _ 0 bond

S

shorter (2 - 3 percent) than the equatorial V
length used in the X-ray médel.

Mackenzie (1964a) has measured the conductivity of
some Vzo5 - P205 glassos at pressures of up to 50 thousand
atmospheres (50 kbar). He found the activation energy to be
a slight functioﬂ of pressure (a change from .36 e.V at
one atmosphere to .33 e.V at ten to thirty kbar). The
conductivity increases nearly linearly with pressure over the
first 15 kbar and the magnitude of the change appears "
commensurate with the change in activation energy.

The pressure coefficient of conductivity was foﬁnq
to be quite Insensitive to V4+ content and the ratio
V4+/Vt°ta1. He asgribes most of the compressibility,which
he quotes at 2-3%/10 kbar,to the contraction of the
soparation between structural units rather than compression
of the individual.ootahedra and tetfahedrd. The increased
conductivity is ascribed to shorter average V - V separations,

The .value of the polaron radius r, should change
with-pressure to lower values and hence raise Wk. The observed
slight decrease in WH with pressure may be due to a change

in ep. The mechanism mentianed by Goodenough (1870) and
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Adler (1971) in which alterations to the ionic cage about
a site changes the ability of the site to adjust fully to
the pressure ofaa charge carrier, may be active in the
decrease of WK with pressure. Dielectric relaxation
measurements as a function of pressure which would allow
the extraction of ep, the polaron effective dielectric
constant, would be useful in sorting out the influences on '
Wy. It is also worth noting that Mackenzie (1964a) found f
no difference in density or conductivity, between samples é
before pressure treatment and after return to atmospheric

pressure. No change in the form of devitrification was

seen in electron micrographs either.
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7.4.4. The Conductivity Paths

The hypothesis is made that the tetrahedral vanadium
sites do not act as a ground state site for a hopping
electron,

As noted on an earlier section the E.P.R. spectrum
does not change when the composition is varied from 50%
Vao5 - 50% P205.w1th no expected tetrahedral vanadium, to
80% V205 - 20% ons.in which a significant amount of
tetrahedral vanadium appears on the X-ray results. Either
the tetrahedral V4+ signal is so broad as to be undetected
4+

or 1s identical to the octahedral V spectrum, or is

absent. The correspondence between V4+ concentration

measured by E.P.R. line strength and that measured chemically

(Landsberger and Bray, 1870); Lynch et _al, 1971) argues

against a significant proportion of invisible V4+ tetrahedra.

Aocidental coincidence of the E.P.R. signal from such

different crystal-field environments is not likely, however

it appears to be the only obvious alternative to the hypothesis
that the electron giving rise to the E.P.R. signal avoids

the tetrahedral vanadium.

| The vanadium tetrahedron is already significantly
larger than the the phosphate tetrahedron it replaces and

a further expansion to acocommodate the larger ionioc radius

of V4+ might be difficult. The adiabatic transit of an
clectron through a VOg site from one octahedral site to

another would not require the VO‘1 group to expand because
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the electron would not be there a long period compared to

a vibration period. Goodenough (1970) has proposed for the
conductivity path in B-vanadium bronzes a set of home sites
and a set of sites through which conductionis short- circuited
but at which the electron does not reside. The other
alternative for the VO4 group in the glasses is to act as an
open circuit and be in that sens;:equivalent to a P04.

The easiest hopping distances betwoen octahedra are
the 4,43 R V-V separﬁ%ion between two collinear vanadyl
vanadiums and the 4.66 K separation ,between a vanadyl
pointing upward and vanadyl from the layer above but pointing.
downward. If a VZO9 group ils formed,the 4.43 X sepnratipn is
reduced to about 3.9 R. The n-glide operation generates,from
each vanadium, four vanadium neighbours in the same sheet and
4.94 X away .

With the exception of the neighbours at 4.94 X, which
all vanadium atoms have, half the oetahedral sites are
internal and half external to a double layer. The external
sites have two types of coordination with the neighbouring
layer. In one of these coordinations there are two 4.8 ﬁ
hops to the next double layer, but in the other coordination
there are nono. Half the external octahedral sites have
only one near vanadium neighbour.

The isolated surface site is a candidate for the
"hard=hop" of Austin and Sayre (1974). For transport along
tho glass oquivalent of the c axis in m-VPO5 (tho z direction)

half’tho paths will encounter an ensy bridge across tho




’ ) )
slip-fault (about a 4.6 A hop) and half will encounter a

hard-hop. On the average an electron could move in the

7~ dlxoctlonClhruugh two double-layers before encountering

a hard-hop. The distance equivalent to this path is twice
the thickness of a double layar plus the gap between. This
Lrings the dimension into the rango observed by Austin and
Suyre (1974). It should be noted that paths which detour
slightly in tho x-y plane can avoid such a hard-hop. This
s{de-stepping must be done before the electron reaches the
isolated octahedral site assoclated with the hard-hop. It
the eléctrnn roaches tho hard-hop position {t must, back

