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ABSTRACT

By using the method of elastic neutron scettering,
structure factors were measured for the chalcogens tellurium, selenium
and sulphur in the liquid state. Partial structure factors were
also obtained for the ligquid semiconductors CuzTe, CuTe and Ange.

By Fourier transforming these structure factors radial distribution
functions (R.D.F's) were found.

Structural models consisting of ionic bonding, covalent
bonding and clusters were compared with the experimental data, and
the interpretation was aided py the construction of computer models
by a 'Monte-Carlo' method. It was concluded that ths liquidlsemi—
conductors investigated have a complex structure with maiﬁly covalent
bondingj also that liquid selenium consists of chains of atoms and
liguid tellurium has a network structure similar to that outlined by

Cabane and Friedel (1971).

(ii)



INTRODUCTION

There exists a group of liquid conductors whose electronic
properties sre different from those of metals and are similar to
those of semiconductors. Such liquids are usually referred to as
liquid semiconductors. (These should not be confused with ligquids
formed by melting solid semiconductors. These liquids are frequently
metallic in nature.) A revue of the electricel properties of liquid
semiconductors has been given by Enderby (1974).
There are two main typses of liquid semiconductors. Thers
are those based on.the chalcogens (e.g. pure liquid selenium or
liquid Ange), and those formed when metals of very differsnt electro-
negativities are alloyed together in a certain proportion (e.g. mgSBiZ)'
Qur understanding of liquid semicoenductors is very limited. Explana-
Lion of the electrical and thermodynamic properties is hampered by a
lack of knowledge of the atomic order. The work here is an attempt
to fill this qgap by'obtaining structural information about these liquids
thfough the method of neutron diffraction.
Experimontal data, using neutron diffraction techniques is
given
(i) for the liquid chalcogens Te, Se and S,
(ii) for liauid Te-Se mixtures.
(iii) for the liquid semiconductors Cu2Te and Ange and
(iv) for the equi-atomic system liquid CuTe.
For (iii) and (iv) the method of isotopic substitution is used, and
the partial strﬁcture factors sre extracted. The results are
presented in momentum (Q) space and in real (r) space. Structural
models are presented, for these liquids, tp Fit.the experimental
observalions. Computer modelling in three dimensions is used to help

to interpret the experimental data.

(iid)



Apart from some work on pure liquid chalcogens there has
bean no previous study in  this detail of the structurs of liquid

semiconductors.

(iv)



CHAPTER 1

Liquid Semiconductors

11 The Elsctrical Properties of Liquid Semiconductors

Many semiconductors become metallic on passing into the
liquid stete. That is to say, thsy exhibit sma;l thermopowers
(10—5v°C-1), small Hell coefficients independent of temperature
(RH ~ 10-3e.m.u.) and fairly high conductivitiss (of order
5000 ohm-1cm-1). Examples of these materials are BizTes, ZnSb,
CdsSb, AuzTe and Gs.

On the other hand, there are biﬁary liquid alloys for which
the electron transport parameters are outside the range character-
istic-of the metallic state for at least some compositions, We can
refer to thd;e alloys as "true" liquid semiconductors because they
exhibit most of the properties that characterise conventional solid
semiconductors. These include liquid Cu-Te, Ag-Te, In=Te, Ng=Bi
and all liquid alloys involving selenium as one component. Table 1
gives a list of some of the alloy systems that fsall into this
category, together with the value of their electrical conductivities

_at the composition of particular intersst,

To be specific, we shall focus sttention on two groups
of liquid alloys that constitute systems of this type. Let M and
S refer respectively to pure liquids that have metallic and semi=
metallic electrical properties.

. The first group comprises M-M systems which are of particular
interest becausse i% is possible continually to follow the transition
from metallic bshaviour to semiconducting behaviqur. Liquid Mmg-Bi,

MgSb, and LiBi represent some of the alloys known to fall into this

graoup. Experimental results for conductivity



TABLE I

Liquid Semiconductors

Conductivity -

Critical -1 -1
Liquid Alloy Composition O ‘cm
S—-Ag Ag,S 200
S~Pb PbS 110
S=Cu Cuzs 50
S=Sn SnS 24
S-Ge GeS 1435
5-T1 T1,5, 1.7 x 10:§
T1253 6.5 x 10—2
S=Sb szs3 1.5 x 10
Te=Cu CuzTe 200
Te=Ag \ Ange 150
Te-Fe . FeTe2 400
Te-T1l ’ leTe 70
Te~Cd CdTe 40
Te=Zn ZnTe 40
Te=In InzTe3 25
Te=-Ga GazTe3 10
Bi-Mg MQ39i2 245
Bi-Li LizBi ?

Refersnces:

Allgaier (1969)

Enderby and Collings(1970)
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T, and for Jthermoelectric power S, have been reported for liquid
Mg-Bi by Enderby and Collins (1970), and a selection of data is

given in figures (1.1) and (1.2). At the composition Mg, Bi, the

2
. .. do . oy
S changes sign, O falls to a minimum valus and a1 is positive.

It is clear from this sevidence and also from thermodynamic data
(Heltgeen et al., 1963) that a major chenge in the bonding
characteristics takes place as we proceed from pure liquid magnesium.
There is also evidence.that substantial electromigration occurs
in liquid Mg - Bi, with Mg drifting towards the cathode and Bi
drifting towards the anode. (Epstein 1973)
The second group comprises M-S systems which include
Ag-fe, Cu-Te (but not Au-Te), Ga-Te aéd Tl=-Te and these are the
most widely studied group of Liquid Semiconductors. Phase diagrams
for Cu~Te and Tl-Te are available (Hanson, 1958), and a selection
'of the experimental date due to Dancy (1965) Cutler and Mallon
(1966) and Enderby and Simmons (1969) is given in figures (1.3) and
(1+4)s The conductivity falls to 8 minimum value for T12Te at which
composition elementary valence considerations are satisfied. All
alloys within this second group hasve the following characteristics:
(a) the alloys possess a two-phase liquid region (liquid
immiscibility) often in the range 70 £ Xm,ﬁ 100 where X is
the atomic percentage of the metallic component,

H

negative at all compositions and achisesves & maximum value at the

(b) RH/RH}S significantly different from unity; R itself is

composition of minimum conductivity.



1.2 The Outstanding Problems.

The four most outstanding problems of liquid semiconductors

are as follows:

(1) Whet is the most useful way to characterise the structurse of
liquid semiconductors?

(2) How cen the distribution of binary liquid semiconductors
(within the periodic table) be-understood?

(3) What will be the form of the density of states as a function
of composition aﬁd temperature? .

(4) What is the mode of electron transport, perticularly around
the stoichiometric composition?

This work is concerned with answering the first of these

questions; concerning the structure of liquid semiconductors.



CHAPTER 2

The Neutron Scattering Theory

2.1 Introduction

Since the advent of high flux beam reactors the nsutron has
been used extensively as a tool in the study of bath solids and liquids.
The purpose of this chapter is to give an account of the theory of
neutron scattering, and in particular its application to liquids.

For a more complete understanding of the physical properties of
liquids it is necessary to have a precise knowledge of S(Q), the structurs
factor. Neutron diffraction techniques possess several advantages over
other methods in the determination of S(Q). The main advantages are

(i) that'a transmission geometry is used (avoiding problems
associated with free liquid surfaces),
(ii) wvenadium is available as a calibration material, and

(iii) isotopes can be used to determine partial structure factors

for some mixtures, (see Chapter 5) since the scattering is
nuclear rather than electronic.

However, the following corrections must be considsered:

1. Allowance mus£ be made for multiple scattering (this is consider-
ably higher than for x-rays, although it is isotropic).

2. A full snalysis of thevabsorption in the sample and sample holder
must be carried out.

3. The connection between the true static structure factor and the
effective structure factor must be properly established. This
can only be'done reliably for the heavier elements, with the aid
of the Placzek expansion (equation 2.13). For the lighter elements
(e.g. Li, Al, S) the Placzek method is not accurate.

In section 2.2 neutron scattering is treated in terms of the

scattering law S(G?,QJ). The "static approximation" which enables one

-5=



to obtain the static structure factor S(Q) is outlined in section

2.4, and corrections to the static approximation are described in

section 2.,5. Since the absorption of neutrons in most elements is small,
the probability of a second scattering event occurring can be high.

Section 2.6 outlines the methods of correcting for multiple scattering.



2.2 Van Hoves Formulation

The scettering of low snergy neutrons from 8 system of
N identicel atoms can, in Born approximation, be most usefully
described in terms of the scattering lew, S(Q,w). This duantiﬁy
measures the probabilit§ that energy fiw will be transferred to
the neutron if momentum A0 is absorbed by the scatterqr. Van Hove
(1954) showed that the differential scattering cross-section per
unit solid angle per unit energy range is

_ o S(Q,
f(;—im = VY Fo {8 w\)

wherei(_0 and K are the initisl and final wave vectors, Q? = 5@ - K,
is the scattering length and /1 refers to sclid angle. .The bound

atom scattering cross-section is given by
_r*
s = l*l'jr ' (2.2)

In practice we have both coherent and incoherent scattering; the
latter is due to isotope and spin effects.

Let &£ f > represent an average scattering length weighted
by spin factors and the isotopic abundance (Bacon, 1962), then
equation (2.1) may be re-written as

in inc
_OﬁzJ(" C)_-_ N 4f2>‘4][>2 kS (C\),w)_ (2.3)a
odw d A Ko -

coh) 2 (coh)
O(o(‘O‘(JLk = Néf) kK S (Q)w) (2.3)b
C&);; Ko :

(coh,)

where O (inc.) end O refer to the incoherent and coherent

cross-sections respectively. In the following section S(Q,w) )

is related to the time dependent correlation functions.

-7



2.3 The Time Dependent Correlation Functions

Van Hove obtains his time dependent correlafion functions by

taking a double Fourier Transform of S(Q,W) to give

STPANRPSICERLD
Gs(f,é):(lel)3 (@,w)e Qdn
(col"\\ _[@-_r-w(-]
G(r )= 1L || S(Qw)e d Qd 4
2 " (2.4)b

GS (g, t) is the probability of finding an atom which was at the
origin at t = 0, at the position r at time t. Similarlyrc(g, t)
represents the probability of finding any atom at position r at

time t when it is known that an atom was ét the origin at time t = 0.
Ve write G = Gd ; GS.IF an atom is at the origin at t = 0 then

Gy (z, t) is the probability that any other estom is at r at time t.

In terms of G the differential scattering cross=section may

be written as

N dw 20 Ko | = (2.5)a




2.4 The Static Approximation

In diffraction experiments the quantity that is measured
is the differential scattering cross-—section dOo . in X—ray
scattering this quantity is measured automatiEE§ly in the.static
approximation, but for neutron; corrections to this approximation
are required,

In the static approximation one assumes that the ensergy
transfers are small compared to the incident enargy, so that Q

is regarded as constant over the range of W/ for which energy

transfers are important. Equation (2.5)a becomes

~jwt

o (Com— 4 71/\1 dwldte

1Qr
A0 - LT o([eJ' G(r,f]
AL 2101
(2.6)
since K & K0

Since G in this approximation hardly varies for time intervals

less then 1/hJ the integration over W produces 2il 8 (t) so that

jz‘”‘“l_ 27 Nt S [dr /T G )
A

(2.7)

since G"S(f)o) = S(r) G'O(CY')O) = (j(r)



g(r) is the time independent pair correlation function.
So in the static approximation the structure factor S(Q)

is given by

coh) '
_9(__9( - /\14}‘72 s(Q) (2.8)
A N

&L

il

J
where S(&) { +Nn o\,(r)(’, O(r (2.9)
By measuring the scattered intensity as a function of scattering
angle 2€© one arrives at the structure factor.
It can be readily verified that
(;Y\C) ’ 2 2 ’
o =N|Lf 7=47 (2.10)

ol
AN

in the static approximation.

