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1. INTRODUCTION

1.1 SUMMARY OF WORK

in the decade or so around 1930 there were carried
out in Germany a number of experiments on the influence
of plastic flow on the electrical eonductivity of ionic
erystals. This work, whiech centered in part around a
controversy between Smekal (1929) end Joffe’ (1930) on
the: importance of imperfections in determining the
properties  of ionie erystals, provides a close 1link be-
tween the properties of dislocationms, positive and nega-
tive ifon vacancies and colour centres. It has been
suggested by various investigators in recent years
(Cottrell; Haynes & Shockley 1948) that the behaviour
of atomie or ionie imperfections in solids should be
affected by the presence of dislocations. Seitz (1950)
has suggested that the alkali halides offer a good
exemple of this effect. The basic experimental facts

and related interpretations seem to be &as given in the

following sections..

1.2 THE EXPERIMENTS OF GYULAI AND HARTLY (1928)

These workers compressed single crystals of rock-
salt* im a lever press with the lever arm loaded with
weights. The crystals were placed between measuring

plates which served as electrodes and these were insu-
//NMCLJ?EN

#* Rocksalt will be used throughout. to mean natural 28 JANi956
gsodium chloride. N
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lated from the base plate and the pressure rod by

amber blocks. The conduction eurrent was measured

by the rate of charge of a string electrometer with

a potential of 100 - 300 V from a battery applied
across the crystal and electrometer connected in series.
The crystal was contained in an eleetrically heated,
thick walled, iron box which was heavily insulted by
asbestos and measurements were taken at a temperature

ot 38°¢. The boi was normally heated to a temperature
of 60 - 70°C to remove any water before being allowed

to cooi to the measuring temperature. The specimens
were cleaved from large single crystal blocks of rock-
galt from Wiellicka and the electrode faces were dulled
with emery paper and coated with graphite. Prof. Pohl
and Dr. Pick (See Seitz 1950) have stated that the speci-
ments of roeksalt may have been very pure, containing
onlyfof'the»order oflone part in ten million of divalent
impurity.

It was found on loading that the crystal showed an
increased conductivity which decayed with time. Obser-
vations were made over various time intervals until the
conduction current had reached a steady walue and the
magnitude of the conductivity Increase was found to be

negligible after about twenty minutes. The crystal was

y



then further loaded and the Increase of conductivity
was found on the application of stress increments,
the total stress on the erystal being Increased by
each increment applied. Three values of stress in-
crement were used when applying stress to the crystal,
26, 100 and 200 Kg/cmz, and the total stress applied

2 whexésthe compressive strain

| was as high as 700 Kg/cm
fn the rocksalt was about 30%. It wae found that the
value of the increased eon;uéwivity immediately after
' the application of the load was about 100 times the
value oﬂ’the ﬁemmanent conduectivity for a stress incre-
ment of 100 Kg/cinz, the conductivity rising from about
10-16 to about 10-14 ohm Yem™t. If the crystal was
loaded to a determined limit and then the stress removed
it was found that the conductivity jﬁmp could not be ob-
served on the reapplication of strees until the previous
1imit of stress had heen reached, although a very much
reduced conductivity Increaee took place at streeses
just below the limit of stress previously applied. Many
of the conductivity increases were observed to be propor-
tional to theeincrements of stress applied.

The experiments of Gyulai and Hartly were confirmed

by Stepanow (1933) who observed the effect in the tem-



perature range from 30 - 170°C‘using a similar method.

1.5 OTHER WORK

Quittner (1931) carried out some experimentse on the
compression of single crystals of rocksalt. His experi-
ments were performed at & temperature of 200°C and only
gmall stresses were applied (1.5 - 3.0 Kg/sz). A con-
duetivity increase was found on loading the: crystal but
the increase vanished on the removal of -stress. It was
pointed out, however, that uneveness of the crystal surface
could have caused very considerable local stress concen-
trations.

Gyulai has observed very large effects when pellets
of sodium chloride powder are pressed under hydrostatic
load. Such pellets show a conductivity as high as 7.4 x
10”7 ohm~Tem L at 111% after pressing.. Seitz (1950)
has suggested that it ie likely that a large portion of
'this*increéee in conductivity must be attributed to migra-
_tion!onisurfaces-br along grain boundaries. The conduc~

tivity dropped with time and aftera period of seventeen

hours had reached a value of 1.6 11::1,0'10 ohm_lcm'l. The

normsl walue of the conductivity of single crystals at

this tempersture is about 10-14 ohm'lcm'l. The phenom-

enon of recrystallisation is also important, since when a

D
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ierystal is in a strain hardened condition (which does
not represent a stable state of equilibrium) it can
return to the stable state by this process. New un-
hardened erystal nuclei develop individually, and, by
absorbing the hardened crystal mass, produce an entirely
new grain texture. Gyulai used very high stresses in
pressing the powdered sodium chloride end intensive re-
crystallisation took place since translucent pellets
weré produced shéwing no outward evidence of their pow-
der origin. It is possible that this intensive process
of recrystallisation has the effect of increasing the
conductivity by a large factor.

gyulai and Boros (1940) have also observed a con-
duetivity inecrease upon deformation at a temperature of
40°C in eynthetic potassium chloride and bromide crys-
tale both pure, additively eoloﬁred‘and X-ray coloured.
The total load applied to the erystal was only 45 Eg and
hence the experiments were carried out at stresses much
nearer to the threshold of plastic flow than the exper-
iments of Gyulail and Hartly. The lever press was used
as in thie earlier work but in place of the string
electirometer they used a tube electrometer and & Bay

oscillograph. This gave increased sensitivity to the



meagurement of conductivity and permitted closer obser-
vation of the time variafion of the current jumps.
Regular current jumps were not found in experiments on
any one crystal and tests with different samples showed
much scatter. The magnitude of the current jumps was
also fourd not to be proportional to the load. To
facilitate comparison between various samples the current
jumps were expressed ag increases in the specific con-
ductance of the crystal for an applied stress of 1 Kg/emz.
The conductivity increases were. found to be about twice as
large for the coloured as for the uncoloured crystals.
Also the effect appeared to be siightly larger for
potassium ehldoride crystals then for potassium bromide
crystals. The increased conduction eurrent was found to
decay much more rapidly than those obsgrved by Gyulai and
Hartly. The conduction currents reached their maxima in
about 0.1 sec after the application of stress and after
the elapse of 0.2 or 0.3 sec had already dropped to half

their peak walues.