track one layer beforequeuing up for the easier path across
the slip-fault, At high frequencies, the conductivity due

to :his fonture would be expected to show evidence of queuoing
and would show evidonce of finite conduction paths with
barriers at the end. At very high fields (Jonsher, 1874) the
effoctivo tomperature of the chargo carriers is increased

and barriers that would be relatively 1nsurmountablé at tho
nominal tomperature of the eloctrons car be crosged by the
hot electrons.’ Also, at high fiold, the energy expended by

an electron to back-~traock, against tho field, from a hards

L]

hop to detour to an easior crossing point, may make the path -

across the hard hop a more mergotically favourable cholce {f
tho hot eloctron has the wherowithall for the Jjump. It is
suggeated hore that this struoctural feature, tho isolated

octkhpdral vanadium s#iteo on tho outstide of a double-layer,
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could be consldered g a candidate tor the aource of the

havd-hop observed in the high-tield oconductlvity experiment
o

of Austin and Sayve (1974).

a

L=N i

A
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7.4.9 The Thermopower

The Seebeck coeffictent, which {# a meaaure of the
Lhe&moalacpviu power of the matertal, is ol inteveat fov
two reasons. [t has been measured at -highev temperatuves
on uﬂvvvﬂl agumplos of vanadium phoaphaté glass (Al lerana
and\Mupkanuta. 1060; Kennedy and Mackenzaie; 1087; lrown, 1066)
‘ uﬁd found to be temperature independeut., AL lower tenporut<
uren - in low 180°K, Brown:(lﬁﬁﬂ) obuerved a rige in the
sﬂahaék ooefriugant a8 th@ temperature 1o&aradi The other
foature of the Seebeok ooefttcient\la the depéhdanu& on
V¥ viotal. Allersma  and Mackenale (1967) found a reasonably -

good (1t to thetr data with 8 fprmula of (Heikéw  and yre 1961),
5 % § (ot an)

where € ig the &@ebeok qcafficient. k the qutamun cunatant,

0 ml‘ and o tg Y ’(&Ql\ﬁti\ntt

e .the electronio aharge. o i8 V4+/V
_the value of o' has been dimovased by several uuthera fnoluding
Mott (1068), Kiinger (1908), Sohotte (1908), amd Adler (1071),
with a general gonmenua that o' is negligibly amall.

Thia equation wae derived wader tho auaumption that
wn w Q ar kT‘awm L unq the tomperature lndependonce of
the Secheak coefficient appearsa to lle 4n donfliot with the
agauned giwe of Wy (about (1 eV) A8 méhaured on thu low

temparuture D.C, Qunanttvity (Snyr@ and Munatngh 1974) .

Ve bk lane +ha < ’ Of nan " t’n wh i
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WD » kT bu} that the mobility due to electrons near Lthe
Févmi onorgy ia amall and predicts a rise in the thermopower
nt lower tempetrature as obsavvéd by Brown (1866) {{ k1 » WD.

. Thiw would wtill tmply a very smull W;, bocaune the Seebeok
coeftletent in Brown's data does not vise until the
temperature ja below 150°K.,

IWhethvr kKT ta large or amall with ragpeot to WD

(Mott, 1908) the Seebock coefficdent mhould change sign at

O m 6 unleows the denglty of atatea i’ very Iapaidad Th@
.Saebeok ooeffl@ienta meaaured by Linaley et al (1870) fall

on a family of ocurves, one ourve for each total vanadium to
Dhnﬂpﬁ&té ratio, and tﬁﬂ ourvea do not in general axtrapolate
déo oroas the axis at ¢ = 4. ‘The Saeb@ok cgaffiu&enta measured
by K;t%&aoqu&ki gg_ﬁ_‘ (1080) are in qgreem@ni with those Qf
Linaley ggmg& (1970).

. (the hypqtheaia proposed in thie atudy, that totrahedral
vanadiwn ahould not bo counted as a potential gvound-atate
© alte for v&*, {mpliea that o' = vdf,veatahadxgx e a.(1 + X)

v pytorad

‘whar@ ¢ = and X ia defined by vl*x L 0B ia the

oonaentratiou of V“ relevant to the aunduutlon prooceaa. o
On thﬂﬂxollowing page, the data of htnaley at et _al, (1870), la
Te=plotted as a function ‘of ¢' ingtead of o. It can be seen
that, seide fiam‘tpe X = b‘éqmpqgitxan.which is anamolous,

the ourvea from the varioua aompaﬂitxoné have uuéieaoed.

with some 'scattex, tha A common ourye whioh orosaos the

andu gt A R, NO ann ' o= .i‘c’x ha
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Flgure 7.4