=1 (0=



2.5 Corrections to the Static Approximation

The method described here is due to Placzek. For neutrons of
wavelangth ~1 R the scattering is centred around the elastic valuse
since the incident snergy, EO (= 85 meV) is considerably. larger
than the energy transfer’ﬁUJ( <€ 10 meV).

The Placzek method is to expand K/ko and S(Q,W) about Q, ,

w
the value of Q for whichftw = 0, in terms of f ~/E0. The product

-e

: 1
o
of these gives an expansion for 0( Placzek then -
And w
integrates over J assuming:
(i) the detector hes constant efficiency,
(ii) the detector has a 1/Q dependence.

For (ii) this process yields

= szf[sm)»r]ff(@)

(coh)

do

;Ul eﬁL (2.11)
‘ne)
do = N(2£27-24721+f,(a
AN /o ( f f )[ ff,( )] (2.12)
where J(F(@) = ;'—T—O - Rool —ot 4 o<
SEM 6et 26 2pe (2.13)

Here Eo is the average kinetic energy of the atoms in units of kBT

< =R’k /2 MRsT | € =Fc/RBT and
/‘b is the nuclear mass (M)/neutron mass. For heavier metals Fp (Q)
can be neglected,but it is important for light elements, It has to
be known accurstely at low angles where S(Q) and fp (Q) become
comparable. |

-] -



2.6 The Multiple Scattering of Neutrons

The method used to calculate ths Qultiple scattering was that
due to Blech and Averbach (1964).

Thesolution for multiple scattering of neutrons by.infinite
slabs of an isotropic scatterer has been derived by Vineyard. He
calculated the second order scattering and then estimated the total
multiple scattering. Blech and.Averbach used the same approach as
Vineyard for the cese of cylindrical samples completely bathed in
a homogeneous neutron beam. The scattering is shown in figure (2.1).
The number of neutrons per unit solid angle scattered from a volume

dV for an incoming flux Jo is given by

dI: = 1 (N\r Os TO)Q_/‘ LIO(V' (2.14)
4
where NV is the number of atoms per cmz, 0OS is the scattering cross-
section, f* the total absorption and LI is the path length of the
incoming beam. The total primary scattering I1 of neutrons for

solid angle is given by

- L
I =1¢ o(I, (2.15)
Vv
when L11 is the path length of the scattered beam,

The sescondary intensity from @ volume element dv’ is given

by

dIz = (Nvos o(Izze“’MLoW dv’

LTiL

(2.16)

-—
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and the total secondary intensity 12 is
-ALn
I, =1¢ dI -
(2.17)
Vv ) :
Similarly the nth order scattering will be
-p Lu
In={€ dIn (2.18)
'
where ' |
- /
AIn=(Nvos [dIni e edv)dy (2.19)
7 2 _
L4l A
The total scattering is
o0
I= In
i,' (2.20)
. /
Assuming I_ /In~1 = I, /I1 = S (2.21)
the multiple scattering Im is
. S/ ,
Io= I =1, =1,+ T4 coue =1 /] -8
(2.22)

This equation is true whenever 12/11 is appreciably smaller than
unitye.

It follows that

/
S :7£L2' = ﬁi!;fif 8 = EZEi) 8 (2.23)
Ii M ot
where o R R i A k‘l
6 =2 M o~ HE (2.24)
ﬁ'lqz I l_z
r=o r'=o ©=0 z=0 2’=0



12 /
and L2=Z +r2+r'2—2rr cos @
Ot is the total cross=-section (scattering plus absorption).

Then if the multiple scattering cross-section is Owmwe have

Om = Os (05/0'6)8 (2.25)

| -(79%/0¢) §

The integral in 8 is obtained by summing over the two disks.

The quantity finally evaluated is

[+ 0m _ | _ I+  (2.26)
os 1= (©/o¢)§

When deciding upon sample size values of R/h were chosen so as to

minimize the multiple scattering.

-



2.7 Sample Absorption and Container Corrections

The corrections due to absorption by the sample and scattering
by the container were computed together using the ﬁethod outlined
by Pasalman and Pings (1962).

If T denotes a theoreticsl intensity and IE the experimental

intensity then for scattering off just a container IcE = A

c,c ¢
where Ai j is the absorption factor for SCattering in i and the
?
total absorption in j. For a sample in a containsesr wse have
15 -4 1 B . I (2.27)
sc c,sc c s,SC s

where sc means sample and container. The true scattered intensity

from the sample is given by

1 =1 ° - 154

8 SC C C,8C
. — : (2.28)
s,8C s,s8c ¢c,C

The A

i1 ‘s were computed by integrating over all path lengths in

the sample and container as described in the paper by Pgslman and
Pings.

The use of the corrections, described in Sections (2.5), (2.6)
and (2.7), to obtain structure fectors is illustrated in Chapter 4
and Chapter 5. Iﬁ Chapter 3 the appasrstus and experimental method

is described.

-15=



CHAPTER 3

Experimental

3.1 Introduction

This chepter deais briefly with the neutron diffraction
apparatus, and also deals with the furnace which was used to maintain
the samples above their melting points,

The neutron spectrometer and spectrometer control system
which were used, form part of the standard Harwell equipment, end
no contribution was made to their design or development. The sample '
holders were designsd by the author, and the top plate of the

furnace was modified by the author so that samples with high vapour

pressures could be used.

-16=



3.2 The Neutron Spectrometer

3.2(1i) A General Description

The general layout of most crystal spectrometers is similar,
and a schematic form is shown in figurs (3.1). Neutrans which
have a Maxwellian distribution of velocitiss appropriate to the
temperature of the moderator are extracted from the reactor by means
of an in-pile collimator. This 'white'!' radiation impinges on a
crystal monochromator which diffracts neutrons of a particular
wavelength h‘o (usually ~ 1 ) at an angle Zﬂm, when the Bragg
condition for the diffracting planss is satisfied. These mono-
energetic neutrons are then used in diffraction experiments, where
the neutrons scattered from the sample are detached at an angle
260 , the maximum scaétering angle being about 100°.

Experiments were carried out at the Dido research reactor at
Harwell. Four spectrometers were used. These were the Curfan,
Badger I and Badger II (used for low angle work), and the 10H
'liquids' spectrometer. It is proposed here to give a brief
description of the Dido 10H spectrometer (Hance 1973), figure 2.2.

This machine was used entirely for elastic scattering [S(Q)} .

3.2(ii) The Monochromator

The monochromator consisted of a rectangular aluminium
crystal capsble of rotation about a vertical exis. It provided
mono-energetic neutrons in the range 0.5 to 1.4 R. For example,
the planes (111), (220) and (311) gave wavelengths of 1.4 R, 0.84 R
and 0.73 R respectively. The longest wavelength used was 1.2 R
(200) which contained no more than 3% second order contamination

(0.6 8). The wavelength generally used was 0.84 R which, on this

-17-



machine, gave a ( range of 1 to 13 R -j, and the ssecond order was
undetectable, Shorter wavelengths than this were not used becauss

of the low intensities and long counting times,

3.2(iii) Neutron Beam Collimation

Primary collimation from the monochromator was providsed by
a set of steel soljer slits with, separation of about 5 mm giving s
resolution of 0.5°, The total aperture was 7 cm by 4 cm. The
monochromated beam was sampled by a parallel plate fissioh chamber,
called a monitor, which drove a ratemeter giving a visual indication
of the primary beam. The beam size could be altered by mseans of

a pair of cadmium slits situated just after the monitor.

3.2(iv) The Counters

fhermal neutrons are detsected via the secondary products
produced by their absorption in nuclei. These recoil particles are
detected either by ionising a gas or by producing light flashes in
a scintillating medium. In Helium=3 proportional counters the
reaction may be written as

n + HeS__> H3 + H1

Figure 2.3 shows a block diagram of the typical arrangement of a
counting assembly. The amplifier is usually composed of two sections,
8 pre—-amplifier unit with a fixed gain and a main amplifier section.
The amplified pulses are applied to an amplitude discriminator
(to separate neutron pulses from the smaller 6 -ray pulses) whose
output is fed into ® counting unit (scaler) and 2 ratemeter. After

reaching a pre~determined number of monitor counts the contents of

the scalers were printed out on paper roll and punched on paper tape.

-] 8=



On the Dido 10H spectrometer there were three two-atmosphere

Helium-3 detectors. They wers mounted 40° apart and scanned from

n

-15° to + 125° (w.r.t. the straight through position 26 a),
with an overlap of 50. At the start of a run the starting angle,
interval and range of scan were fed into the machine memory. Each
position was then scanned automatically for a pre-ssest number of
monitor counts until the run was completed.

The role of Soller slit collimators in nsutron diffraction
work is usually to limit the horizontal divergence of the beam,
thus increasing the angular resolution. A compromise is made between
the intensity of the diffraction pattern and its resolution (Bacon,
1962). Fine collimation was provided at the counters by a set of
;Soller slits 15" long and 2%4" high; defining an aperture of %o.

To protect the counters from stray neutrons and 'K -rays they
were individually wrapped in cadmium foil. The counter shield was
manufactured from tightly fitting Jabroc sections esncased on ths
outside with boral plate. With this shielding the background rate
of counting was about one count per second. A graph showing the
resolution of the Liquids diffractometer is indicated in figurse 3.2c.
To determine the resolution a standard nickel sample was used and
the gquantity plotted is the full width at half-height for the character-
istic nickel peaks. IF oL ’ ot 2 and A 3 denote
the collimation angles of the in-pile, pre¥ and post-sampls
collimators respectively then Coglioti et al. (1958) conclude that
for a good compromise between resolution and intensity
A1 Lotz Lot 3 ~, with the mosaic spread of the collimator

2 + %
matching (X, + ol )2. The resolution of the Curran is better

than that of the lLiquids diffractometer because:

-19-



(1) the Curran has better collimation at the counter
(ot3 Curran = 15/and o3 Liquids = 45') and,
(2) the take=off angle from the Curran monochromator is 450,
whereas for the Liquids machine it is about 150.
This means that with the Curran we are usually operating nearsr

the focussing position than with the Liquids machine.

-20~-



3.3 The Furnace and Sample Holders

3.3(i) The Furnacs

The furnace itself was inherited from Sheffield University,
but the author was responsible for madifying the top-plate so that
samples with high vapour pressure could be held in alumina tubes.
With the heating elements used the furnace was capable of temperatures
of up to 1250° C.

The shell of the furnace is shown in figure (3.3). The
casing was made of aluminium, whilst the top-plate, base plate and
funnel were made of brass., To cool the outer shell water jackets
were used around the cesing and funnel, and a brass pipe ran around
the top-plate. The water outlets were joined by plastic piping and
water was made to flow in at the bottom ofthe furnace and out at
‘the top to prevent thse formation of air blocks.

The heater was made of tantalum and made of two half-cylinders
(figure 3.4) joined at the bottom by a wide tantalum ring. It could
take currents of up to 200 amps (r.m.s.). The power dissipated in
the heater was 900 watt at 1200°C and heat losses were reduced by
raflection from a set of thres tantslum radiationshields arranged
concentrically arcund the heater. There were salso two sets of semi-
circular shields clamped to the electrodes above the heating slement,
For some runs vanadium ‘-heat shields werse used since these did not

give peaks in the diffraction pattern.