1.4 THEORIES OF THE CONDUCTIVITY INCREASE

Host of the speciments of godium chloride employed in

the experiments deseribed above probably had of the order



of one part per millfon of divalent impurity atoms
which have poeitiyg ion vacancies associated with thém.
These vacancies are sufficiently mobile at the temper-
atures employed (Etzel and Maurer 1950) to be able to
gpend an apﬁreciable fraction of their time free and
thus contribute to the comductivity. Seitz (1950) has
interpreted the increase Iin conductivity in terms of an
electrolytic current associated with the generation of
positive and negative ion vacaneies during plastic flow,
pregumabiy ag a result of the motion of the dislocations
in the crystal. The positive fon vacancies should be
able to migrate to the negative fon vacancies and fro-
duée-uncharge& pairs in the course of minutes, thereby
removing the source of the eitra carriers. The inves-
tigators do not quote the initial value of the electrical
conductivity of their specimens, so 1t is only possible
to infer that about 1018 paire: of vacancies per cm3 are
produced by a stirain of the order of 10%.

Seitz (1950) has coneidered an edgé—type dislocation
which jogs from one slip plame to another. The last
.ion in the extra row on the extra plane introduced by
the dislocation Iine may be either positive or negative

and may be considered as an incipient negative ion or
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poeitive fon vacancy respectively, since a normsl
wacancy could be pro&ucediby taking the appropriate

fon from ite normal gite iIn the lattice and adding it

to the edge of the plane at. the jog. - The extra row

at the edge of the extra plene will now end with an ion
of opposite sign and hence may be considered as an
incipient fon vacancy of the appropriate sign. In

this way jogs of this type repreéént,exdéllent sources
and sinks of positive and negative ion vacancies, which
mill.be distributed throughout,thé volume of the crystal,
aeauming:that it possesses the normal density and distri-
bution of &1slacation lines'(about.lo9 lines/émz). An
incipient vacancy present at a jog may be evaporated if
the dislocation is set in motion and if local heating
ocgurs as the result of dissipation of energy by the
dislocation. The energy expended during plastic flow
may be expected to appear as local heating on the slip
p1anes<ahd ghould be able to evaporate vacancies from
jogs of thisg type. It is aleo possible that vacancies

are generated in large numbers as the result of collis-

ions of dislocations.

The vacencies produced during plastic flow will

eventually recopbine with one another to fom clusters



go that they will become immobile and eease contiributing
appreciably to the fonic conductivity. FProm a considera-
tion of the jump frequency of a positive fon wacancy,
Seitz (1950) considers thét the recombination time appears
to agree with the time of decay of the increased conduc-
tion current found by Gyulai and H&rtly; various-coagﬁ-
lation groupings: are possible, bgt it may be expected

thet the smaller groups will act as intermediate stages

in the formation of large groups of vacancies.

. ‘pyler (1952) has called attention to the work aof
Gyulai and Boros (1940) and has suggested that the
conductivity increase may be due, at least in part, to
the freeing of electrons by the motion of dislocations.
gince free electrons are presumed to have a higher mo-
bility thaen positive ion vacancies, under these circum-
stances, fewer will be needed to provide the observed
enhancement of conduetivity. The longer decay times
of the eonduction current observed by Gyulai and Hartly
may be-aséoqi&ted with a continued liberation of elec-
trone during a plastic flow process which continues for
some time after loading, rather than the diffusion of
vacancies to clusters or boundaries. Gyulai and Hartly
(1928) did in fact point out that work hardening and

dimensional change induced in a gpecimen subsequent to
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a stress increase, continued for a time comparable to
the decéy time of the increased conductivity produced.
It is reasonable to expect the duration of flow to be
mach shorter at the lower stresses used by Gyulai and

Boros.,

Seitz (1954) has stated that he believes the effect
obtained at low applied stresses to be fundamentally

dgifferent in nature from that at high stresses, when the
crystal ie deformed as much as 10% but gives no reasons

for this conclusion.

1.5 THE PRESENT WORK

The-immediate aim of the present work was to repeat
the experiments of Gyulal and Hartly and other workers on
the inecrease in conductivity of alkali halides upon
mechanical deformation. It was planmed to carry out
the experiments using modern electronic techniques for
the messurement of the small conductivities of ionie
crystals and also better recording methods. It was hoped
{00 to extend the scope of the experiments in many weys,
by increasing the range of temperature and by the use of
synthetic crystals of various alkali halides with dlffer-
ing impurity contents. Apparatus was therefore designed

capable of growing single orystals of alkali halides both
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.pure and with known amounts of impurity.

During'the course of the work on the conductivity

1ncreése upon mechanical deformation a new phenomenon was
discovered - the'éppearance of a potential between the
electrodes of a erystael upon mechanical deformation -
and considerable time was then devoted to investigating
this effect.

Single crystals of sodium chloride containing man-
ganesgse were grown and a joint programme of experiments
wasg carried out both at burham‘and Newcastle. Conduc-
tivity measurements were made on specimens from these
erystals in both the annealed and quenched state. The
general conclusions from the whole programme of experi-
ments are presented elsewhere but the results and dis-

cussion of the conmductivity measurements are given here.
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Figure 1 - The growtn of single crystals from solution.
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2. THE GROWFH OF SINGLE CRYSTALS OF THE ALKALI HALIDES

2.1 METHODS AVAILABLE

fhree methods were available for the growth of
gfngle crystals of the alkali halides, growth from
solution, by the Stdber (1925) process, and by the
Kyropoulos (1926) proeess. (See aleo Menzies and
Skinner 1949).

Some preliminary experiments were made to see if
the growth of single erystals of godium chloride from
a solution in water was practicable. The apparatus
used "is shown in fig. 1. It was filled with a
gsaturated solution of sodium chloride and excess salt
was present in'thé vessel X, which wae heated by a 60
W element under ité flat base. The warm saturated li-
quid rose, its temperature being mainteined by the
heater B. On entering the vertical glass tube C, it
cooled and in so doing deposited its excess salt on a
geed erystal present at this point. The cool liquid
fell into the vessel A where 1% was'reheatéd,and took
up fresh salt, thus continuing the cycle.

The apparatus was run for periods of a week at a
time and it was found possible to grow crystals up to

a gize of 3 mm cubes. Unfortunately it was not

possible to obtain crystals of good quality, the major-
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ity being "hoppers”, in which the centres of the faces
were indented in a step-wise menner. The method was
therefore abandoned since it was too slow and produced
crystéls of poor size and quality.

It wag decided to grow cryétals from the melt, and
the choice lay between the Kyropoulos process, in which
the erystal is drawn from the melt, and the Stober pro-
cess. In this latter‘method, heating and cooling are
applied to the material in gueh & way that isothermal
planes move up through the materiasl, which is at rest.
The position of the Isothermal corresponding to the tem-
perature of solidication determines at any time the lo-
cation of the Bolid-liquid boundary. Crystallisation
begins when this isothermal surface reaches the lowesd
point of the vessel and then proceeds upwards through
the melt.