SEEBECK COEFFICIENTS FOR Vl*xp\-xos GLASSES
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kT has another alternative whioch will be of tntaﬁéat later.
Austin and Mott (1969) have disouased the case in which the
dlsorder is biomodal. If)there are two types of site, A and
B, which are separated in energy by & dlaorete value U, they
argue that the oconductivity will vary in proportion ‘to

e"ﬂwu *U 6WD)/kT wvhere Wu ia the polaron hopping energy
and U and W, are as defined .here. At }aw temperature the
measured aotivation energy will give U + awn ag an effeoctive
WD‘ I£ U > kT and Wy < kT this corresponds to oharge
oarriers hoppiug from A alte FO‘A_BitQ by way of a B aite.
1L KT > Wy, Austin andlbtt (1960) oxpoot the Soobook
oaef(iotqnt‘to be given‘by Heikes formula where o refera to
)charga carrierd per site and ia independent of témperuturé.
A aehemntia of .the biomodal eaaa i@ given on the fotlowing

pug@ '

7.4.6 The Digorder Energy, WD

Tha procega of thermally activated hopping againat
the Landaw leocalimation dioa out at lowor tamperaturea and
in a oryatal is roplaced by the formation af a very narrew
band whioh cannet form in a glaaa (K;&nger. 1068) Gonduotiviﬁ&
at low tomper&turea 1g with tha aid of aoauatiq phonona and
" haa the form: |

d“ - 8 6“2““ Q"wakT

whore g i8. 4 fuﬁqtian‘ai'canaqn;rat&una and digtancea, a ia

«
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a tunnelllng taclor with dimensions A'l, R ls the site
separation and KI' is the ‘theuvmal energy (Mott, 1968). The
digordor enorgy Wr)could come from several sources and its
sourceo and stve ave gquestions af {nterest.

Two forms of disorder arve prominant candidates for the
causo ol the obsorved WD‘ The vandom disstributton of Coulomb
flolds due to the electrons hopping Qboﬁt fn the glass can
klve rige to a W), proportional to gi“ in the notation
used above. This disordor onergy dué)to a random distreibution
of Cuu!omb.onntrou ontors into the theovry of dmpurity

conduction of Miller and .Abrnhams (1960) and has

470

been related to the theory of oqnduotlvity'in vanadium phosphate

glaga by ﬂohgakenberg (1068), Mott (1968) and to e&pariment
by Sayre ot _anl (1951). Sayre et al (1971) fuund that the
Miller and Abrahams formula for WD estimated a- WD largor than
that obwerved. In later papers(Manatnuh ot al. (1872),
Sayre and Manwingh (1972))they used a different procedure

tor extracting the atatio dielectrie conatant from their

" dleleotrio lows datan and found internal conaigstoncy between the

two new analyals pboeaéuﬁea and alzo consigtency (Sayre and
Manaingh, 1072) with the funoticnal form prediotaﬂ hy Austin
and Mott (1008). -1f the luttev valuos QE th@ dieleotrto
congtant are wsed and tho aite maparntion ‘digtance from the
prosent. study i suﬁat&tuted for their estimate, the predioted
wn ig about .OBeV. at réam temporature.and roughly half that at

liquid nitrogen temperature (bagod on g, extrapolated frdm

>
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tho graph of Sayre and Mansiogh (1973)). Sayre le&l (1072)
9mphuslze that both Wu, the hopplng energy and WD receive
& temperature variation fyrom the dielectric constant, On
this point Lt could be noted that Wn,ls mugh less sopsitivo
to toemperaturoe from this source, because (p. wvhich scales
Wunis lavgely dgt@rmtuad by ¢, which ts assumed to be
tomporature tnvaviant. I ¢ doubles, W, 1s halved,and W,
changes by about 18 porcent. Only that part of the obsoerved
WD which ig due to Coulomb interactions should socale with
tua dieleotrlc oonstanf. Augtin and Mott (1969) note in
the data of Schamld (1968) that the aotivation énergy for
conductivity beoomos very small at the lowasﬂ temporatures.
They suggest as a posasible explanation that the. energy WD
18 belng docreased ut'lower'hemperatuy&s’h? an lncreasingly
large dielectric conastant or alternatively that the electron
prafers to hop further to find A aite with lower wD and CONHO -
'qugntly'tha obaorved WD reprogents a selected smample rather
than the full distribution of aitq enorgies in the glaaa,
" Mott and Davia (1973) alae disouam the implication of an”
al@etéun hapﬁina a great diatunce to {ind an‘énergetioally
. more favourable aite. | ‘