3.3(ii) The Power Supply

1

Power to the furnace was supplied from the 30V secondary of
an 8 : 1 step down transformer; there was a 20 amp fuse on the
input side and no fuse on the output side. A furnace trip was

incorporated in the system in case the water supply failed.
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Flexible copper braid capable of carrying the maximum current
connected the transformer secondary to the water cooled electrodes

of the furnace (figure 3.5).

3.3(iii) The Furnace Performance

All temperaturses were measured using crohel-alumel thermo~
couples caonnected to a chart recorder, and by using two thermocouples
the temperature difference along the axis of the heater was found
to be less than 5°C. The furnace temperature was controlled by means
of a current switching device and was maintained st the required
temperature to about bt SOC.

The furnace was maintained at temperatures of 1200°C for up
to 48 hours; the vacuum was from 10-5 to 10-6 torr. The furnace
did not show signs of deterioration after a run under normal
circumstances; it only did this if a sample broke whilst the furnace

was hot,.

3.3(iv) Thse Samplse Containers

The sample containers were either quartz or alumina tubes
which had besn machined down to about half the normal wall thickness
(i.e. to about 0.5 mm). The quartz tubes holding the sample were
sealad off under argon. The alumina tubes were fitted with a
metal capand sealed by wslding in an argon envirqnment.

Because the cép was stuck with araldite a large funnol was
welded on to the top plate so that the cap remained mol and the
glue did not melt.

The tubeé were held by supports made of stainless stesl
(figure 3.6).

Figure 3.7 is a photograph of the furnace and radiation

shields. Figure 3.8 is a photograph of the inside of the furnacs.
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3.4 Thae Experimental Procsdure

In order to determine the structure of a liquid sample
experiments were carried out in the following sequence:

(1) =@ background run (air scattering) which lasted for about % day:

(2) @a vanadium calibration run (using 2 vanadium rod) ~ 1 day:

(3) an empty tube held in the furnace under vacuum and at the
correct temperaturs, ~ 1 day:

(4) the sample held in the furnace at the correct temperature

and contained in the calibrated tube (3), ~ 2 days:

(5) @ background run to see if the background scattering has
changed with time, ~ % day.

This procedure, whereby sach of these runs is completed
before the next is begun, seems to bs the most suiteble for furnace
work. Although sample changsers are used foraqueous solutions work,
it is considered that furnaces are at present too large for this
method to be possibls.

There is, however, one very important improvement which must
be made to the experimental method, and this involves the alignment
of samples in the neutron beam. Unfortunately, the neutron beam
is not homogeneous, so that it is necessary for the sample, container
and vanadium rod to be located in exactly the same pasition in the
neutron beam. In this way the sample + container, and container,
will see the same neutron intensity profile. Account should also
be taken of the smaller width of the vanadium rod compered to most
samples; to compare the integrated intensities received by the
vanadium rod and samples the beam profile must be accurately known.

In these experiments the samples were aligned using a
photographic method. Cadmium was placed around the sample which

was then photographed using a scintillation camera. The image of
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the mdmium was aligned centrally in the beam using the tilting

device (shown in figure 3.3), and the sample was then rotated througn
90° and the procedure repeated. VThis method is only accura?a to
about = 1 mm. If more accurate data than those reported here is

required then a more accurate method will have to be devised.
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CHAPTER 4

The Structure Factofs and Radial Distribution

Functions of some Liquid Chalcogens

4.1 Introduction

Although this work is concerned with the structure of
liquid semiconductors it is important to consider the situation
for pure liquid chalcogens.

The structure factor S(Q) can be obtained from diffraction
experiments, where the most common radiation probes are X-rays and
neutrons. The radial distribution function g(r) is available
through Fourier Transformation of S{(Q). The procedure used for
the analysis of, and corrections to, the experimental data is
almost identical to that described by North, Enderby and Egslstaff
(1968 a,b), and in particular involves the use of vanadium as a
calibration material.

The experimental results for the liquid chalcogens
tellurium, selesnium and sulphur are presented here, together with
results for some tellurium—-selenium mixtures. An attempt has been
made to interpret the results in terms of structural modalé.
Results arse also presented for some computer simulations involving

the packing of riéid chains in three dimensions.



4.2 The Theory

 For pure liquids the structure factor S(Q) and the radial

distribution function g(r) are defined and related by

N 2
S(&)-_—_f_< ZQXP(J@C') 5 (4.1)
N
$(@) = I + 4N |[g)~(]rsin@rdr (4.2)
]V
v

(ses Appendix A)

where N is the number of atoms in the volume V, r, is the position
of the ith atom lal = 47T sing and ¢ = | - g_ml .

< > denotes a time average and )\ is the wavelength of

the radistion scattered through an angle 2€ . By inverting

equation (4.1) we see that g(r) may be obtained from S(Q) through

3(r)= I+ [SR)I-1]a@sin@rda (4.3)
20nr
| o

where n is the number of atoms per unit volume. Since g(r)—> O

as r —> 0 baecauss of the atomic size we have

o
[s(@)-1]dlda = ~27n o
o |

An exparimentally determined S(Q) must satisfy equation (4.4).
At large volues of Q, S(Q) approaches the asymptotic value
of unity. This‘corrasponds to the isotropic scattering expected

from an independent atom. On the other hand at low values of Q
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4,3 The Determination of the Structure Factor

S(Q) can, in principle, be obtained by measuring the
angular distribution of intensity scattered from a sample.
However, a number of correction terms have to be applied to the
intensity before a reliable S(Q) emerges. (See Chapter 25

The observed intensity I at any particular angle is given

by

= °L<e)[ é Thc,ol\ t é In inc] (4.6)
n

n

where n = 1,2,3 etc. and Jn is the nth order scattered current and
is in absolute units. 04(19) is a machine constant. Following

sect.2.4 we have

e)(g(_a) (4.7)
AN fef§
where 3 (E9> is an absorption correction. Equation (4.6)
becomss
oh .
C°l’\ ot _/
I =(0)¥(0) 0(0 (o(or éTh +§ ne
Loff ff 2
w2 | (4.8)
where (/ ji Jnc + ;éianinc ) is the multiple scattering.
Incorporating'the Placzek corrections we have
coh 2
‘O(—ﬁz' =NZf7 5(a)+f,,,(@) (4.9)

eff

jj{ e][f: (LJC 7—‘4][7 )(I +fP(Q) (4.10)
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(sca equation (2.11) and (2.12)).

Combining (4.8), (4.9) and (4.10) we have
| I:Nx(@)%(@)[%(S(Q\—I) + 0o (| -ff/o(@))-fmv\(f‘f{:(e](z;.ﬂ)

sincs o‘c= {f>2 and O = Y 2>.
We now replace JS by 0’5(! -rDS) to account for multiple
scattering (see equation 2.26).

The scattering from the sample may now be written

Is=Ns(0) X(O)[O'c(S(Q)-I)—rO's(;+Jf_g)(l+As)] (4.12)

The multiple scattering and Placzek corrections were calculated as
described in Chapter 2, and the extraction of I8 from the total
scattering is described in 2.7.

A second experiment using a venadium rod was performed
under identical experimental conditions. The scattering from
vanadium is entirely incoherent and the scattered intensity may

be written

Iv = Nvet(o)Y(e)oi, (1+fv)(l Ay ) (4.13)

By dividing equation (4.12) by equation (4.13) o‘-(@)was
eliminated and S(Q@) was found. The absorption constants 7/ and
/
2{ are the same as As ' s and Av described in 2.7 and were

calculated by the method of Pealmn and Pings (1962).
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the macroscopic properties of the liquid are reflected (see

Landau and Lifshitz, 1958), so that
S(O)=nkgTXT (4:5)

where 7< T is the isothermal compressibility at the absolute
temperature T. Between these limits S(Q) exhibits an oscillatory
behaviour which is a direct consequence of the short range order

present in a liquid.
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4.4 The Experimental Results:-

All the experiments on the Liquid Chalcogens were carried
out on the Dido reactor at Harwell, and a summary of the
exparimental conditions is given in Table 2. All the corrections
doscribed were carefully carried out in the analysis of the data
The purity of the samples wos in all csses greater than 99.9%.

The cross—-sections used and the structure.data are tabulated’in
Apﬁendioes ( B ) and ( C ) respectively.

4.4 (i) The Structure Factors for Liquid Tellurium (m.p. 450°C)

Structure factors for Liquid Te at 500°C and BﬁDOC are
shown in figure 4.1. Cylindrical quartz tubes were used as sample
containers as these were not corroded by the sample atthe temperatures
used {quartz wss preferred to alumina since it does not give sharp
peaks in the diffraction pattern). The tellurium sample was
maintained under an inert stmosphere of argon to reduce the gate
of evaporation of the sample; the pressure used was one third
atmosphere at 20°C (for selenium and sulphur the pressures were
0.5 and 0.8 atmospheres respectively).

For the high angle work (on the Liquids diffractometer)

a diffraction pasttern was taken from a quartz tube with the same

wall thickness as that used to contain the tellurium, and this
pattern was then subtracted from the diffraction pattern of sampls

+ container (see 2.7). In all the other experiments the containgrs
were individually calibrated before being loaded with a sampls.

It was found that the best results were obtained by Hand—
smoothing the data before the final analysis. The small oscillations
at high Q became better defined when this was done, rather than when
the datas was processed with all the statistical errors included in
it. High and low ahgle work was done on the Liquids and Badger

diffractometers respectively.
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Liquid Temp. 9 Sample Instrument Q-range
500 9 mm cylindef DIDO. 1.5 - 11
in .5 mm guartz Liquids
500 " DIDO 0.5 - 2.5
Te . Badger
300 : 0100 g5 -y
800 " gizger 0.5 - 2.5
230 " Eizgids 1.5 = 13
Se 230 " gigger 0.5 = 2.5
350 " EigSids 1.5 = 13
350 " gigger 0.5 - 2.5
S 10 |10 mn oybinger | 0100 e -
400 " EiZSids 1.0 - 8
89.5 Te.S 500 ;; ?mm;yéiggii Sizgids L - 8.5
€ 95 T, 05 200 ) Eizgids To- 8.

EXPERIMENTAL CONDITIONS FOR THE LIQUID CHALCOGENS
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4.4 (ii) The Structure Factors for Liquid Selenium (m.p. 217°C)

Structure factors are shown in -fiqure (4.3) at 230°C and
3500C. These were deduced from both high and lowagle measurements,
and the ovarlap from the two measuremsnts and the statistical

errors are shown in figurs (4.2).

4.4 (iii) The Structure Factors for Liquid Sulphur (m.p. 119°¢)

Due to the low neutron scattering from liquid sulphur
measurements were taken at a wavelength of 1.2 R on the Liquids
Mlachine (fig. 4.4). This wavelength was associated with a hi§her flux
than that used for liquids Te and Se (0.84 R) but had a lowser range
in Q. No low angle work was attempted on liquid sulphur because

of the low neutron scattering cross-section.

4.4 (iv) The Structure Factors for Liquid Te1—x Sex where x = 0.5

and 0.05

Both these experiments were carried out at SOOOC 6n the
Dido Liquids Machine and the results ars shown in figure (4.5). The
quantity obtained is the total structure factor F(Q) (equation
(4.21) ). The extraction of F(Q) from the experimental data is

described in (4.12).
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4.5 E[Experimental Errors

As stated by North, Enderby and Egelstaff (1968) random
errors (i.e. those due to counting statistics) are relatively
unimportant (except at small Q). The real difficulties arise from
systematic or calibration errors, particularly in the determination
of 04(19) .

To see how these systematic errors can affect the final
énswer, North considered two structure factors 81(0) and SZ(Q)

calculated from

L) =e (5,(0) +A )
(4.14)
1,(0) =o¢ ,(5,(Q) + A )
setting I,(Q) = I,(Q) A Az =t (1 2 0.05)
(for a typical calibration error of 5%.)
North finds
(1 2 0.08) @D L) s € (4.15)
5,00+ A I
Two regions of ( space may be distinguished.