In the Kyropoulos process a container holding the
melt of the required material is maintained at a tem-
perature some tens of degrees above the melting poiht.
A seed lcrystal of the same material is allowed to dip
into the melt. This seed is cooled by some means and
erystallisation of the melt tends to take place on the
seed following the same crystallographic orientation as

the seed itself. The seed is then raised gradually,
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‘keeping it at all times touching the melt, and a single
crystel can be drawn out from the melt.

It was decided to try the Kyropoulos process since
alkali helides had been.extensively grown by this method
in the past. It had the special advantage that,
gince it was desired to grow crystals of various alkali
halides, with this process one could observe the growth,
go that for a mew substance one would quickly find the
correct conditions for growth,.

Ak description follows of the details of the appara-
tus that was constructed. S8ince no seed crystals were
available in the first place they were grown by the
original Kyropoulos method. Once seed crystals had
been obtained by this method they were used to grow all
further crystals, using the modification of the Kyropoul-
os technique devised by Korth (1933). Crystals, both
pure and with added impurities, were grown from "Anslar*
sodium ehloride. The description is given for this
particular substance, but the method is quite general and
the apparatus could be readily adapted for the growth of

single crystals of other alkali halides.

2.2 THE FURNACES (See Walden 1939)
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The fumace cores were made: of "Thermal Alumina'
and were oylindrical in shape, 5 in. internal éiameter by
12 in. long. Cores of fireclay were also tried but
proved to be rather unsatisfactory owing to the corro-
sive effect of sodium chloride vapour, whi¢h penetrated
through the material and destroyed the heater windings.

The cores were wound with 6.0 £t, of 20 S.W.G.
*Yecrom" (nickel-éhromium, alloy) wire. The windings
were spaced so as to be glightly closer together near
the ends of the core. This helpted ﬁ'o give & uni-
form temperature within the: core, and although full
compensation waAs not achieved, the resulting temperature
gradient was ghall enough to give satisfactory crystal
growth. Th‘e’ ends of the winding were secured in the
following way:- & short length (4 f£t.) of resistance
wire was wrapped round the end of the furnace core in a
single loop. The two loose ends and the end of the
furnace winding itself were then twisted into a triple
gtrend which was used as the lead-out from the fumace.

(See Walden 1939). ‘Fhis construction provided a firm
anchoring point for the fumace winding at each end and,

ginece the leads were now of triple thickness, they were

prevented from being raised to red heat when the furnace
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was In operation.

The furnace core was then soaked in water and the
windinge were plastered with a paste made by mixing C60
alumina cementxwith_water. The cement was dried by
leaving the core overnight with a low current (1 A)
passing through the winding. 'The cement was then
fired at high temperature, this being accomplished by
e 24 h run of the completed fumace at a temperature
ofﬁapproximately 80008; )

The constiruction of the cbmplexed fumace is shown

| in £ig. 2. It i”oimgd a cube with sides approx. 12 in.
long. = The top and bottom were made of “Sindanyo"
asbestos compound sheet of‘é-in.,thicknesé. Circular
holes were cut in the centres and were rebated to 4in. to
take the ends of the furace cores. The sides of the
furnaces were made of 3/16 in. asbestos millboard and
were bolted into the ends of the bottom sindanyo sheet,
and also bolted to four sindanyo corner blocks at their

upper ends. The space between the core and walls was
filled with Newall's insulation powder (a form of dia-

tomaceous earth). This very light earth required some

time for insertion as it settled considerably on shaking
the fumace. When full the top sheet was inserted
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and was secured to the bottom sheet by four 4 in.
steel rods running vertically about 13 in. from the
cormners of the fumace.

The leads from the furnace were brought out
through two emall holes in one of the sides. It
was found that the asbestos sides tended to buckle and
crack in the course of time, especislly at these holes, -
and it was later found necessai"y“to use 3/16 in.
sindanyo sheets instead.

Covers of 4+ in. sindanyo sheet were used to close
the upper end of the furnace. The lower end was
cloged by ecircular firebricks, 4% in. diameter and
1% in. thick. These britks v:erer construeted £rom
Morgen Plastic Mouldable. This maeterial was obtained
in cléy-l:[ke form and could be easily moulded when cold.
It required drying above 100°C to remove the water
content and then firing at red heat to consolidate

the material.
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2.3 THE COOLERS

The two types of eooler used are shown in fig. 3.
The recrystallised alumina cooler used initially 1Is
shown in (a). It consisted of an alumina tube 12
in, long and 5 mm internal dlameter with a wall thick-
ness of 13 mm,-énd was rounded off at one end. It
was mounted in a brass block By means of a grub screw
and a narrow brass tube ran down it ﬁﬁternally to
within 4 in. of the rounded end. Air could be blowﬁ
down the central brass tube from a dompressor, thus
~ cooling the rounded tip and escaping to the atmosphere
via the outer annular space.

The brass block was connected by copper strips to
s steel rod of § in. diameter, having a # in. B.S.F.
thread eut over 3 in. of ite upper end. A heavy
brass knurled mut ran on this thread and could be uséd
to adjust the height of the cooler during the growing
process. The whole assembly was mounted on a # in,
gteel rod by two clamps and could be set at a conven-
ient height at the start of the growing process.

Although the copper and brass perts of the cooling

unit proved satisfactory, it was found that all the
mild steel sections corroded badly under the action



Figure 4 - The platinum resistance thermometer.
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of the salt vapour and they were later replaced by
gections in stainless steel. |
Phe second cooling head is shown in fig. 3 (b).

| It consisted of a nickel tube (bore 8.5 mm and wall
thiciness 0.5 mm) and a nickel head which was brazed
to this tube. The head had a eylindrical hole of
diameter 3 in. at its lower end and four nickel grub
screws mounted a;hv 90o to each other-,. so that a seed
crystal of rectangular dimensions c-ould‘ be £irmly held
in- it. Thiis unit £itted into a brass block similar
to that for the £irst unit and was braged into the
block. An inner brass tube was used as before but
this time water cooling was empldyed. & stainless
gteel cooler was originally built, but it was found
to ecorrode in the furnace, and was replaced by the

nickel one described.

2.4 THE TEMPERATURE CONTROLLER

A platinum resistance thermometer was used to
control the temperature of the "growing" fumace.
Tt i{s shown in fig. 4. A piece of sindanyo gheet.

was turned down to a diameter of 4.5 mm and a thread

5/1000 in. deep and 120 tumse/in. was cut over a
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length of about 5 em. This was wound with 0.005 cm
diameter platinum wire fo glve a resistance just over
100 ohms, The wire was then covered with a thin layer

' of & paste of alumina cement made by first sieving C60
alumina cement to a size of 60u and then mixing with
water. The cement was dried at 100°C in an oven
and then fired at red heat im a furmace. The whole
asSemblvaas contained in a recrystallised alumina tube
identical to that used for the air cooler. The leads
were brought out by.a twin bore tub of alumina of oval
gection which fitted inside the outer alumina sheath.
The thermometer was suspended vertically inside the
furmasce éo as to lie about § in. from the furnace wall,

with the element roughly mid-way down the core of the

fumsace.