Diatarttona in, hhe strueture asaumed ta be oharacteri—
atio af the y&trecu& atate are the moat obvioua mource of
a digordoer energy an Converted to temp@raturaf the obgorved
digtortion energy i& conaidexably higher than the melting or
quenohing tempafature of the_glase. - That would soem to Amply-
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that more distortion was froaen'into the glass than was
present ththﬂ parent melt. ‘ If the environment of a polaron
site ts distorted it oould alfoct the ability ot the polaron's
environment to adjust and thereby uhunga the depth of the
well that the poleron can dig for itselt. Adler (1871) has
suggosated that bolarons which share an oxygen cannot dig
wolla as deop f{or themselves because they would be pushing
on the oxygen from both sldes. Goodenough (197Q). diaausalng
polavonic oo;duotlvtty in beta vanadium bronzes, M V205 - 8
in whioh_ux ia a fow porcent of Cu, Li, Na, or As, suggests
that the mechaniam ﬁy which the M ilons influence the pelaren
uotiﬁution onorgy ts by modestly ohanging the poéition of

an oxygen adjacent to a polaron site. One way in which the

i
1‘

glass digorder could influence the hopping energy would be p
by altering the ability of a VO °e unit to oxpand to a
4 06 unit. It has been suggeatod on the X-ray madel that
thg méohuniém by'whioh the glags structure adjusts t a
roplacement by Poa uni te by VO, wnite is by a diatortion in
which the VOQ unite and PO, units rotate a small angle nearly
rigi@ly about V, and P positions inoreasing the V- 0 - P
bond angles‘and causing seme 0 -« O compresaion but lagving'
Pr-0andVv- 9‘ bond‘length‘a nearly invariant. 'The operative
variable khraughwhicnathq proeaonce of VOG unita may wmodulate
-tho ability of a va*oezuﬁit to oxpand to a VQ*Oa.udlt may’
be more likely thé availablo volume through a ohange tn bond’
atrotch conatants. The illuatration below is a.vdew down tho "

Ry o din, > . o S
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"o-axig'" ol a glass unit., On the crystal the 0-0 distance

Figure 7.6

The Kaglesat Distortion

donotad by tho dashed line has oollabﬁed to about 3,08 X at
which mild 0 - 0 repulsion may have get tn. A diatort}on |
~whioh merely alters the nnglé marked y ocompresses no bonds,
‘bends few, and most dirveoqtly iﬁvolvea only 0 - 0 repulsiona,
-litther the tetrahodral component or the ooctahedral ocomponont
may bte expanded thig way to acoommodato VO4 unité or VMQ6
unita but the 0 - 0 repulsion may be sgrongar when bath
udJustmenta &Pﬂ called for. Tho raplabement of a PO4 by a

VO4 inoreases tho component of the 0 - 0 separation marked

by the dashed line dacre&aing the atrongoét 0 4"0 repulsaion.
I1£ tho influonce of tho compatition for volume on the ability
of -u V04 unit to expand to a V“1 06 unit wore aignifieant it
ehould manife&t itgelf as a decreasa in the high tomparature
po%prcn hepping enorgy Wy for highexr vanadium ?onbent -
glégﬁca‘ 1t hag alroady'béen ghown that the observed deorcase

in wu.at inoroased X can bo aecounéod tér by an




increase in the dielectric oonstant ¢ This suggests that

b
the glasses with a high concentrationof VO4 unita are not
qigqif{cantly fﬁss huspltubiv to polarons than glasses wlth
fow VO4 units. Effects on the order of .01 eV to .03 eV

may be hidden 1; ttre saatter and are difficult to rule out.
A small degroe oflinhoépitability may be enough to alter the
equilibrium constants for the formation of V2°9 unita in the
melt for a vtven temperature and 02 partial pressure. The
data of Maokenate ( 1969 ), Lundsberger and Bgay (1970), and

Sayre et al (1973) for the V4

eoncentration achieved by
equilibrium in air are reasohably consistent botween the
three oxpertments and all indiocate that-glasses With higher

vunudata cont@nt equtltbrato at Aower V4 conoantrntions.

Thia remaians &rua oven when the V4 concentration is axﬁreascd

a8 v4+/v<aotuhedra{ Auat&n and Garbett (1973) have applied
tho theory of Utlliag- (1968) to astimnﬁo how myoh ‘fluctua-
tion in jump distance is nooeaanry %o roproduceo thb
obaerved Yy -Tho theory’ of uilliaa '(1968) us&umed the

hopping onergy wu«n w“ (R ) uAR whare. R L& the avoraaa °

. hopping diatunao and a ia a oconatant to be aatimated and LAR
i8 the vnrintion in hopping diatance. °They egtimate that a
AR of approxxmataly 1 R, is noqaaaary ta givo a ¥y ox .060V.
"When just.the.4.43 A and 4.66 A hoppinq diatanoea from the
X=ray modol aro oeneidored only a two pergent AR/q:roaulta
and thia 18 not much more than daublod whon tho contributions
ot 4.94 A hopa and . Vg0p unite are included., It 18
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Flgure 7.7