(i) a = 2 ﬂ-1 In this region E /I1 is usually small and, since
82(0) and 51(0) approach unity as Q—> oO we find from (4.15)
that

5,(@Q) =1 = (1% 0.08)(s,(Q) - 1) (4.16)
provided A is isotropic.
-1

(ii) o< 2R Here I is small so that € /I1 is large and
statistical errors begin to dominate the problem, The statistical

and systematic errors are indicated in Table 3.
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TABLE 3

Experimental Errors in S(Q) and F(Q)

Temp | 0<q<2 R 77 2<g<13 R 7
Liguid { °c Total Error Systematic Error | Random Error
Te 500 10.02 (1%0.05)(s(Q)-1) Z.01s5
800 10,02
Se 230 10.02 (120.05)(5(Q)=-1) o0.02
350 Z0.02 i0.02
S 150 fp.05 (120.05)(s(Q)=-1) 10.04
400 Ia.05 Z0.04
Te,_ Se | 500 20.02 (120.05)F(Q) 20.015

—34-




4.6 The Radial Distribution Functions for Liquids Te, Se and S

4,6 (i) Method of Calculation

The radial distribution function is related to S(Q) through
eguation (4.3). A smooth curve was drawn through the experimental
values of the structurs factor and the curve tabulated in steps of
0.05 R =1 in Q. The numerical transform was performed using a
standard Fourier Transform routine. For reasons which will bscoms
clear in section 4.6(ii) a second radial distribution function

gw(r) was calculated for each liquid through

%w(v‘\=l + [S(Q)%]\U(Gz)@sfn&ro(a |
27°ny | (4.17)
o}
where w(Q), a "window" function, is defined by
W(R)= V2 [ | tcos(i@ ) (4.18)
Qwm

and Qm is the maximum value of Q for which data was takaen.

4,6 (ii) The Influence of Systematic, Random and Truncation Errors

The form of g(r) is dominated by the Q space data beyond
2 B (North, Enderby and Egelstaff, 1968), so that the uncertainty
in g(r) from calibration errors can be calculated directly from
the scale factor shown in the fourth column of Table 3. The random
errors give rise to errors in the transform which appear as
increasingly violent oscillations in g(r) as r tends to zero.

There is a third .major source of error which is particularly
severe for the liquid chalcogens, namely, ths need to truncate the

integral in equation (4.3) at Q_ ( ~ 12 R in these experiments).
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The structure factors of all three chalcogens oscillate strongly
at Um (the stongest being liquid selenium) so that putting
(5(U)=1) = 0 for @ > Q. in equation (4.3) leads to severe
truncation errors. These appear as high frequency oscillators
throughout g(r). (i.e. the transform of @ step function) The problem
is to decide which features in the g(r) are due to truncation and
which represent real structure.

Ideally, measurements should be continued out to much
‘higher values of Q using, for example, the LINAC facility at
Harwell (Sinclair and Dore, 1972). But until such measurements
are made we have adopted a schems which allows those features in
g(r) which represent true structure to be identified. S(Q) was
first multiplied by a window function and then transformed. An
example of gw(r) for liquid selenium is given in figure (4.7). A
comparison with figure (4.6) shows that certain features havse
disappeared. Thege features must be truncation errors and were
eliminated from g(r), which was then back-transformed to S(Q).
This last step was iterated until the experimentsl data were
reproduced.

Radial distribution functions produced by the abovse
method are shown for liquid Te (rigur; 4.8), liquid Se (figure 4.9)
and S (figure 4.10).

4,6 (iii) Comperison with previous work

The g(r) for liquid Se is in general agreement with the
results of Moscinski, Renninger and Averbach (1973). A similar
comparison holds when the data for liquid'sulphur is compared with
data due to Thompson and Gingrich (1959). In the case of liquid
Te, however, the g(r) found differs from that due to Toufand and

Brueil (1971), figure ( 4.11). A comparison can be made between
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the g(r) given here at s00°¢ a%d theirs at 675°C. Tourand and

Breuil have in addition to peaks at 3.01 and 4.52 R a peak at

3.82 . UWe at Leicester believe that this last peak is due to

truncation errors, and does not represent real structure. (see 4,8(ii))
In the following sections possible structural models

arc outlined for liquid Te and liquid Se.

4.7 Non=-Central Forces

The structure of liquid chalcogens cannot be explained
in terms of simple pair forces. This is clear from an examination
of the structure factors given herse.

For hard spheres g(r) has a sharp edge at the hard spherse
dismeter. Houwsver, g(r) for real liquids has a finite slope where
the atoms overlap. As a result of this S(Q), for real liquids,
obtained by Fourier Transformation of g(r), has oscillations
to high Q which are damped out more rapidly than S(Q) for a hard
sphers liquid. It is @also expected that these oscillations will
move out of phase with respect to hard sphere oscillations as the
damping increases. This has been demonstrated by Page et al. (1969)
who compared S(D)‘s for liquids argon and rubidium. It was observed
that the oscillations for rubidium were damped out more rapidly than
those for argon, and there was a more pronscunced phase shift. This
is consistent with the rather soft inter-atomic potentiai which
characterises alkali mpetals.

For the chalcogens tellurium, selenium and sulphur there
are large deviations from thse behavicur of hard spheres. Thers is
less damping in the S(U) for selenium than for hard spheres, and
since the hard sphere damping is @ minimum for simple liquids,
selenium cannot be discussed in terms of central pasirwise intersctions.

This argument also applies to liquid tellurium.
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Hence theories for the structure of liquid chalcogens
must be discussed in terms of non-central forces. Possible models
involve rings, chains and other bonded structures. Computer
models for chains and molecules wers prdduced using a MQHte—Carlo
method, and structure factors wers determinedvFor these models.
These models provided some assistance in the interpretation of

the experimental data for the chalcogens and for the binary systems.

4,8 The Computer MModels

Computer models were produced to represent clossly
packed 3-dimensional systems of: (a) short chains, and (b) molecules.
Structurs factors were then determined for these models so that com-
parisons could be made with the structure factors obtained by
diFFraction expefiments. The computer which was used was the ICL
4130 at Leicestser University, The mesthod used involved the uss of
random numbers i.e. a Monte-Carlo method.

4,8 (i) Chain Models

Three-dimensional chain models were produced within

the computer memory, with up to three atoms per chain. The chains
were elther rigid or flexible. The main problem which was encountered
was to make the chains pack closely to,each other. This was done
by building the model outwards from a central chain as indicated in
figure (4.133). The steps were as follows:

(1) The Firét chain was produced with successive atoms in
contact with each other. The orientation of all the chains with
‘respect to the co-ordinate system was chosen at random i.e. values
of and Z were gencrated by the expressions:

©

v c _
and &j random number x 21/

—

c .
random number X ||

where the random numbers lie betwsen 0 and 1. For rigid chains
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© ond 4 were constant along the chain, and for flexible chains
they were allowsd to vary continuously between well defined limits.
(2) A seéond chain was produced so that its first atom lay
between the distances 2 R and 2 R+ A of the atom numbersd one.
This is equivalent to the box potential of figure (4.13 )b. Other
chains were produced from the first atom in the same way, and
subject to the condition that no atoms overlapped. 0One thousand
attempts were made to produce chains from a given atom, so as to
saturate the volums with chains.
(3) Other chains were produced from atoms 2,3,4... etc.Aand a
structqre was built up from chain units.
If equations A.4 and A.7 are combined we have a relation-—
ship betwsen the co-ordinates of the atoms in the model and the

structure factor of the model.

5(62)= | + Z/SInQrM (4.19)

yn 62 ™ wn
To reduce truncation errors, due to the finite size of the models,

2 window function was used.

S(A)= 1 + {sipn Qrma G0r) (4.20)
™ R

wW(r)=

l"‘COS(lIT Y £ I wax

|
2 T wox

and w(r) = 0 for r > r max.

The computer memory held all the co-ordinates of the atoms, and

the computer programme determined the distances rmn and calculated

S(Q) from equation (4.20).
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Two values of the radius of an ataom were used, namely
1.7 and 1.7, to represent tellurium and selenium respectively.
Also, the width, A, of the potential was varied to alter the
packing density of the chains.

Figures (4.14), (4.15) and (4.16) show structure
factors for rigid chains of three atoms, where the value of A has
values of 0.5, 1.7 and 3.4 respectively. The first peak is at a
Q value of 2.0, corresponding to the first psak in tellurium., As
A is increased this peak broadens and then splits into two peaks
I and II. 1In figure (4.17) the radius was changed to 1.1 with A at
3.4, A Fourier Transformation of one of these curves to a radial

distribution function is shown in figure (4.18).

4.8 (ii) Molecular Models (discussed in Chapter 5)

N

Three-dimensional computer models of closely packed

molecules, of two kinds of atom, were produced. Once agaih the
model was built up from a central molecule to snsure close packing.
The models contain about 750 atoms, and a two-dimensional analogue
is shown in figure (4.19). Three partial structure factors were
obtained from the co-ordinates of the atoms (see equation 4.20).
The two smaller atoms in the molecules were arranged at 90° to eacH
other to represent p-orbital bonding (figure (4.13)c).

Three partial structure factors are shown in figurses
(4,20, a, b and c). Each structqre factor has a 8 -function
at the origin due to the finite size of the models, but it is free
of truncation eFrors since window functions were used.

These models were helpful with the interpretation of

the experimentally determined structure factors for Cu2 Te and

A92 Te.
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4,9 The Structure of Liquid Tellurium

It has been proposed by many workers (Hodgson, 1961),
Cutler and Mallon (1962), Ioffe and Regel (1960)) that ligquid
tellurium is a semiconductor, the semiconducting state being due
to retention of the chain structure of the solid (Buschert, 1955).
However, regent measurements of the Knight shift (Cabans and
Froidevaux, 1969) and Hall effect (Enderby and Walsh, 1966) show
that the density of conduction e;ectrons at the Fermi level is so
large that a metallic description of these states is more epplicable.
Cabanse a&& Friedel analyse the structural data of Tourand and
Brueil and other structure related information, such as the viscosity
and inelastic scattering of nsutrens. They conclude that although
the interatomic forces are not of a simple pair-wise type, the
theory that independent ané well defined chains exist in liquid
tellurium is incorrect. They favour a covalently bonded network
in which the co-ordination number is between 2 and 3.

Uith some reservations it is felt that the theory of
Cabane and Friedel (1971) does present a likely model for the
structure of liquid tellurium. It is intended to discuss this
model and also to suggest some modifications to 1it. |

4.9 (i) The Thoory of Cabane and Friedel

Cabane and Friedel use the structural data of Tourand
and Brueil and also the slectronic properties to argue against the
existence of independent chains in liquid tellurium.

Three basic difficulties occur with chain models.
Co-ordination numbers found experimentally for the first peak (i.e.
the number of nearest neighbours) are between 2.5 and 3, whereas
for independent chains this quantity would be about 2. (A random
hard sphere modsl would give about 10 nearest neighbours). Secondly,

chain models imply the existence of rather long structural
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ralaxation times,‘which is in conflict with the observed low viscosity
and high diffusion coefficient and with the inelastic neutron
scattering spectra. Thirdly, the density of states at the Fermi
level is far too large to be explained by chain models.: Knight
shift and Hall effect measuremsnts indicate n(Ef) ~ 2.6 slectron
per atom at 7SOOC, whereas a chain of 10 atoms would give only
0.2 "Free-electrdgs" per atom (each chain has two unpeaired electrons).
It is concluded that long independent chains cannot exist in liquid
tellurium.,

However, a completely random structure would give much
too large a co=-ordination number. Cabane and Friedsel propose that
local order in liquid tellurium consists of sites with two or
three first neighbours,‘joined by bonds with a strong covalent
character. In sbace the. local order persists up to the second
neighbours; in time it is of short duration (relaxation time

10712 5).
At QOObC they note that the number of nearest neighbours

is 3, and they propose the structure indicated in figure ( 4.21).
The number of second nearest neighbours is 6, anq these all come
into the peak at 4.52 R. There is still some space for 3 or 4 more
atoms, somewhat further than the first neighbours and in opposits
directions; they go into the peak at 3.82 1. figure ( 4.11). The
model does not involve any molecules or clusters: the nstwork of
bonds extends over the whole liquid.