The temperature controller (See Yates 1946) is shown
in fig. 5. It consisted essentially of an a.c. bridge,
two arms of which were formed by two windings of a
transformer, and the others by a platinum resistance
thermometer and a variable resistor, and a fixed resis-
tor. Three sets of tappings of the transformer pro-
vided three sensitivity ranges. The out-of-balance
signal was amplified by a high gain pentode using a

small amount of negative feedback. The signal was
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then limited.bj the double diode to a maximum of
approx. l.8 V; thus when the bridge was not near
balance no demage occurred to the output valve or

the thermal relay. The signal was applied to the
control.grid'of'an output pentode. A signal was fed

to the screen grid of this valve from a 50 V winding

on the bridge transformer. The output eircuit of

the: pentode comsisted of a 2.7:1 output transformer
across the primary of whieh was connected a condenser
of 0.25F capacitance. This condenser, together with
the primary of the traneformer, formed a resonant eir-
cuit of low Q but with a resonént frequenéy close to
50¢/8.  The secondary of the transformer was connected
t0 the hot-wire section of a Sunvie thermal relay. The
a.c. potential on the screen grid was pre-set so that,
when the control grid input was zero, the current through
the relay was the triggering current (approx. 17 mA).

In this way a small 50 ¢/s potential applied to the con-
tiol grid of the pentode either increased or decreased

the a.c. anode eurrent, according to the phase of the
applied potential. These changes were transferred to
the secondary circuit of the transformer and made or
broke the relay contacts. It was of course, necessary

to obtain during the initial testing, the correct phase
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Figure 6 - The control circuit.
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relationship between the output of the bridge and the
auxiliary phasing 50 ¢/s potential. The power supplies
were conventional and do not require further comment,

The current handling capacity of the thermal relay
was rather too small (7 A) to control the furnace current
directly, and so the thermal relay was used to control
an auxiliary Post Office type relay with contacts suit-
able for making and breaking slightly larger eurrents.

It was found that some "echattering" of the thermal reléy
tended to oceur when the bridge was on the balance point.
A 2P condenser connected across the relay contacis
helped to reduce the smount of this chatter passed to
the P.0, type relay. |

The control eircuit is shown in fig. 6. Two 10 ohm
rheostats with a maximum current eéﬁacity of 8.5 A were
used in series with the furnace and the 250 V a.c. supply.
One could be shorted out by the P.0. relay, and the other
wag pre-set so that the furnace temperature rose to just
above the required opersting temperature when the first
rheostat was shorted out, When both rheostats were in
circuit the temperature dropped to belo# the operating
point.

The: eontroller proved to be very reliable in prac-

tice and maintained the temperature to within 500¢about
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any operating point when on the lowest sensitivity
range. This proved to be quite aceepteble for the

growth of single crystals.,

2.5 GENERAL ARRANGEMENT

Fig.7 is a photograph showing the general arrange-
ment of the erystal growing unit. Two fumeaces were
mounted on a 4 in. sindanyo sheet supported by "Dexion"
(aluminium alloy) framework (27 x 15 x 33 in. - the
latter measurement being the height). The framework
extended over one fumace (the growing furnace) and
carried the cooling mechanism, It also supported a
galvanometer lamp, operating off the 12 V a.ec. supply,

and this served to flluminate the interior of the fur-
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nace so that the growing process could be easily observed.

The second furnace was used to anneal crystals and was
maintained at approx. GOOOC‘by a fixed 10 ohm resistor
in series with the furnace and mains supply.

The three controlling rheostats were mounted ver-

tically at one side of the lowerhalf of the framework.

The temﬁerature controller was also mounted in the lower

half of the framework so that the whole crystal growing

unit was compact and readirly portable.

Reerystallised alumina beakers were originally use

d



Figure 8 = Single crystal grown by the Kyropqulos DroCess.,
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40 hold the sodium chloride melt, since it was known
that alumina was resistant to the corrosive effects of
salt wvapour. It was found however that these beakers
had numerous tiny air holes in their walls as a result
of the procees of manufacture. These spherical cells
filied with the melt amd, if the wall was cooled, acted
as centres from which cracks radiated to the surroun-
ding part of the wall. “Alumina beakers were expensive
and were in no way superior to glazed porcelain beakers

of 400 ml cepacity which were subsequently used.

2.6 TECHNIQUE OF GROWTH
A beaker was £illed with analar sodium chloride and

was placed in the eol& furnace. The fumace was
brought up to a temperature about SOOCTabove the mel-
ting point. The alumina cooler was used and was
lowered until it touched the surface of the melt. The
alr compressor was swithced on end crystal deposition
commenced on the tip of the cooler. The crystal
growth was quite random” as shown in fig. 8, and in
general, since there wes no‘eeeding, a mass_ of differ-

ently orientated crystals was formed. If the cooler
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was now raised until only the lowest point of the ecrys-
tal mass was in contact with the melt, there was a high
probability that only a single crystal was in contact

with the melt, and on further raising the cocler the single
crystal which continued to grow at the solid/liquid inter-
face was withdrawn. As the crystal increased in size

it was necessary to lower the temperature of;the furnace.

There was a 1imit to the sige of erystal which could
be grown by a given furnace and cooling system. K
point was reached when the rate at which heat was being
conducted away from the top of the ecrystal could not be
mnade to exceed the rate at which heat was being supplied
to it by the furnace, unless the melt temperature was
allowed to fall too near to the freezing point. When
this happened spontaneous erystallisation took place and
the‘resulting;growxh was neither controllable nor did it
produce a single crystal.

It was possible to produce single crystals of sodium
chloride of hemispherical shape with a radius up to about
1.5 cm. Pfhese erystals were cleaved and used as seed
erystals for the growth of further single crystals.

Sodfum chloride erystals eould now be grown using
the water cooler. A single crystal was cut into a

section approx. 2.0 x 0.7 x 0.7 cm and was gripped in
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the nickel chuck, the grub screws being tightened,
taking care not to crack the crystal. With the
melt temperature some 50°C abov e the melting point
the seed was dipped into the melt, the rate of flow
of the cooling water bheing adjusted so that the water
just reached boiling point within the cooler.  Under
these conditions the crystal was "melted back", and
this was allowed to continue until it was judéed that
a fresh crystal surface had been exposed to the melt.
When this point was reached the rate of flow of the
cooling water was increased, taking care to run it at
such a rate that the temperature of the outer surface
of the cooler was above the dew point of the atmosphere
in order to avoid condensation of water which was liable
to run down the surface of the cooler. The furnace
temperature was also gradually reduced and the cooler
rﬁised.as growth. took place.