The VQ/VOCt"h“drul concontration vorsus X,
The hortzontal axis {s glven tn X and in

mole porcent VZOS‘ The larger squares come
from the Interpolated curve of the compound
data sot in Landsberger (1970) and correspond
to equillibration {n air. The lower (dashed)
line with the smaller squares corresaponds to
data from Sayre and Mansingh (1972) whioh

corresponds to equillibration of the melt,

undoer oxXygen.
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more likely that the distribution of hopping dintancos
only vuut;\hu(wu 01 oV to 03 sV to W“ baned on theso
vdtinnton, L1 can beo nuggontod [(rom thie dincussalion that
\"l) muy llkoly bo duo to a combination ol olfoctr from thoe
dstructural duordor tnducod modulat{onson WH' noporaiblo

contributtion from the diatretbutton of hopping dlutancow,

and an ot toct duo to the Coutomb (telds of the chnrgo

caretora, The lant of these muy bo the dominant contrtbut ton,

7.4.7 The Conductivity Maximum

P@rhuputﬁe most puzel lng phenomenon in the vanadium
phowphate glaswuoa e the conductivity maximum, A funotion
p(Ce,X) has boon used up to thisw polnt an n pre-exponential
tunctton tn the conductivity, 1f the conduction {a by
wity ol hopping, as assumed, the probabiilty of « hobl will be
the produat of the probubility of taving an slectron at one
#lto €) und tho probability .of having an emply alte hear Ly
to recelve the electron (1 - ). The funottlon g(o,x)
rhould be ¢'<(1 « 0') where the prime wua placed on ¢ to
indiante that the x dependence haw been acoounted for by
retting o' » v4+/vo°t“h@d”“l. Thie tunotion tmplies that
Whe maximum oonduotivity whould acour when o u A
Kitatgorodukt gt gl (1660), wnd Munatuka (1060) obaerved
ounduothttv muxtmu Lor ¢ valuer between .1 and .a. linsley

Lal (1970) ahudlﬂd the oonduetivity maxtmum in detull and

f“WPd thut botll the ACognd DG condustivity peall near the

v dm——
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Figure 7. 8

V1+xpl-x05

- ) I
THF CONCENTRATION OF VH RELATIVE Tn TOTAL VANADIUM
EXHIBITING THE MAXIMUM CONDUCTIVITY PLOTTED VERSUS

PHOSPHORUS CONCFNTRATION
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Nata From Linsley et al. (1970)
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game © value for a given x and that W” roached a «hal low
mintmum (about .02 eV.) near thidg same ¢ and that the ¢ for
the conductivity maxi{imum shifted with x. Several arguments
have: been auggested to explalin the phenomenon but the most
quantitatively éuccnnuiul to date appears to be that of
Sayre and Mansingh (1972). Sayre and Mansingh (1972) auasume
polaron-polaron repulafon efther in the form of Coulomb
repul4fon or through mutual pushing 6n A common ﬁrighbnur,
The polaron-polaron repulstfon §sg assumed to be strong enough
to disqualify a landing site for the polaron {f that aite
hag another polaron as a near nefghbour, Tf each éite has

n neighbours this giveé rise to a g(c,x) = C(]‘— (:)n+1 and

i conQuclelLy maximum at ¢ = 5%3. To explain the x
dependence 1t was necedsary to agfume that n fncreades with
vanadate content,, The dip In the activation gnergy is not
explained by thig argument but {t wag found necessary to
lncluda hoth the g(c,x) variation and the activation energy
variattoh for them to reproduce the line shape of the
obﬁerved'conductiviby maximum. If it §s assumed that the
outer sites have enough of an energy advantage that the charge
carriers spend most of their time there and only use the
inner 4ites for occasional traﬁsjt, the ifnner gitey will

not likely have extra interactions with other oceupied inner
sites.  Under this’rafher Iimiting hyﬁotheﬂes the number

of outer gites in excess of tdgco-ordinating to an inner site

0 (4]
g three (two at 2.44 A and one at 4.43 A). An outer site

»

.
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hag only two additfonal outer sttow or nefghbours., This
givea 2.5 as the averagﬁ,numbar'of nelghbours about a
%otnntial carrier gite which may contribute a third conatant
contribution to the afite. ﬂéyrn and Manaingh (1972)
conaidered how the conductiyvity ghould change-i{f pol aron-
poléron interactionadue to any cause (Coulomb or sharing
OXygens ) were to disquallfy a potentlial carrfer
#ite’ 1 one of ttys n neighhours were alr;ady occupled,

The ¢ = V€+/thta] dependence of the conductivity, included
thus far as a prexponential (unction g(e) will be changed

from (1 - ¢) io' (1 -c)n+1.

The term ¢(1 -~ ¢) {a the
product of the probability of having a filled site to
contrthute an electron and an empty «fte to accept one,

The term ¢(1 - c)n+1

regtricts the accepting aite and n
of Ita nefghbourg to be empty, The value Crm which maximiges
the ahove expression iﬂ Co =31/(2+n) If m 18 chosen ag the
2.5 value noted above, the poaitions of ¢, measured by Linsley
et al (1970) are’reproduced by ﬁhe expression of Sayre and
Mansingh (1872), S;yre and Mansingh (1972) had argued that'
n increases as the vanadium concentration x increased. This
fncrease Inn from 3.5 to 7 as they require is not needed in
the present analysia because C ghould he changed toc' =
V4+/VOCtahedral. In. terms of ¢' the posétion of the maxtmum
fs found to be a conatant.