When the temperature is lowered from QOOOC to 490°C the
average number of first neighbours falls from 3 to 2.5, which
suggests that near the melting point many atoms have only 2 nearest

neighbours. For example, at 4950°C the average co=-ordination is

2.5 2 0.2 corresponding to about equal concentration of binary
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and tenary sites, figure (4,21d). The fact that the second and
third poaks are quite insensitive to temperature variations is
consistent with the model, since the positions andvnumbers of the
reighbours corresponding to the second and third peaks in g(r) are
almost the same for binary and udﬁary sites.

This model 1is consistent with the observéd'dynamical
properties of liquid tellurium.

The short lifetime of the covalent bonds explains the
low viscosity, large self-diffusion coefficient and the absence of
vibrational modes which give a2 'smeared' spectra for inelastic
neutron scattering.

The density of staﬁes proposed by Cabane and Friedel is
shown in figure (4.22 ), At high temperatures three p-bonds are
formed by each tellurium atom using up,'together with the tuwo
s-states, five electrons per atom, lsaving one to go into the
conduction band. It is also assumed that the conduction and valence
bands overlap to give a density of states of 2 to 3 electrons per
atom, thus explsining the observed Hall coefficients and Knight
shifts.,.

4,9 (ii) Modifications to the Theory of Cabane and Friedel

The radial distribution function presented herc differs

from that due to Tourand and Brueil in that
(i) there is no peak at 3.82 R, and
(ii) the third peak at 4.52 | is much broader.

The peak at 4.52 R is due to second nearest neighbours and its
broadness is p}obably due to the bonds not being so rigid as those
suggested by Cabane and Friedel. The absence of a peak at 3.82 q
could be due to the fact that vacancies in the structure of Ceabane

and Friedel at about this distance are simply not filled.
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A further difficulty concerns the topology of the
structure. It is not clear why ordinary hard-sphers packing
cannot take place (at least between some atoms) in the Cabane-
Friedel structure, figure (4.21), and so increase the co-oraination
number. A possible sxplanation is that the directional covalent
bonds draw the atoms together to a distance less than that for
normal random packing, so that if this occurs it does not affect
the number of nearsst neighbours.

The co-ordination number for nearest neighbours was found
to be 3.0 £ 0.5 at 500°C and 800°C. This is similar to the value
quoted by Tourand and Breuil but does not support their tempsrature
dependent co=-ordination numbers. '

The computer models indicate that liquid tellurium does
not consist of short rigid chains, since structure factors obtained
for these do not resemble those for liquid tellurium. This is also
apparent from the g(r)'s for liquid tellurium.

Evidence that the peak in the French g(r) at 3.82 R does
not represent real structure is indicated in figure (4.12). It is
shown that the experimental data can be regenerated by back—-transforming
the French g(r) for liquid tellurium without this peak.

It is concluded that liquid tellurium has a network
structure of some description. It certainly does not consist of

chains, or of completely random packing as found in liquid msetals.
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4,170 The Structure of Liguid Selenium

The structural data for liquid selenium at 2300C and
350°C is interpreted to consist mainly of flexibls chain§. Some
rings may be introduced into the structure at 350°C.

Consider the radial distribution functions of figures
(4.9) and (4.7). The first peak is wsell deFined’and gives a
co-ordination number of 2.0 = 0.1, which would be the same for
rings or cheains. The second peak in g(r) is also well defined, and
rather stronger at SSOOC than at ZSOOC. But thers is almost a
complete ahsence of structure aftef the second peak, and this can
be explained by a flexible cheain model and not hy a ring ﬁodoi,

(os indicated in figure (4.23)). 1t is seen that in 6-membered
rings there would be three well defined distsnces, and these are
not found experimentally. However, flexible chains would have

only two well defined distances. Oecause of the rotation of the
otoms aboul the bonds the third distance in g(r) is not well defined.
Hence, a flexible chain model is in agreement with the experimental
results. These chains must be long to explain tho low conductivity
ol liquid selenium, which is an insulator. Some structure beyond
ihe second peak does appear at 3500C, which could indicate some
ring formation as the temperature is increased. Viscosilty measure-
ments on liquid selenium show that this quantity is always an order
of magnitude greater than that for monatomic liquids. This 1is

interpreted as ring formation.
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.01 The Siructure of Liquid Sulphur

The neutron diffraction measurements obtsined for pure
liquid sulphur at 150°¢C and 400°C are not as accurate as those for
tellurium and selenium because of the small elastic scattering
cross—section of sulphur. But it is clear that, like selenium,
the g(r) does have a well defined first peak, and the number of
nearcst neighbours is 2.0 X 0.2. This could suggest rings or
chains for the structure of liquid sulphur. NMeasurements of
elactrical resistance versus temperature for liquid sulphur
(G.C.Vezzoli, 1972) suggest that chain fission may occur as the
temperature 1s increased, and it was noted here that the colour
changed from orange (at 150°C) to black (st 400°C). A small difference
in the structure factors was found at the two temperatures, but
the data was not sufficient in extent or accuracy to postulate a
definite structural model. To do this much better counting statistics
and Q range must be obtasined e.g. by using the high flux bsam

reactor at Grenoble in France.
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4.12 The Structure of Te Se
=% X

The quantity which can be extracted from a single
tdiffroction experiment on @ liquid containing two species, a, b
(Enderby, North and Eqelstaff, 1966) is the total structure factor
F(Q) definod by
2 2

F(Q) = C fa (Saa— 1) + cb £ (s

b - 1)

bb"
+ 2cacb f’afb(Sab- 1) | (4.27)

where C8 and Cb are the atomic concentrations of the two species,

Fa and Fb are the neutron scattering lengths and Saa y S and Sa

bb b

are the partial structure factors which are related to the radial
distribution functions for one atom type with respect to another

atom type by

oD
5%-[,’:/+4T/Nf(z3,¢5—-l)r5fr\62r0(!’ (4.22)
v

where CJ.)[g = a or b

:The total structure factor for Ts.95 59.05 looks like
the S(Q) for pure tellurium (apart from a reduction in the hsight
of the first peak and a broadening of the second peak), so that
the addition of 5% éelenium has not greatly altered the tellurium
structure. Howsver, F(Q) when x = 0,5 looks more likes the structure
factor for pure selenium.

Two possible models are the substitutional model and ths

inhomogenecus model. Ffor Te S the substitutional model says

0.5 °%0.5

that the tellurium network is absorbsed into the selenium structurs,

This was tested by putting S__ =8 =5 =85 in equation (4.21)

bb ab selenium
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Bul, as is shown in figure ( 4.24), this does not produce the
exporimental F(Q). In the dilute limit, where we postulate that
the selenium is absorbed into the tellurium network, this model
vlso fails. In the inhomogeneous model we have islands of selsnium
in tellurium, so that in equation 4.21 we put:

S =

29 Stellurium, =1 (assumﬁng that there

Sbb Sselenium’ Sab
is no interaction between the atoms of tellurium and selenium).
Unfortunately, this model does not give the experimental F(Q)
cither. (figure (4.24))

It is planned to obtain more, and better, diffraction
data on tellurium = selenium mixturss. 1he work here wss performed

simply to see if there wsre gross deviations from the substitutional

model.
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CHARPTER 5

The Slructure of the Liquid Semiconductors CuzTe, CuTe and Ange

/

5.1 Introduction

The existence of the isotopes 63Cu, 65Cu and 1D7A9, 109A9

enables a full structural analysis to be made of the Cu-Te and Ag-Te
systems. These twosystems are typical of a‘wida range of liquid
~:miconducting systems, so that conclusions drawn from £hem may be
considered to be gensrally valid,

The partial structure factors and partial radisal distribution

functions (R.D.F's) are presented for liquids Cu,.Te (at 12000C),

2
CuTe (a2t 700°C) and Ag,Te (at 1000°C). These results are compared

with the predictions of models involving clusters, ionic bonding,

covalent bonding, and also with computor model predictions.

5.2 The Theory

Faber and Ziman (1964), for example, wrote the intensity of

radiation scattered coherently from a liquid alloy as

I=< 2 éfafb exp]Q@-(m-rb) > (5.1)
x b

where Fa ’ Fb are the coherent scattering lengths of atoms a and b,
0 = 411sin®© (where 2© is the scattering angle) and £ > denotes
A

a time average. It follows from equation (5.1) that I may be written

as

2 2 .
I =N gcafa + L fT + F(Q)j , (5.2)

S_=1) « C °F 7(5, -1) + 2C_C f (S ,=1)
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CU and Cb are the atomic concentrations of the two coqstituents, N is
the total number of scattering atoms and Saa ’ Sbb and-Sab are the
three partial structure factors for the binaf? alloy.
It was the aim of the experiments to extract'ngi (where
oL)ZB = a or b), from the diffraction data. This can be done in
principle by varying the scattering lengths of one or both of the
components in such a way as to provide three total structure factors
F, , F. and F, , which are sufficiently different to enabls thres

1 2 3

linear equations to be solved for Saa , S and Sa The scattering

bb b *

lengths can be varied by using isotopes since neutrdns are scattered
from the nuclei of atoms and the scattering length depends on the
make—up of the nucleus. In this work isotopes of copper and silvsr
were used; the enrichment and scattering lengths are shown in Table 4.

The equations to be solved may be written in the matrix

form
(] [x@] = [r@] (5.3)
[ 2.2 22 )
c,°f, Cof, 2C,C F_f,
B 2 /7 \2 2. 2 7
where A = | C_“(f° ) C,°f, 2c €, (F7 )F,
2 2 2. 2 4
//
Lca (f a) C.7fy 2cacb(r‘ a),Fb
J
. - , -
(Saa—1) - X1
[x] = [ (5,.-1) X,
(Sab~1l ! XS
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TABLE 4

lsotope Enrichment Scattering Length
10—12 cm
cun?t - 0.76
£u®3 99% 0.67
cu®® 99% 1.11
aghet ' - 0.61
Ag10? 99% 0.83
A9109 99% 0.43
Tenat _ 0.54

SCATTERING LENGTHS GOF THE ISOTOPES
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TABLE &

Q-range
Liquid TempOC Sample Instrument R -1
L CuTe 700 S mm diemeter DIDO 1.1 - 12.8
cylinder in quartz Liquids
0.5 mm thick
700 9 mmcylinder in DIDO 0.6 - 2.7
0.5 mm quartz Curran
Cu,Te 1200 9 mm cylinder in DIDO 0.5 - 12,5
2 . .
0.5 mm alumina Liquids
1200 9 mm cylinder in OIDO 0.2 - 3.3
0.5 mm alumina Badger
Ag, Te 1000 G.25 mm cylinder in DIDO 6.8 - 7
< U.5 mm alumina Liquids

EXPERIMENTAL CONDITIONS
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and [ F] = ( F1

The Tormal solution of (5.2) is

=1
[«] = [n] (¥] (5.4)
arnd is in principlse unique hecause fA] :75 0. However,ons column
of {ﬂ} contains identical elements which tends to make [A]
raother small, so that small errors-in [F] can produce large errors
in [X] . .In the experiments reported here, for example, the form of
[A] is such that the uncertainties are greatest for [Xz] and

least for [X1] .