It was found that crystals some 4 cm in height by
3 em diameter could be grown with lifting rates of the
order of 1 em per hour. As the crystal grew, the
level of the melt surface fell, and thus in the latter
gtages of the growing process it was not necesﬁary to
raige the ecooler as much as at the beginning of the

growth.
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If the temperature of the fumace was not sym-
metrical about the vertical axis, then the growing
erystal tendéd to grow more rapidly on the side facing
the coolest part of the furnace. This caused uneven
growth and reduced the ultimate eize of crystal which was
obtained. Some trouble oceurred in this respect and
it was noticed that the firebricks forming the fleor
of the furnace were not concentric with the core, thus
cauging a greéter coaling draught up one side.

Crystals were grown containing various impurities,
namely lead, cadmium, copper and msnganese. In the
case of the first three, the appropriate chloride was
mixed with sodium chloride in the cold. The mixture
was then brought up to the melting point of sodiup
chloride in the furnace as usual. With manganese it
was found that mangsnous chloride decomposed on heating
before the sodium chloride melted and it was necessary
to drop the required amount of cold powdered manganous
chloride into the sodium chloride melt. Even 80,
gome decomposition oceurred and black manganese diox-
ide was formed.

When s erystal had been grown to the required size

the cooler was ralsed and 1lifted out of the furnace.
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The grub screws on thechuck were loosened and
the crystal was transferred by means: of tongs to
the second furnace. The: operation was performed
fairly rapidly to prevent cooling and consequent
cracking of the crystal. The second furnace had
been switched on some time previously and was main-
tained at about 600°C.

Crystals were usually coaled down to room
temperature overnight. The top of the annealing
fumace was covered over completely, and the fumace
wag switched off and allowed to cool down on its own.
This usually took about 12 h, and this rate of cool-
ing was satisfactory in that it did not introduce

appreciable strains into the crystals.

2.7 CLEAVAGE OF CRYSTALS
In order to prepare specimens for conductivity

measurements and also for use as seed crystals it was

necessary to eut the single crystals into sections

with plane faces. This was most conveniently done
by cleaving the crystals using an‘ordinary wood chisel
and & wooden mallet. With some practice it was
possible to split the crystals cleanly along the (100)

planes, provide& that they had been sufficiently
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annealed and cooled slowly. For small specimens.
(say less than 1 em square) it was more convenient

t0. use a razor blade and the pressure of the hand to
produce cleavage. In both methods 1t was absolutely
necessary to have the cutting toal fairly accurately
parallel to the cleavage plane before pressure was
used, otherwise a shattered surface with many *steps™
(1.e. discontinuities in planes of ions) was produced.
With the razor blade method for small speeimens steady
pressure could be used for cleavage, but when using
chisel and mallet it was important to employ a sharp
tapping action if large crystaks were to be cleaved
cleanly.

Tt was found possible to polish erystal surfaces
using a buffing wheel of cloth rotated at high speed
and lubricated by a saturated solution of sodium chlo-
ride in water. The erystal was gripped on the bed of
a milling machine and the tuffing wheel mounted hori-
zonmtally in the machine. By moving the bed of the mill.
in a horizontal direction it was possible to polish
plane crystal surfaces normal to the axis of rotation
of the tuffing wheel. The method was not used ex-
tensively since elean f£lat surfaces were produced by

cleavage. However the method would obviously be
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wvaluable for polishing crystal surfaces other than the

cleavage planes.
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3. THE MEASUREMENT OF THE CONDUCTIVITY OF SINGLE

CRYSTALS OF THE ALKALI HALIDES

3.1 INTRODUCTION

The problem wag one of measuring amall.currenfs
since a given voltage could be applied to the crystal
and the resistance deduced by the application of Ohm's
law. Unfortunately it was not possible to increase
the sensitivity of measurement by the application of
very large voltages, since it was known that the appli-
cation of potentials over 300 V produces alkali metal
'dendrites within the crystal (See Joffé 1928). This
is due to the deposition of the metallic element from
the halide by electrolysis in the form of loecal deposits.
At these points the field intensity is greater, resulting
in further deposition at thesé places, and eventually
dendritic bridges are formed from one electrode to the
other. Phese bridges: them carry the current and there
is no further eleetrolysis.

The: phenomenon of polarisation (Joffe 1928) has been
observed In alkaeli halide crystals. If a potential E
is applied to a crystal then instantaneously there
flows a current I,. It is theretore possible'to define

an initial comductivity o given by g = Io /E. However
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it is found that the curremt decreases from the initial
value IOZWith.time, ultimately reaching a steadyvalue I.
It is now possible to define a permanent conductivity

s = I/E. The decrease of conductivity is attributed
to the build up of a polarisation potential P within
the erystal.

Thus .

(=]

= IO/E = I/(E - P). The quantity &, has
also been called the real conductivity.

"Por the memsurement of the conductivity of the al-
kali halides at different temperatures it was desirable

4o construct a versatile apparatus capable of measuring
conductivity currents having aﬁﬁery wide range of wvalues.

The specifiec resistance of a typical erystal could have

8ohm em over the range of temper-

values from 1072 4o 10
ature from 0 - 400°C.  Assuming that a potential of 100
v was to be applied to a specimen of 1 cm ocube, the
problem was one of measuring currents over a range from
10712 - 10~° A, snd of measuring the conduction current

over a period of time..

%,2 THE MEASUREMENT OF SMALL CURRENTS

The basic method of messurement (Manming end Bell
1940) is to place the specimen in the form of a plate

or slaeb between two metal eleetrodes. One electrode,



fp—

Figure 9 - Basic circuit for the measurement of small currents.
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which 1s provided with a ggard ring to eliminate sur-
face conduction effects, is connected through an
arrangement'of shunts and capacitances to earth.

The current through'the specimeﬁ may be measured
efther by the potential drop through a standard re-
sistance or by the time required to echarge a conden-
gser of known capacitance to a given potential. The
potential drop can be measured by an electrometer or
by an electrometerfvalve; The other eleetrode is
connected to & source of constant potential of known
value, the other pole of which is conmected to earth.
A switch 1s provided in order that the specimen may
be discharge when desired. The e¢ireuit is shown in
fig.9.

. For measuring relatively high currents the resis-
tance method is used. The current I produces &
potential drop IR which is measured by the electrometer.
If the current is very small, so that a measurable
potential drop ie not producted across available stan-
dard resistances (up to>1012 ohme), a small high
qualiiy eqn&enser may be charged and the time rate of
increase of this potential measured. The eurrent is

then equal to C. dV/dt, where C includes the capaci-

tance of the leads and electrometer as well as that
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Pigure 10 - Basic electrometer valve circuit.



of the condenser. itself.