The real advantage of the electronic configuration

in which half the outer sites are occupied is that it

provides a very low degree of fluctuation in mi.thé number of,
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coulomb ffelds orfginating from within five Angatromys of
#ite |, The 4)x and aaven Angatrom interactions provide

a reasonably uniform background with some modulation, If
one Inereascd the average occupancy of the number of Vd‘
~octahodrsl 4lites heyond 3 the number of m, 3 Loy will
fncrease and Lhi? mugt mean square fluctuations {n m will
increase, therchy rafsing the disorder energy WD' If fewer
than 4 of the octahedral gites are occupied anumberof m.s 2
gltes will bn charged to my = 1 ditesd, which should algo
tnerease to fluctuation in miand ralue WD' .

A nhalln@'m!nimum (about .02 e¢V) In the total
activation energy has been observed by Linsley et al (1970)
to occeur near or at the position of the optimal conductivity,
Cn If the fluctuation in the Coulomb environment of a 91?@
(the meechanism of Miller and Abrahgms (19862) ) increased WD’

the disorder enorgy, on both sgides of ¢’ _vvff/voctahedra1u'%

’

the total activation energy should allow a shallow minimum at

total
4ltghtly higher vYF/V ° ,

‘than the Cm given above
by. the equation of Sayre and Mansingh (1972). It was found
necessary by Sayre and Mansingh (1972) to use both the\ pre-
exponential maximum and the exponential minimﬁm LJ repropduce
the shape of the conductivity maximum found by Linsley et al
(1970), however the gtronger contribution comes from the
exponential term. This discussion is admittedly highly

speculative. It has not been demonstrated that W, is a

minimum at ¢' = %} but configurations on bhoth sides have been
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calculated to have a higher variance in my . Measurement of
Wy, from low temperature conductivity aus a funetion of ¢!
would help resolve the probhloem. Futimates of the size of the
Coulomh contribution.baseod upon the dielectric constants of
Sayr@iﬁnd Mansingh (1972) indlicate that more than enough
eneryy s avajlable from this gource to gilve the nhanrved
minimum in the activation energy. If the exponential

minimum is at ¢’ = 4 {t {8 not necessary to restrict n, the
numbefr of excluded neighbours in the equation of Sayre and
Manaingh (1972) to 2.5. As the pnpulﬁtion of the innar sites
increases n will increase and the minimum of the premultiplier
shift to lower values of ¢'. Begauso the exponential term

fg dominant the % predicted will move 1ittle.*> Whatever

the qgource of activation energy minimum 45, the locus of

values predicted by ‘% 7 3 correlates with the observed Cn*
This simplified the problem somewhat by removing the
dependence of Cm UP the total vanadium concentration.

The hypothesised picture in whica some s#ites are
momentarily discriminated against as recefvdrs of a charge
carrier because -of thgi; neighboursy occupancy, or marely
the heightened W } may give rise to a conductivity behaviour
predicted hy Mott (1968). In this theory the charge carrier
prefer; to hop to a more distant site at low temperatures-
if it can experience a lower WD by ‘doing so. The Jog of

the conductivity is;med{cted in this care to\QQ proportional
=,

to T"& where T 18 thd# temperature. Greavqsg{1973) has



)

measured the D.C. conductivity as a function of temperaturo
for three compouaitions of V1+xp1+x05 glaxs nqd found §t to

conform with Mott's T“* prediction.

7.5 Summary

The conductivity of the glass appears to be well
character|zed by‘tho polaron model in which the aqtlvation
energy is given by a sum of a polaron hopping energy wH and
a disorder energy WD. The variation in WH with vanadfum
concentration appears to be largely accounted for by the

change- {n ¢ Ad the structure is changed by the inclusion

p'
of more vanadium, W, should be subject to the following
influéncesx
(1) To the extent that Lp is a function of V content
“h wiil change Wu.

(2) WH is expected to be a function of site seﬁaration
2
- 3o (.1
of the form WH % . (r r)' (Mott, 1968)

' ) p
(3) By altering the vibrational spectrum the new -
stoichiometry should acquire a new polaron
radius r .
P 4+
(4) The abllity of the ion cage about a ﬁ gite

to relax fully and achieve the maximum gelf

trapping should be modulated by the local disorder.
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That the effect of Lheso foaturba on WH appears to

be limited largely to their influonce on ab would be conusigtent

with ﬁhe,gtruélurai model proposad herein because the inter-
vanadfum (octahddral) distances aro lnrgaly {ndepondent of

x. Within the context of the X-ray modol, it would also
appear tnlimply,that the a;bﬂtitﬁtion of VO4 for P04 ~

fona 18 done with minimal alteration of the octahedraf

site, structurally or vibrn?ionn]ly. The diatances ?q the
X-ray model, thyough thé approximate formulg of Bogomalov

ot al (1967),.y1e1d a value for polaron radjius rp close

to the expariménfal1y@xtract@dvalue nf Sayre and Mansingh
'(19725. A ;canﬁrio Auch as that proposed hy Jangkiramu~nao
(1985, 1966) ang expnnd?d ubon by bandabe;ger and Bray (1970)
in whic¢h V205 l1ike sheoets are Rrogreasively decomposedlinto
smaller components by phosphates which supplant the ;anadyl
oxygen, would be harder to.reconcile with the very ﬁlight‘
and continuous change in density of the glasg over a wlde
compositional ra?gé, also the app;rent consistency of the
polaron-radius, ﬁp,
point at which phosphate ioqg are as numerous as vanadate

with a change in x .right through the

iona.