Ui
.
[N

The Results

5.3 (i) Experimental Details

The isotopes were provided by D. Boreham at A.E.R.E. Harwell,
who also prepared all the samples. The threc samples of CuTe (i.e.
the natural and ‘&hdnl isotopes) were contained in turned-down quartz
tubes, whilst the samples of CuzTe and AgZTe were contained in turned-
down alumina tubes because of the higher temperatures inwlved. (Quartz
was preferred as a container materiagl ﬁecause it does not give any sharp
pcaks in diffraction experiments ; alumina gives saveral peaks and so
was a saoond choice). The liquids CuzTe and Ange did not attack the
alumina at the temperatures used. All the samples were contained under
argon at about 1 atﬁosphere pressure at the tempsratures of ths run.
Details of the dffractometers used and the ranges of Q covered are given

in Table 5.
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5.3 (ii) The Extraciion of the Structure Factors and Radial

Distribution Functions

For binary systems the quentity obtained by neutron scattering
is the total structure factor F(Q) (equation 4.21). This quantity

is connected to the measured intensity through the equation

S

I, =o& N [C»ﬁ F@) - A+ 054 SJ (5.5)

where Z& = CaFa + Cbez + incoherent scattering.

o4 1s the machine constant and [x s the multiple scat?aﬁng. IS is
the scattered intensity from thé sample after corrections for container
scattering and absorption in the sample and container. (ses eguation
2.28). The incoherent scattering for the binary sample is related
to the incoherent scattering intensities of the components by the
relation

incoherent scattering = 0_~O‘__£“C -+ g.é_i’.?(’ (5.6)

| bit b

The machine constant X was found by using vanadium as a clibration
material as described in 4,3. Hence an F(Q) was found for each
experiment. The experimental errors in F(Q) are indicated in Table 6.
The experimentally determined F(Q)'s, with the experimental errors,
are shown in figures (5.1), (5.2) and (5.3).

In order to explain the numerical procedures which were

used to extract the partial structure factors from F(Q) let us focus

attention on liquid CuzTe. Solutions were found to the equation

[xIx] = [A]—T[F:FJ (5.7)
whare [FJ is the experimental error in [F] and fx] the
corresponding uncertainty in [X] . The components of [FJ were
allowed to vary between the limits corresponding to the random error
(see Table 6), and subject to the condition that no component of

[X‘: x] can fall outside the range defined in figure (5.4), or violate
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the conditions derived by Enderby et al (1966), which are

C o+ caz (saa -1) > 0 ' (5.8)

and

2. 2
C “c “(s
"1)“b =] ab

2
Ca * Ca (Saa -1)

- 1)

2
Cb + Cb (Sbb

>0 © (5.9)

Equations (5.8) and (5.9) are a result of the fact that the measured

intensities must be positive. Values of X, (= SCUCU - 1) obtained

by this procedure were determined to an accuracy shown in figure (5.5).

Since SCuCu was the best determined partial structure factor, smooth

curves werse drawn through the error bars such that ths sum rule

(S, - 1) 0%eq = —2ﬁ2r\ (5.10)

was satisfied. By choosing any one of these smooth curves, it was
possible to limit the values of [F] and so reduce the uncertainty in

xa(

to that definad in equalion (5.10) the choice of possible S”uCu was
()

]

5 -1). Since S st its i i
CuTe ) ince SeuTe must itself satisfy a sum rules, equivalent

restricted. Partial structure factors derived from these results must
yield R.D.F.'s wihich behave properly at small r. The best estimate of
SCuCu which satisfies this criterion and which is consistent with the

above error analysis is shown by the dotted line in fiqure (5.6

~

€2}

Once the form of S is defined, the uncertainty in

CulC CuTe

C

is reduced-to I 0.1 (figure 5.6). It is therefore possible to derive
Lhe cross R.D.F. which is well behaved at small r. In the case of STeTe
the uncertaintics which remoin are substantial and the R.D.F.'s obtained
by inversion sre very approximate. Partisl structure factors obtained
by idenlical technigues are given in figures (5.7) and (5.8) for liquid
CuTe and liquid Ag,Te. In all cases the partial structure factors shouwn
generate the measured F(Q) within the experimental errors listed in
Table 6. Partial R.D.F.'s are shown in figures (5.9), (5.10) and

(5.11).
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TABLE 6

The Experimental Errors in F(Q)

g<qge2 B 70

2<gq <128 7"

Temp.
o i3
Liquid C Total Error|Systematic Error Rendom Error
at
cu"? e 700 og.o (1 2 0.1)F(Q) .01 - .02
63
Cu’” Te 700 Z 0.0 (1 2 0.1)r(q) .01 - .02
o i .

TREEE 700 I 0.07 n .01 - .02
CuznatTe 1200 Z 0,02 " 10.03 - .04
chsz Te | 1200 2 0.02 " Z0.03 - .04
CU265 Te | 1200 X 0.02 " 20,03 - .04
AgznatTe 1000 - ] t0.02 - .03
Ag?107Te 1000 - " 20.02 - .03
AQZTUQTB 1000 - " 0.02 - .03

% VUaries

from angle to angle

Values given are representative
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5.4 The limit in St 3 (Q)asS 8—0O

In 2 paper on the resistivity of liquid binary alloys
Bhatia and Thornton (1970) derived expressions for the zero wave
vector limit of the partial structure factors of Faber and Ziman (1964).

The formulase are

2
5,,(0) = § "%*“(8 - %_.
1 1
) (5.11)

(0) = - L . 13
§5,(0) i’- 31; "(8 T,

5,,(0) = § £ 1+ A(g- %—)(8 . EL)

1 2
Nk TKy 1 b\;m
where i = ——UB————- , S= _\E (‘)C,l )
..’ _I
and A =C _L léfll — C\ _l_ 5(12

A <)Ca T, P A2 \ 0¢Ca T)P

Um is the molar volume, and C1 ’ C2 and a, 32 are the fractiaonal
compositions and thermodynamic activities of species 1 and 2 respect-—

ively. The activity a, 1is defined as the ratio of the vapour pressure

1
of the specises i1 in the mixture to that of the pure material at the
same temperature., The contribution of gi to the partial structurs
factors is small and it will be neglected in further calculations
involving the calculation of St /3(0).

These equations were used to fix the values of S /3 (0)

for CuTe, Cu2Te and Ange. For CuzTe and Ange it was assumed that
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A = 0. We then have

o) = e CZ = =2
11 T
]
c 1
22 El T
2
S =
12 !
(1 = Te, 2 = Cu or Ag)

No data was available for CuTe, but it was assumed that the thermo-
dynamic guantities were similar to those of liquid Tl1lTe. UWith this
assumption we have

S, = =019+ § = -0.17 (4§ = o.02)

1
o
.
-
W\

512 = 0.112 «+ EE

These results for SOL/3 (0) were particularly useful in obtaining the
partial structure factors for very low Q, where it was not possible to

obtain experimcntal data.

5.5 The Partial Structure Factors for CuzTe, CuTe and AgZTe

On examination of all the partial structure factors and

partial radial distribution functions of Cu,Te, CuTe and Ange the

2
foliowing features become evident:
(1) the nearest neighbour distances in QTe—Te(r) are highly correlated

in all cases. This distance is less in CuzTe than in CuTe«

(r) is

2 - st y i 1 2] i
(2) the nearest neighbour distances in gCu—Te(r) and 9pg-Te

hhighly correlated.
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(3) the nerurest neighbour distance in g c (r) for CuTe 1is not well
Lv —Cu
uurrela ted, but this correlation does 1increase slightly in Cu”Tc and
Ag”~Tu:

('1) the partial structure factors and R.D.F.'s are very similar to

those for CuCl (Pago ec al 1972);

b b, (u) for Cu Te and CuTe and S (Q) have onl a single

(b) Lu-TU z ! Ng—AQ Y g
major peak;

(b) in all cases the cross-terms move to nigher Q wvalues than that

predicted by hard-sphere interactions:

(7) tliere is absence of a definite feature 1in any of the partial
structure factors for Cu”To cor rusnonuing 1i.c the pre-peak in F(Q) at

= 1 R ' (in the past pre-peak maxima in F(Q) have Dbeen used as
eVirienco of long-range orcior ) ;

(b) thwro is little to distinguish between tiie results for Cu_zTe
niid Ag”"Te, so that the came model may be used for both 1liquids, at

least as a first approximation.

Uu.5 Structural Models for the Liquid Cu-Te system and for Ag~"Te

Tiie experimental results will be discussed in terms of models
for liquid semiconductors. These arc cluster models, and ionic and
m(]lucular models,

b.u (I) Clustor Iodols

lliodo Is based on clusters to describe liquid semiconductors

iiave been used by Hodgkinson (1973, 1971) . For the Cu-Te system wo

imagine tliat islands of semiconducting Cu”To are dispersed 1in a semi-

metallic Te or vice versa. Tiiis model has been applied wit X considerable

success to liciuid semiconductors Dby combining tho structural features

of tito model with ideas derived from classical percolation theory

(Cohen and Sak, 1972).

In either of the two arrangements described above the structure

can be represented oy six partial structure factors. Let Te” represent
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4 tellurium otom in the stoichiometric compound and TeII a tellurium
clom in the seml-metallic liquid (see figure 5.72). The total

slructure factor F(Q) for the equi-atomic alloy CuTe is given by

2 I I

iy . I 1
{ = )y o - + - -
(@) = () e "Gryey™) + B) o FrgBpge =1+ /167 7(Sp T 7 -)
1 2 IT7 11 .. 1 2 I 11 II
/16 rTe (STe Te 1)+ /16 f\Te (STe Te 1)+ 3 f,CuFTe(SCuTe 1)
(5.12)
Now for CuvTe we have
_ 4 2 _ 2 I_ 1 2,. I 1
FCuzTe = /9 f‘Cu (SCuCu 1)+ /9 f‘CuFTe(SCuTe 1)+ /9 fTe (JTe Te =1)
(5.13)
Hence FCuTe may be written as
9 1 2 I1 1II
Foute = /16 FCUQTB(Q) + 3 K(Q) + b ¥(Q)+ /16 fre (510 1o —1)
(5.14)
Hence [ C(Q) = a X(Q) + b vY(Q) (5.15)

where c(Q):

82(5 I II-1) can be

9 1
F(Qa) - /186 Cu2Ta - /16 f Te Ta

T
obtained dircctly bymeasuring the totzl structure factors for liquid

Te, CuTe and CuzTa.‘

I 1II

(STe Te -1) and

x(Q)

II

Y(Q) -1) are the two unknowns, and

it

(SCuTe
2
= (& - (L
a = (g) f Te and b (%) FCuFTe are constants
. nat 63
independent of Q. The total structure factor for CuTe, CuTe and

65CuTe, natCuzTe, 65CU2TE and 6SCu2

the two unknowns X and Y. These can be tested for consistency by

Te, yield three equations relating

calculating the detsrminant
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a b,| 01
AN a b, c, (5.16)
a b3 03 '
where b1 ’ b2 , b3 and €, » €y y Cq BrE the values of b and c evaluated
for n?tCu, 63Cu and 65Cu. The cluster model, in its primitida form,

implies that A = 0 except for @ < Cl.'l R -1 when size effects
might become significant (Q = 0.1 corresponds to 8 distance of ~ 60 R
in real space when cluster-cluster correlation is impon¢ant).
It is easily shown that the maximum error in ( ZS ) is

~ 2a( by - b,) x Sc . Hence O/\ = 2 x 0.037 x 0,059 x 0,02

~ 10 x 10-5 . The values given in Table 7 show how [& varies
with Q. Since these values do not lie outside 210 x 10-5 the cluétér
model has not been disproved (with tﬁe preéent experimental errors).