Various types of electrometer have been used in-
the past for this work. They suffer from two dis-
a'dvantag,ea however - the slow response of the instru-
ment and also, since a null-balancing method is usualiy
adopted, the manual effort required to apply the balan-
cing e.m.f. Both objections are serious if it is
desired to measure the conduction current at short
time intervals after elosing the eireuit.

Eleetrometer valves have been developed by various
manufacturers in which the grid current has been re-
duced to as low as 10712 4. A simple circuit for
such a valve is shown in fig'.lo. It may easlly be
shown that the applliéa-tion of & potential E at a time
t+ = 0 causes the formation of a charge Q on the grid of
the valve (assuming that the grid current of the valve

is negligible) given by

- ER'C (7. _(R+R')ty )
Vi (% )

where R is the grid leak resistor, R' is the resistance

of the specimen to be memsured and C is the eapacitance

of the valve (grid-cathode) together with stray capaci-

tance_s.

34.



Figure 11 - The negative feedback ampilifier.
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The circuit thus has a time constant given by
RR'C/(R + R'), and since in normal use R'® R, the
time constant = RC. The maximum wvalue of R likely
o be used is 101l chm, and C may be 10 pF so that
the time consteant is a maximum of 1 sec compared to
the 10 sec or more of the electrometer.

In the simplest eircuit for an electrometer walve
the change in anode current is used to indicate a
change in grid voltage. | Such an arrangement suffers
from instability, nonlinearity and low amplffication.
Various circuits (see Penick 1935) have been described
uging one valve and employing & resistance network to
compensate for changes in battery voltage and valve
characteristics, which are the most prominent causes of
these defects. Such circuits are however tedious to
balance and are not readily adapted to measuring rapidly
varying currents. ‘ _

The application of negative feedback to an ampli-
fier has interesting consequences (Vance 1936), and the
circuit for such an amplifier is given in fig. 11. The
first stage vof the amplifier ecan be formed by an elec-
trometer valve. Let the total gain of the amplifier

(including electrometer stage) be G. The current I to
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be measured produces a potential drop vi across the
registor R, so that Ti = I.R. If. the potential
appearing at the output terminals of the amplifier
18V s then owing to the negstive feedback, the signal
potential Vs‘ at the input is given by

Ve =V = Tpr

- but vo = Q.VB,.
therefore V_ = V;«G/(& +1).

By making G large Wo can be made very nearly equal to

Yi-

:'J.‘he response of the eircuit is linear if the in-
put resistor R pbeye Ohm*s law. Furthermore changes
of G due to non-linearity of t’he) amplifier, or due to
changes in the amplifier characteristics with time,
awill I;ayer a negligible effect on Vo provided G remains
large. |

For the ordinary electrometer &ircuit the time

constant is RC. ‘In the feedback amplifier the poten-

tial of the input eircuit only changes by VB which is
V%/G. This ie equivalent to decreasing the input re-
oistance end hence the time constant is reduced by 1/G.

mhe time constent will therefore be RC/G, which is much

emalTer than for an ordinary electrometer or electrom-

eter valve circuit (see sec. 3.6).
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'ﬂhere:are two other advantages of the negative
feedback amplifier. The power output can be made
large enough to operate a recorder, and it is
possible o0 use a guar@.riné in the electrometer
cireuit effectively since the difference of potentiél

from earth is only Ei/G.

3.3 THE ELECTROMETER VALVES

Invehoosing a suitable electrometer valve for the
practical eircult it was decided to try to obtain one

Ly m

having a grid current not larger than 10~
Osram ET1 electrometer triode was selected for use in
preliminary work. It suffered however from various
disadvantagest-
1. Its emplification factor was very low (2/7). 2.
In the particular wvalve tesied, the grid current was
as much as 100 times greater than the makers average
value. It appeared to vary considerably with time
in & random meanner, and suggested a certain amount of
unreliability in the valve. 3. The valve was of
large size.

A Hivac XE2 sub-ministure triode was then tested
and subsequently it proved to be very satisfactory.
The makers characteristic curves are shown in fig.12.

It was decided to use the operating point Vg = 6 V and
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vé = -3 V¥, and the anode current under these conditions

is 84 L. AMn estimate of grid current was made by
observing the rate of drift of grid potential sbout

15

-3V and was found to be about 5 x 10  °A. The ampli-

fication factor is 1.9 under these operating conditions

and is reduced to 1.7 by the use of an anode load re-

sistor of 0.5 Megohm.

3.4 THE FEEDBACK AMPLIFIER

Kk diegram of the amplifier is shown in fig. 13.
The deseription may conveniently be divided into
three parts. (a) The head unit. This consisted
of an aluminium box 7 x 5 x 3 in., containing an Inner
brass cylinder in wpich was suspended the electrometer
valve by its four lead-in wires. The lead to the
grid was brought into the aluminium box through the
centre of a polished polystyrene insulator 14 in. in
diameter eand 1 in. thick, in order to maintain a leak-
age resistance greater than 10]"3 ohm, The box also

_eontained a selection of grid lesk resistances (Welwyn

1l ohms, two dry cells (U2)

pyromatic type) £rom 10° - 10
to provide -3V grid bilas, and the anode load resistor

R (wirewound).

The values of the grid leak resistances were
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accurately determined by charging a small high quality
condenser to a known potential and observing the rate
at which its charge leaked away when a resistance was
connected across it. A sensitive ballistic galvon-
ometer was used to measure the charge on the condenser
at any time, I Qo is the initial charge on the éon-
denser C and Q the charge left at any time t, then
Q/Qb = exp(-t/RC), where R is the value of the leakage
resistance, | '

The anode potential was provided by a battery con-
gisting of five lead acid cells of 3 ampere hours
capacity. The heater current was supplied by a small
*Nife® ecell. This cell had an e.m.f. of just over
1.25 ¥V and eould be used to heat the filament of the
valve directly. The heater and h.t. supplied were
brought to the valve using a twin core screemed cable -.
the screening being used as the earth line. (b) The
amplifier (see Graham, Harkness & Thode 1947) The head
unit was connected by & screened cable to the main body
of the amplifier, which econsisted of two stages of ampli-
ficétion provided by double triodes connected "cathode-
coupled". This arrangement gave maximum stability and
freedom from drift. The amplification of each wvalve

' was just over 20, and sinee the electrometer valve had



40.

a gain of nearly 2, the whole amplifier had a gein of
roughly 800. The two stage amplifier was connected
to the finel stage through a VR 105 voltage regulator
tube which functioned satisfactorily as a voltage
dropping device with a current of a few U A, The
final stiage was a cathode follower giving a low im-
pedance output and restoring the signal to the correct
phase for negativé feedback via the grid leak resistor
to the grid of the electrometer valve.