With regard to the disorder energy W,, it is édgkested

that W,, 18 a combination of energies due to site separation

D
(Hillias, 1968; Austin and Garbett, 1973) local distortions

andlétrains, and a Miller and Abrhams (1980) type of disorder ~

due to a Coulomb fields from a random distribution of charge
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carriers, In the last caso, a a#ite may bhe consfdered Lo
rocolve a discrote numberiof Coulomb intefactions from |tu

nearer neighbouring sites. Thid could provide the bimodal .

#lte anorgy digtribution discussed by Austin and Mott (1069)

in which the apparent Wb‘iﬂ p sum of a didereste encrpy

saparatton U and a  real energy modulation *WD' This lattor

.

anjn the conductivity and a temperature indepondent 8eebeck

coefficient., The coineidental variation of the observed W,

foature removed the conflict between a large (compared KT)

(Y4ayre and Mansingh, 1972) w!ﬁh_tha static dieloctric conastant
makes {t tempting to suspect a ﬁixnifféaqt portion of WD to
be due to Coulomb interactions.

Sugrestions have been made on the hasis of the
X-ray model for sources of the conductivity maximum, The
varfation of bhoth the Seebeck coefficient and the conductivity
maximum with total vanadium concentration is shown to be
exp{icable in terms of the substitution of PO4 tetrahedron
with VO& tetrahedra as in the. X-ray model.

DistsnceéR in t%e X-ray radial digtributioh functlon
which could be attributable to V,0, or V,0. iike separated
glasgs phases have not been seen and the X-ray results may
he explained wi thout hypothesis of a separated phase. It
has been argued that itlis not Aeceﬂsary to inv;ke phase
separation to explain the conductivity maximum and that the
failure of many workers to observe phase separation and the

incongistencies between the‘conditionﬁ under which it hag

heen seen sugpeat that its presence is extraordinary rather

P 0 o 4 G s S e - . e e e o
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than to be expected in nrQinary gamples.  Annealing of tho
upocinmons by the heat of the electron~heam  In the clectron

microscopo may bhe a contributory factor,

It tw osrgued that the nucleur mignotic rodonance of
i
Imndshargor and Bray (1970) {4 at loast as consisntent with

tho hypothesis of the VZO9 unit in the X-ray model as it

g with the model propoged by lLandaberger and Bray (1870).

-

\
\
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Evidehco of the rolstive woskness of the attraction
hetweon layerd and relative strongth of ordering within g
(nygr are to be found In the crystal siructure of u—VPOs.
It has hoen Hﬁfn in the n—VPOs cryétul sirueture that
the bonding betwoen layers {s cusentially limfted to A 2.8 X
long, vory #nft, vV - 0 bond, A repulaive 0 - 0 {nteraction
hetwean oxygens on a ?04 group and thoso uﬁ PO4 groups
fmmediately above and below (c-~axis translated) malntalnag
an orfentational corrélationfbetween groups in adjacent
layerg,  Thiw Interaction ig so weak that crystals of a-VP05
have been observed to exhibit the growth of a statistical
diagonal mirror plane which nearly reaches completion  at
slightly abhove room temperature. Somo gpecimens of o-VPO

5

have been given which are still ordered at room temperature

but a reasonable X-ray atructural (poditivedefinite temporature

factors of reasonable magnitude and about the same R-factors
as In the other specimens) refinement could only he achieved
it about efght percent of the phosphates were replaced by
tetrahedral vanadates. When identfcal parameter sets with
‘ fhe vanadium two percent off stoichiometry were refined on
data from a crystal wh}cﬁ disordered  and one which did
not at room temperature; the disordering crystal refined
buck to stofchiometry but the ordered crystal refined to
four percend off stoichiometry. Thié latter behaviour is
interpreted as evidence that the a--VPO5 structure is capable
of golﬁr off stoichiometry by replaéement of PO4 units by

V04.
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7.6 Conclusjonn

The modol of VPo, glass upon which much of the
analysais of adnducttvlty and npuctrnuhoptc data in tho
past hau beenpredicated 44 seen to be fnconstatent with the
X-ray diffractton data., A review of the findings of many
o1 theué utudlnu has shown that an internally consiutont
coxplanation has been found in terms of the hypotheses. The
has{c hypuLth;H of thig model Ja a striking similarity
between the crystal }naﬁ{ environment of a—VPO5 and the
local environment fn the glass, The further hypothesoes
" ean bo labsled: the double layer configuration, replacement,
and the Vzo9 unit, The crystal structure is seen to be
made-up of layers of VO6 and PO4 units cornper sharing and
ponerated from a single VO4—K?04 pafr by repeated n-glide
gperations,

The double layer hypothesis asgumed that on the average
rach layer has one layer above or below alignéd with {t and
one layer related by a alip fault, This feature fs fnvoked
in counting interatomic vectors with;n and between layerd
{n the X-ray model., It is also invoked to explain a drop
of about 19% {n the density of the glass relative to the
crystal and gives a source of the "hard-~hop' seen by Augtin

and Sayre (1973) in their high field conductivity data.