However, the cluster model predicts that S (Q) is the same in

CuCu

liquids CuTe and CuzTe. Since this is not the cese the cluster model

is inconsistent with the experimentel date.

5.6 (ii) An Ionic Model

In a purely ionic médel for these liquid semiconductors we
imagine a random mixture of Cu (or Ag) and Te ions in which substantial
electron transfer has teken place. But this model fails for CuzTe,
CuTe and Ange for the following rsasons:

(1) The nearest neighbour dis£ance in gTe—Te(r) is too highly
correlated in all three cases (e.g. compsred to the predictions of
g(r) by Woodcock (1971) for an ionic liquid).

(2) In the Cu-Te system the ionic model predicts that the nearest

neighbour distance in gTe—Te(r) should increasse as we spproach Cu,Te,

2

due to repulsion of thse T92~ ions. In fact this distance decreases.
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TABLE 7

a(®@ =1 [X x 1072
1.0 -3.33
1.5 0.74
2.0 ~6.14
2.2 -2,04
2.3 0.15
2.4 -1,07
2.5 3.22
2.6 ; 1.37
2.7. 0.67
2.8 4,30
3.0 -1.59
3.5 ~0.70
4,0 0.33
4.5 0.63
5.0 0.22
5.5 1.70
640 -3.37
7.0 -0.56
8.0 1.33

(Q) FOR THE LIQUID Cu~Te SYSTEM
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(3) There is no evidence of charge oscillestions es predicted by
Wadcock. In the ionic model gCu—Cu(r) and gCu-Te(r) move out of phase
because of alternative +ve and -ve charges.

(4) The first peak in gCu-Cu(r) sharpens as we pass from CuTe to
CuzTe, which megns that there is greater order in copper atoms at the
inter-metallic composition. This would not be expected with thse
ionic model, where the copper-copper distances would reflect the
repulsive potential.

(5) 1In neither CuzTe, CuTe nor Angs does the nesrsst neighﬁour
distance in gTe-Te<r) have the sams value. With the ionic model this
should be so.

For these ressons a purely ionic model is not acceptabls.
But there may be some ionicity, and (2) suggests that CuTe is more
ionic than CuzTe (a point also suggested by the N.M.R. work of Warren

on the Cu-Te system (1972)).

5.6 (iii) Covalent Models

A possible covalent model for Cu,Te and Ange might consist

2
of randomly packed moleculss of Cu2Te or Ange. Unfortunately, such
@ model is not acceptable since it predicts

(1) a well defined copper-copper distance corresponding to copper
distances within a molecule (similarly for Ange), |

(2) a second peak in gCu-Cu(r) to account for copper~copper distances
between molecules (similarly for Ange),

(3) a Te-Te nearest neighbour distance which is not especially sharp,

Also the. computer models for packed molecules do not produce
the experimental structure factors. (see figure 4,20 a, b énd c) |
A better model is one in which a8 majority of atoms form

molecules of CuzTe(or Ange). The remainder are ionically and

metallically bonded (the conductivities of Cu,Te eand Ange indicatse

2
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that there are free carriers present). In CuTe the proportion of

molecules would be less than in Cu,Te.

2

Difficulties with this model are that it predicts a well .
correlated copper-copper (or silver-silver) distance, and also a
second major peak in SCu-Cu(u) (or SAg_Ag(Q)).

Another possible covalent model is one in which the complex
covalent structure of tellurium (see Chapter 4) is largely retained,
and the copper atoms fit into spaces in this structure. Hence, the
copper atoms become slightly more ordered as we approéchACuzTe. Uhen
all the spaces are full the system will not dBsolve more copper, and
we have a misdibility gap. The conductivity falls as more copper
tellurium bonds are formed. The Te-Te distances are reduced due to
bonding with the copper atoms. Also, in this model, the copper-
tellurium (or Ag-Te) and Te-Te nearest neighbour distances\are well
correlated. But the copper-copper distance is not so well correlated as
the other two. The nearest neighbour distance in gTe_Te(r) becomes
§harper as the tellurium atoms are pushed together by the copper (or
silver)atoms.

This model is the one which is most consistent with the
structural data, although considerably more esnalysis must be done

before d@f4initive conclusions can be resched.

5.7 Suggestions for further work

Structural models have been presented for the liquid
chalcogens and for»tellurium-based liquid semiconductors. There is
considerable scope for further experimental work on liquid semiconduc-
tors, which could take the form of

(1) examining structurally 8 wider range of materials and,
(2) improdng the counting statistics (e.g. by using the High-Flux

beam reactor at Grenoble) and,
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(3) 1looking at structural variations with tempsrature.

More specifically, it would be rewarding to look gt the
structure of liquid AgTe (using silver isotopes), so tha§ the liquid
Ag-Te system could be better compared structurally with the liquid
Cu-Te system., Also, the change in the structure of liquid tellurium
due to the addition of an impurity could be examined directly by using
nickel of zero scattering cross-section. (Nickel of this kind can be
made by mixing nickel isotopes Ni60 and Ni62 in suitable proportions)

Electro~diffusion is 8 technique which can be used to indicate
the degree of ionicity of a mixture, and could be usefully employed
for liquid semiconductors to verify the‘interpretation of the structural
data. It would also be useful to obtain more thermodynamic data on

these materials for the same reason,
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APPENDIX A

The Radial Distribution Function

As indicated by March (1968) the coherently scattered

neutron or x-ray intensity may be written as:
= f j . - .
% fm Ve (8. (2, - 5] (A1)

where Lo rn are the positions of the atoms m and n, and Fn and Fm

are the scattering lengths. Equation (A.1) may be written as:
=% %Fn f exp [ ja r coso(] (Ae2)

where o{ is the angle between E - and Q(Q = K - 50). Since the
vector r.— K, can take on all orientations we must average over ot ,
and we find that:

%% Fo fo ff_l."_f]irmg (8.3

r
an

For liquids composed of atoms of only one type Fm = Fn = f, For a

liquid containing N atoms we have:

I [ 2 sin Q: (A.4)

where the summation excludss Tn = 0.

Now if G’(r) is the density of atoms at distance r from an
atom we are 'sitting on' we can replace the summation of (A.4) by an
integration and we obtain: R

I = NF2[ 1 4 anrze(r)%ﬂ dr (A.5)
0

where r is the (very large) radius of the liquid sample. If we denote



the average density by eo then (A.5) becomes

R
I = NP2 [1 + jaﬁrz(e (r) -eq} 'Si—gf‘r o{r
d .

R
+ fdﬁrz eo fig—r—‘ﬂ’- dr] C (R.6)
0

The second integral denotes the scattered intensity from a uniform
density and is all concentrated in the small angle region (giving a
§ function at the origin in the limit R —> o ).

We now define a liquid structure factor S(Q) by the relation

s(@) = 1/ NFZ (Re7)
Equation (A.6) may be written
o0
s(q) = 1 + dﬁrz(e (r) -60] %Q—E dr (A.8)
o

where the g-f‘unction has not been considered further, The radial

distribution function g(r) is defined by setting the number of atoms
-2

in a spherical shell of radius r and thickness dr to eog(r)lulr dr

so that

P
s(R) = 1+Gof4(_l-r2[g(r) -'1} sin(QF) dr (A.9)
o Qr

which is equation (4.2).
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APPENDIX B

The Coherent Scattoring Lengths For The Liquid Chalcogéns

Liquid Chalcogen Scattering Length

X 10-120m
Tellurium 0.543
Selenium 0,780 .
Sulphur 0.285

(February 1971 M.I.T.)
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APPENDIX C

F(Q)'s for Liquid Te,  Se at 500°C

F(Q)
X = 0.5 X = 0.05

1.0 ~-.35 -.29
142 -.25 -.25
1.4 -4 -2
1.6 -.05 -.12
1.8 .02 -,035
2.0 . 055 . 055
2.2 .05 .07
2.4 . 035 .015
2.6 .025 - 01
2.8 .05 - .02
3.0 . 095 .04
3.2 115 - .035
3.4 ' .115 0
3.6 .08 , -.03
3.8 . .02 -.05
4,0 -.05 -, 045
4.2 -.09 -.025
4.4 -.1 0
4,6 -.09 .015
4,8 -.075 . 025
500 "0055 o025
5.2 -, 04 .02
5.4 -.025 . 005
5.6 -.02 , -.01
5.8 -.03 -.02
6.0 -.055 -.025
6e2 -.07 -.025
Godi -.08 -.02
6.6 -.075 - -,015
6.8 -.07 -. 005
7.0 -.06 0
742 -, 045 . 005
7.4 -.03 . 01
7.6 -.015 ‘ . 01
7.8 . 005 .,015
8.0 .02 . 015
8.2 . 035 .015
Bed . 045 . 015

[0 ~-




LIQUID Te

500°C 800°¢C

Q Q Q . Q
@ | s [ s@ (e ] s@ | )| s@
0.2 (0.03) | 5.6 0.94 0.2 0.03 5.6 0.97
0. (0.03) || 5.8 0.95 0.k 0.03 5.8 0.97
0.6 0.03 || 6.0 0.965 || 0.6 0.03 6.0 0.972
0.8 0.0k | 6.2 0.98 0.8 0.03 6.2 0.985
1.0 0.045 || 6.4 0.995 |f 1.0 0.04 6.l 1.005
1.2 0.08 || 6.6 1.00 1.2 0.11 6.6 1.02
1.4 0.21 |l 6.8 1.02 1.4 0.24 6.8 1.025
1.6 oy || 7.0 1.03 1.6 0.51 7.0 1.02
1.8 0.84 | 7.2 1.03 1.8 0.83 7.2 1.01
2.0 1.38 7.4 1.01 2.0 1.2L 7.4 0.99
2.2 1.32 || 7.6 0.985 2.2 1.27 7.6 0.977
2. 1.09 || 7.8 0.975 |l 2.4 | 1.04 7.8 0.97
2.6 0.98 || 8.0 0.97 2.6 0.973|| 8.0 0.96
2.8 0.985 | 8.2 0.97 2.8 1.01 8.2 0.962
3.0 1.08 || 8.4 0.97 3.0 1.07 8.4 0.97
3.2 1.105 | 8.6 0.975 3.2 1.05 8.6 0.98
3.4 0.98 | 8.8 0.99 3.0 | 0.98 || 8.8 | 0.995
3.6 0.89 || 9.0 1.01 3.6 0.93 9.0 1.00
3.8 0.89 | 9.2 1.02 3.8 0.935| 9.2 1.003
L.0 0.95 || 9. 1.02 4.0 1.00 9.4 1.00L
L.2 1.0L || 9.6 1.02 b2 1.07 9.6 1.01
L.l 1.10 |} 9.8 1.01 L.y 1.11 9.8 1.01
4.6 1.13 {[10.0 1.005 || k.6 1.13 || 10.0 1.0
L.8 1.125 {1 10.2 7.005 || L.8 1.125]] 10.2 1.005
5.0 1.10 [[10.L 0.99 5.0 1.10 || 10.L 1.00
5.2 1.035 [|10.6 0.98 5.2 1.04
5. 0.965 5.4 0.995