The heaters of the valves in the amplifier were
supplied by three 2 V, 80 ampere hour accumulators in

series, in order to avoid a.c. pickup from the heaters
and also to ensure high stability. The high tension
supply at 250 V was obtained from a stabilised power
pack. ‘ '

'A11 the resistors in the amplifier, with the
exception of'R13, were wirewound to give greater
stability and freedom from drift. . Those in the anode
leads of the valves were Muirhead preeision wirewound
resistors. Al11 the variable resistors were Colvemm
4 watt wirewound types, with the exception of R7 which
was a Berco 7 watt wirewound potentiometer.

The lowest value of the capacitance of C1 wasg

rather critical.  Obviously the sifze of this conden-
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ser limited the response of the amplifier to a.c.
inpute since it shunted Rl3'° On the other hand the
amplifier tended to oscillate if this condenser was
below a certain wvalue - this was found to be 0.05

# P, end meant that the amp‘iification differed by
3% from one at 50 ¢/s. This was not serious since
the frequency response of the amplifier was mainly
Iimited by wirtue of the fact that the grid leaks
had impedances at quite low frequencies which were much
smaller than thelr d.c. reéistance»s.

R?.‘ and Hﬁ were the fine and coarse zero controls
respectively, and were adjusted to give zero output
from the cathode follower with zero input to the grid
of the electrometer walve. The tapping on B5 was
adjusted to be about 40 V¥ positive with respeet to
earth. |
(e) The power pack. The stabilised h.t. supply is
shown In fig. 14. It consisted of a convential
double diode rectifier giving about 500 V¥ d.c. and a
"geries parallel® electronic stabiliser giving a
supply of 30 mA at 250 V.

Any fluctuation In the voltage at the point A was

fed by means of the resistance network to the grid of



the ampliffer pentode EF 50. This altered the anode
current of this valve and chenged the potential drop
across the anode load resistor. | The grid potential
applied to the: 807 valves changed and altered the im-
pedance of theée valves in the appropriate sense so
that the fluctuation in the potentlal at the point A
was not passed Into the output line. In a similar
way, due to increase of potential across the 10 ohm
resistor, changes in current drawn by the load were
prevented from affecting the output, voltage of the
stabiliser. The voltage regulator tube VR 105 served
t0: keep the cathode: of the EF 50 at a constant refer-
ence potential with respect to the negaftive line. It
teﬁded to show jumps in operating wvoltage during use,
but the effects on the stability of the amplifier were
not serious. The output at 250 V had a ripple of § .
‘mV Tem, S, snd was stable over a 10% change of input

voltage.
Phe drift of the amplifier over short periods was

quite low, usually better than 10 mV. It was

necessary to wait about 4 - 1 hour for the amplifier

to warm up and for the drift to settile down. The

noise level wae quite reasonable - sbout 5 m¥ with &

42.
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1L ohm resistor in the input (the greater pro-

10
portiom of thie noise being accounted for by the
shot noise of the grid leak resistor itself) and
somewhat less with smaller grid leak resistors -
this: being low compared to the smallest signal that

had to be handled in conductivity measurements.

3.5 YVOLTAGE AMPLIEICATION

3.(118& the output of the feedback amplifier was
equal to the input (in fact it may very properly be
called an impedance convertor, it was necessary %o
amplify the signal considerably in order to display
the output on a cathode ray tube.

An amplifier was built following the circuit given
by Goodwin (1941). It had three stages, the first two
being push-pull stages incorporating a wvariable amount
of negative feedback between them. The last stage
was a push-pull output capable of giving a voltage
swing up to 200 ¥. The power unit gave a 400 ¥
stebilised d.c. supply for the h.t. of the second and
third stages. The h.t. of the first stage was provided
by two: _90 ¥ dry batteries. The heaters of the first
two stages were suppiied by high capacity accumalators,

end the laest stage by a winding oxn the mains transformer
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of the power'paék. - Since this was operated from a
constant voltage transformer, the heater vwoltage was
fairly stable. The whole amplifier had é gain of
over a million without feedback, but normally negative
feedback was employed to reduce the gain to the required
value.

It was intended to couple the amplifier to the
Impedance convertor and displ&y the output on a cathode
ray tube. However after the amplifier had been built
a Purzehill 1684D*2 cathode ray oscilloscope became
available. Since thie incorporated a three stage d.c.
amplifier with cathode coupled valves in each stage,. giv-
ing a maximum sensitivity of 1.5 mm/mV et the screen, 1t
could be used directly to display the output signal of
the impedance convertor and the voltage amplifier that

had alresdy been built was not used in further work.

3.6 TESTING OF THE RESPONSE TIME OF THE AMPLIFIER.

A check on the response time of the amplifier was
made in the following way. The grid of the electro-
meter valve was conmected to the lower brass electrode
and this was surrounded by the heating coil (see sec.

4e4). No erystal was, however, placed on the elec-

trode. It was found on switching on the heating coil
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that a large electiric charge was picked up by the
electrometer valve: and this saturated the.amjlifier.
Qn switching off the heating coil this eharée decayed
t0 zero. and the rate of this decay was taken as a
measure of the response time of the amplifier. X
photograph was'taken'of'the decay curve as shown on
the screen of the oscilloscope.

Congider the decay curve shown in fig. 15. At
the time.tbtthe amplifier is saturated and the charge
on the grid@ of the electrometer walve is represented by
Qge The heating coil is switched off at this point
but the ampliﬁier-;emains'saturated until the time té is
reached. The decay curve now become evident on the
oscilloscope screen, ultimately reaching the point Q =
0 at the time t = We can measure a series of
pointe:(ql, tl), (Qz, tz), ete, although it is neces-
sary to take an arbitary zero for t. The zero for Q
is known since it is given by the zero trace on the
screen, i.e. after a large time t has elapsed. Let us
agsume that the curve is given by the equation.

Q = Q, exp(-t/T)

Then the points (Ql,tl),(Qz,tz) etc are given by

Q, = Q, exp( "tl/T)
3 = g exp(-tz/T)
Therefore  (.-t1)/T = loge (Q1/Qp)

O
N
]
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It will be noticed in this equation that the only
values of t required are their differences (t2 - tl),

- although the absolute values of Q are needed. If a
graph of Q égainst t+ ié plotted on logarithmic graph
p&per'the time constant T can be calculated from the
glope of the: graph (which should be a straight line).

A number of f£ilms of the decay curve'werertaken

for various values of the grid leak in the electro-
meter valve circuit. The curves were measured up
using a travelling microscope and (Q, t) curves were
plotted and are shown in fig. 16. The points formed
approximately a smraight.line and the time constants
of the eircuit were found to be 0.087 sec for the
10! ohm grid leak, and 0.031 see for the 10°° ohm
grid leak. The decay curve for the 109 ohm grid

leak was too steep to be measured up accurately on

the: travelling microscope.