A preferred ordering of the polarons in the double layer fg

consiatent with the minimum in the hopping energy.
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The #econd hypothesiy of the X-ray glass model, the

.0”'

replacement of PO4 by Vd4 as x increases {n vrixp1~x 5

gives rise to a normalization ractur’(l t %) which changes

4+ ,,total v4+/vqctahedral.

the relevant parameter from VvV /V to

The x dependance in the position of the conductivity maximum
and the Seebeck coefficient data of ILingloey ot al (1970),“
can bhe described by this factor. For a glven 02 partfal
pressure and temperature ranuef the value V4+/V00tahedrﬂ]
npﬂoquillbrlum appears to be propqrttonal to 1 - x. If, as
was asaumed in the X-ray model and densfity analyses, the vo,
units push apart the members of a double layer and vzog units
pull them together, a mechanism by which the energeticg of

formation of a V,0g unit may be {nfluenced by the number of

VO4 unfts nearby, has been found., The apparent conflict

between the observation 0f hyperfine lines i{n the EPR gpectrum

of x = .8, vi* ¢total o o5 class by Lynch et al (1971) and
none in the EPR gpectrum of x = .8, V4+/VtOtal = ,08 glass

by Bogolyomov et al (1968) is much less of a conflict when
comparigon is made of V4+/VOCtah°dra,

If the difference between glasses of varying x is
limited to replacement of PO4 hy VO4 with a small amount of
orientational adjustment, the observed (Sayre and Mansingh, 1972)
congtant value of the polaron radiug-over a wide range of x
ag well as the very slight continuous cﬁange in density bver

the same x range makes much more sense than 1( major

structural rearrangement were taking place.
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Unlike the duble layer configuration and VO4

roplacement hypothaesues, the VZOQ hypothos)« 3n not deoply
y-

rooted in the X-ray model. The observed loug of oxygen
. A4+, 5+
commensurate with the reduction of vnnndiym Jrom V tor V

has very minor msmlf«mtﬁtj(m in the rattial distftbution
function, The V2()9 unit was hypotheaiged ;H a configuration
which could account for the lost oxygen with a minimal
pn}turbutlnﬁzn the radtal distribution function, Iég
manffestation In the radfaldistributionfunction ;:lv;m a
minor- Improvement m[‘ng_r:c\mmcvnt with experiment. A more
common value of a vanudiuh bridéing oxygen bond length could
be achleved §f the layers of the double layer configuration
were pul led together lqcally by :2 tn .3 X. In conjunction
with the separation between mémbgrn of the double layer
caused by the larger VO4 substituting Q?r the amaller P04

thig glves a better numerical prediction of the change in
dengity of the glasas wifh x. The VZO9 group has the game
virtues ad the structure propoged by Landsberger and Bray
(1970) to explain their NMR reﬁults\zgf gives an extrapolated
value of the chemical ghiftwhich §s more consistent with

the unresolved composite peak hypothesis upon whlsh\{hetr

analy«ig {4 prgdicated,

Rawson (1957) found -the V,0.-Pb0 system to be a good
example of hig theory that a deep eutectic is correlated
with a glass forming reglon. It has\heén~f0und that the

supposed posftion of that eutectic (50% V,0¢g) corresponds

-
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to a crvatalline phage Pszf%3 which mel'ts congruently at
abouthOOChigher than the eutectic. The position of the
eutectic may be a few percent toward V205 from vazoe.
The crystal structure of PhVZO6 fs found to bhe bhasged on

chains of VO, units. FEach chain could be visualized

8
as a staggered stack of dominoes with twn edges showing

VO6 units per dominne. The chains are related by an n-glide
with each other but are only bound to Qach other through

the lead atoms. Beta lead vanadium bronze (Galy et al, 1970)
has the same staggered stack of dominoes but the stacks

are connected to each Bther through a bridging oxygen on

the corner of an outer dominoe. A further complex which

could be visualised as a dominoe sitting on its long edge

links one chain of octahedra to another. The glass forming
reginn is between beta-vanadium bronze and PszO6 in composition
and it is tempting to speculate upon a glass structure with
P6V206 - like chains randomly cross-linked with featufes

from the bronze. Lead is such a strong X-ray scatterer it

is 1ikely that a combined X-ray and neutron diffractive

experiment would be necessary to ascertain the structure.

¢
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