LIQUID Se

230°¢C 350°¢
Q Q Q Q
@hH | s@ | @ s@ || s@ | ah| s@
- 0.2 (0.0L9)| 6.6 0.965 || 0.2 0.04 6.6 0.925
0.4 (0.047)| 6.8 0.95 0.4 0.032 §| 6.8 0.955
0.6 0.045| 7.0 0.942 || 0.6 0.03 7.0 0.96
0.8 0.095 | 7.2 0.9k 0.8 0.10 7.2 0.92
1.0 0.21 7.4 0.94 1.0 0.24 7.4 0,91
1.2 0.b2 | 7.6 0.947 1.2 0.47 7.6 0.915
1. 0.625| 7.8 0.96 1.4 0.655 || 7.8 0.94
1.6 0.82 | 8.0 0.98 1.6 0.80 8.0 0.975
1.8 0.98 | 8.2 1.005 1.8 0.93 8.2 1.01
2.0 0.995| 8.4 1.035 2.0 0.98 8.4 1.05
2.2 0.905 | 8.6 1.05 2.2 0.91 8.6 1.06
2. 0.85 | 8.8 1.0L45 2.h 0.84 8.8 1.05
2.6 0.83 | 9.0 1.025 2.6 0.835 9.0 1.03
2.8 0.87 | 9.2 0.995 || 2.8 0.87 9.2 1.00
3.0 0.975| 9.h 0.97 3.0 0.995 | 9.L 0.975
3.2 1.12 | 9.6 0.947 3.2 1.1L 9.6 0.95
3.4 1.26 9.8 0.937 3.4 | 1.225 9.8 0.95
3.6 1.28 |10.0 0.94 3.6 1.2L5 || 10.0 0.95
3.8 1.18 |[10.2 0.943 || 3.8 1.15 || 10.2 | 0.965
L.0 1.01 |10.4 0.955 || 4.0 0.955 || 10.4 0.99
L.2 0.89 (10.6 0.98 L.2 0.825 | 10.6 1.02
L.l 0.815{ 10.8 1.00 L.k 0.77 10.8 1.045
L.6 0.795(11.0 1.025 || L.6 0.75 11.0° 1.060
L.8 0.855 | 11.2 1.037 4.8 0.80 11.2 1.07
5.0 0.965 | 1.4 1.035 || 5.0 0.885 || 11.4 1.065
5.2 1.045 | 11.6 1.027 5.2 0.98 11.6 1.052
5.0 1.105 | 11.8 1.0 5.4 1.07 11.8 1.035
5.6 1.155 | 12.0 0.985 || 5.6 1.095 || 12.0 1.005
5.8 1.16 |12.2 0.960 5.8 1.045 || 12.2 0.98
6.0 1.11 | 12.4 0.9L0 || 6.0 0.98
6.2 1.04 |12.6 0.93 || 6.2 | 0.93
6.4 0.995 6.4 0.915




LIQUID S

150°¢ 100°C
Q Q Q Q
@ | s@ | ah | s@ | s@ | @ | sw@
0.2 | (0.03) | 3.6 1.01 0.2 0.03 3.6 1.00
0.L (0.03) | 3.8 1.10 O.L 0.03 3.8 1.06
0.6 | (0.04) || L.O 1.14 0.6 0.05 L.0 1.10
0.8 | (0.07) || L.2 1.13 0.8 0.11 b2 1.10
1.0 0.22 L 1.095 {| 1.0 0.28 | " L.h 1.08
1.2 0.46 L.6 1.0k 1.2 0.55 L.6 1.06
1.4 0.62 4.8 0.97 1.4 0.65 L.8 1.035
1.6 0.77 5.0 0.93 1.6 0.666 | 5.0 0.97
1.8 0.89 5.2 0.94 1.8 0.68 5.2 0.91
2.0 0.78 5. 0.96 2.0 0.675) 5.k 0.91
2.2 0.63 5.6 1.00 2.2 0.625) 5.6 0.94
2. 0.55 5.8 1.0L 2.4 0.59 5.8 1.00
2.6 0.54L 6.0 1.09 2.6 0.585f 6.0 1.045
2.8 0.58 6.2 1.12 2.8 0.615) 6.2 1.085
3.0 0.67 6.4 1.12 3.0 0.68 6.4 1.12
3.2 0.79 6.6 1.08 3.2 0.785{ 6.6 1.135
3.l 0.90 6.8 1.0L 3.4 0.91 6.8 1.12




LIQUID CuTe

700°¢

¢ Fy Pz | Fes 2 Fy Fé3 Feg
(A7) (bns) (bns) (bns) (A7) (bns) (bns) (bns)
0.2 (-0.37) | (-0.32) [(-0.53) 5.2 0.055 0.05 0.08
Ol (-0.36) | (-0.30) [(-0.52) 5. 0.05 0.0k 0.065
0.6 (-0.355)| (-0.295) | (-0.51) 5.6 0.02 0.02 0.035
0.8 -0.35 | =0.29 | -0.L9 5.8 -0.01 0.00 0.00
1.0 -0.33 | -0.29 | -0..8 6.0 -0.035 | -0.02 | -0.03
1.2 -0.315 | -0.28 | -0.L6 6.2 -0.05 -0.03 | -0.05
1.4 -0.29 -0.27 -0.43 6.4 -0.05 -0.04 -0.,065
1.6 -0.25 -0.21 -0.40 6.6 -0.0L 0,04 -0.06
1.8 -0.20 -0.14 -0.32 6.8 -0.03 -0.025 | -0.0L
2.0 -0.10 | -0.05 | -0.20 7.0 -0,015 | -0.01 | -0.01
2.2 -0.03 -0.01 -0.09 7.2 0.005 | 0.00 0.015
2. 0.01 0.015 | 0.02 7.4 0.02 0.015 | 0,03
2.6 0.06 0.0L 0.14 7.6 0.025 0.02 0.035
2.8 0.14 0.1 0.25 7.8 0.025 | 0.02 0.035
3.0 0.20 0.17- | 0.325 8.0 0.025 | 0.015 | 0.03
3.2 0.15 0.12 0.23 8.2 0.025 | 0.015 | 0.025
3. 0.025 | 0.01 0.03 8.4 0.02 0.01 0.015
3.6 -0.07 | -0.05. [ -0.12 8.6 0.01 0.01 0.01
3.8 -0.10 | -0.08 | -0.17 8.8 0.00 0.005 | -0.005
L.0 -0.11 | -0.09 | -0.16 9.0 -0.01 0.00 | -0.01
L.2 -0.09 | -0.075 | -0.13 9.2 -0.015 | -0.01 | -0,01
L -0.055 | -0.04 ! -0.07 9L -0.015 | -0.015 | -0.005
L.6 -0.02 | -0.02 -0.02 9.6 -0.01 -0,015 | 0.00
1.8 0.02 0.01 0.03 9.8 0.00 |-0.015 | 0,005
5.0 0.04 0.04 0.07 10.0 0.005 | -0.01 0.005




Liquid Cu2Te

1200°¢

91 F(Q) F63(Q) F65(Q) 91 Fy(Q) F63(Q) Fés(Q)
(47") | (ons) (bns) (bns) (4~')| (bns) | (bns) (bns)
0.2 | (-0.35) | (-0.03) |(-0.72)|| 5.2 | 0.02 0.02 0.05
O.L | (<0.30) | (-0.028){(=0.62) || 5.4 | 0.03 | 0.02 0.05
0.6 | (-0.28) | (-0.026)|(-0.56) || 5.6 | 0.03 | 0.0 0.04
0.8 | -0.26 | -0.023 {(-0.52)|| 5.6 | 0.00 | 0.00 |[=-0.01
1.0 -0.27 -0.23 -0.52 6.0 | -0.01 |-0.01 -0.03
1.2 | -0.275| =0:23 | -0.52 || 6.2 | -0.03 |-0.025 |-0.06
T.h | -0:29 | -0:23 -0.5254 6., { -0.04 |-0.035 [-=0.07
1.6 | -0.28 | =0.23 | -0.52 || 6.6 | -0.04 |-0.03 |=-0.07
1.8 [ -0.25 | -0.20 | -0.LS5 || 6.8 | -0.03 |-0.02 [-0.05
2.0 -0.20 -0.17 -0.33 7.0 | 0,02 |-0.01 -0.02
2.2 -0.11 =0.10 -0.19 7.2 0.00 0.01 0.02
2. 0.00 0.00 0.01 7.4 | 0.02 | 0.02 0.05
2.6 C.12 0.1 0.20 | 7.6 | 0.025 | 0.03 0.06
2.8 0.22 0.19 0.39 | 7.8 | 0.03 0.03 0.06
3.0 0.21 0.15 0.40 8.0 0.03 0.025 0.05
3.2 0.04 0.02 0.09 8.2 | 0.02 0.02 0.03
3.4 -0.06 -0.06 -0.11 8., | 0.01 0.00 0.01
3.6 ~0.12 -0.11 -0.20 8.6 0.00 [-0.015 |-0.01
3.8 | -0.15 | -0.13 | -0.26 || 8.8 | -0.01 |-0.02 |-0.02
4.0 | -0.16 { -0.12 | -0.26 | 9.0 |-0.01 [-0.025 [|-0.02
L.2 -0.15 -0.11 -0.2} 9.2 | -0.015 |-0.015 |-0.02
Loy | -0.12 | -0.09 | -0.18 || 9.4 }|-0.02 0.00 |-0.01
L.6 | -0.08 | -0.07 | -0.1L {| 9.6 | 0.02 0.01 0.00
L.8 -0.05 -0.04 | -0.C7 9,8 | 0.02 0.015 | 0.005
5.0 -0.01 0.00 0.00 {{10.0 0.015 | 0.015 0.01




LIQUID Ag,Te

_1000%

° N Fio7 109 °, B\ Flo7 F109
a ) (bns) (bns) (bns) (a ) (bns) (bns) (ons)
0.2 (-0.32) | (-0.51) | (-0.20) .2 -0.04 -0.05 -0.02
0.y (-0.31) | (-0.L95){(-0.19) L.y -0.01 0.00 0.00
0.6 (-0.30) | (-0.46)|(-0.185) L.6 .0.015 0.04 0.02
0.8 (-0.28) { (-0.Lk) |(-0.18) L.8 0.04 0.07 0.025
1.0 -0.27 -0.42 -0.18 5.0 0.055 0.08 0.025
1.2 -0.26 -0.10 ~0.17 5.2 0.045 0.065 0.02
1.4 -0.235 | -0.36 | -0.145 5.4 0.025 0.02 0.01
1.6 -0.205 | -0.32 | -0.125 5.6 0.00 -0.01 0.00
1.8 -0.155 | -0.255| -0.085 5.8 -0.01 -0.03 -0.015
2.0 -0.10 -0.13 | ~0.05 6.0 -0.025 | -0.04 -0.02
2.2 -0.02 -0.03 0.01 6.2 -0.03 -0.0L -0.025
2.4 0.09 0.20 0.065 6.4 -0.015 -0.025 -0.015
2.6 0.205 0.35 0.13 6.6 -0.01 -0.01 ~0.005
2.8 0.225 0.33 0.14 6.8 0.005 0.01 0.005
3.0 0.10 0.14 0.07"° 7.0 -0.015 0.025 0.01 |
3.2 -0.015 0.00 0.01 7.2 0.015 0.03 0.01 |
3.4 ~0.08 -0.115 | -0.03 7.4 0.02. 0.03 0.01
3.6 -0,095 -0.14 | -0.045 7.6 0.015 0.025 0.005|
3.8 -0.085 | -0.115| -0.0L45 7.8 0.005 0.02 0,00
L.0 -0.065 -0.10 -0.03
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FIG. 5.1 EXPERIMENTAL F(0)’s FOR LIQUID Cule AT 700° C USING COPPER ISOTOPES
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After the restrictions of figure 5.4

e

I After also satisfying the sum rulse (equation 5.10)
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