3,7 THE SWITCHING CIRCUIT
Phe speed of the time base of the Furzehill

C.R.0. could be reduced by the addition of external

condensers and appeared to provide an excellent

means of observing the form of the polarisation

curve of alkali halide erystals.



Figure 17 - The input ewitching circuit.
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The Input switehing eircuit is shown in fig. 17.
The switch Sé was spring loaded and normally connec-
ted the erystal to S'l_w but it eould be used to earth
. the crystal if necessary. The crystal was always
connected to earth via the 0.1 Megohm resistance,
this resistance being chosen as the lowest that did
not draw appreciable current from the h.t. battery.

S, was a double pole switch and when used to apply &
potential to the crystal also broke the contacts of

the Post Office type relay. The C.R.0. was connected
in the single sweep poaition and breaking these con-
tacts started the sweep of the spot across the screen.
. The 0.001 u F condenser was added siﬁce it was found
that an inductive surge was shown on the C.R.0. when
the potential was applied, and a condenser of this size
appeared to reduce the transient surge eonsiderably.
Provision was made to photograph the trace on the
screen. An Avimo 35 mm oseilloscope camera was used
together with Ilford 5B52 filﬁ. The screen was a
blue photograph type with & 1 M sec afterglow and the
photography of transients with times down to 17100 sec
was quite easy. Unfortunately it was not possible to

record polarisation curves lasting longer than 10 sec,
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gince this was the largest convenient sweep that

could be used on the C.R.0.

5.8 THE CATHODE FOLLOWER

It has been mentioned that the impedance conver-
tor tended to oscillate without the presence of the
condenser C,.  When it had the value 0.05 y F it
suppressed oscillation with grid leaks from 101t -
1090hms. However when using grid leaks below 109
ohms in value, it was found that a ﬁuchvhigher'value
of Ci_h&d‘ta be used to prevent osecillation, thus
cutting very severely the response of the amplifier
at Xow frequencies. It was decided therefore to
build a& separate unit to measure the conduetivity of
crystals requiring grid leaks o£'108 ohms or less for
the determination of their comductivity.

Some preliminary experiments were carried out
with a view to using a Mullard EF 374 high gain pen-
tode as an electrometer valve when operated with re-
duced potentials on its anode and heater. When the
valve was operated as a triode with 90 ¥ on the énode
and 4.5 V instead of the usual 6.3 ¥V on the heater, grid

currents of as low as 10-12 & could be obtained at a grid

voltage of =3 V.
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A simple eathode follower eircuit was conétrueted
as shown in fig. 18. It was mounted in an aluminium
box: exactly similar to that used for the head unit of
the impedance convertor. The h.t. was supplied by a
90 V battery, and the heater supply from three 80
ampere hour aceumulators using a dropping resistor to
give: only 4.5 V acrossg the wvalve, Three grid leaks,
108, 107 and 105 okme were used.

The time constant of the Input eircuit is again
given by RC, where R is the valqe of the grid leak and
€ 1is the Input' capacitance o.f the elec.t'_rometer valve,
For a cathode follower it can be shown that the input
capacitance C; 1is given by C; = Ggp + (1 - 4. cgk’
where A 1a the amplification and the other symbols have
their usual meaning. For the EF 37A, cin = 0,02 4 0.1
x 6 = 0.62 pF. If the stray capacitance of the grid
ITead is added to this it 1s evident that the time con-
gtant is less than 1/1000 sec even for the largestgrid
leak employed.

The gain was approximetely 0.9, and was found to
be linear over efgnai inputs of + 2 V. The output
signal was fed directly to the amplifier of the C.R.O.

and@ the trace on the screemr was brought back to zero,
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for gzero input to the cathode followey, using the ver-
tical deflection eontrol on the oscilloscope. The
unit was calibrated diiectly by epplying known vol-
tage inputse to the grid of the valve and observing the
deflectiom of the trace on the C.R.O.

Although In general the vertieal deflection con-
trol on the oscilloscope cecould be used to zero the
trace on the screen, it was found that with the
highest semsitivity range of the ampliffer in the
oscilloscope in use, the output from the amplifier was
toor great to allow the vertieal defleetion econtrol to
bring the trace back on to the screen again. It was
therefore decided to build some form of "backing off"
circuit to reduce the output from the cathode follower
to zero for zero input. The circuit is shown in fig.
19. The battery consisted of three dry cells (U2)
in series across a 1000 ohm wirewound variable resistance.
Since there was a potential of 4.5 wolts across the
resistance it was possible to tap off any potential from
zero to this walue by suitable adjustment of the tapping
point. This steady woltage tapped off was connected
in series with one of the leads from the cafhode follow-
er to the input of the amplifier of the: oscilloscope and,

provided that It was connected in the right sense, it
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was poseible to reduce the input to the amplifier to

gero for gero input to the cathode follower.

A general view of the ampliffers, switching cir-

cult, ecathode: ray oscilloscope, etc. is shown in fig.

20.

3+9 PREPARATION OF CRYSTALS

In order to measure the conductivity of crystals
it was necessary £o apply electrodes to two surfaces
and various methods were used. In general the crys-
tal was cleaved to give a specimen roughly 1 em mquare
and 0.5 em thick.

A piece of platinum foil was connected to the

negative end of a 1000 ¥ line and sputtering was

carried out in a portable vacuum apparatus using an
atmosphere of air at a pressure of 0.1 mm of mercury.
The method was abandoned after considerable experiment
as 1t was found that the crystal became very hot during
the discharge and cracking occasionally occﬁrred.
Fuarthermore it was difficult to control the direction
and density of the sputtered metal, The method has
apparently been used sucecevssful.ly elsewhere, but it was

felt that with the apparatus available, neither the

vacuun system nor the high temsion supply, was suitable
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in this case.

It was decided to try to evaporate an aluminium
£ilm onto the:crYatal surface and this proved very
successful. Pieces of aluminium wire were attached
to & filament: made of a small coill of tungsten wire.
The crystal was placed on &,metalftable on the base
of & bell jar which could be evacuated by rotary and
oil diffusion pumps to & pressure of 104 m of mer-
cury. A metal shield having an opening the size of
the area to be covered by an aluminium film was placed
over the crystal. A current of the order of 20 A was
passed through the tungsten wire and the aluminium first
melted, and was then boiled off the wire. At the low
pressure the mean free path of the aluminium ions was
large and they travelled in straight lines, thus de-
positing a reflecting £ilm over the exposed crystal sur-

face and also over the walls of the containing jar.

The aluminium surface proved.to'be very satisfac-
tory as an electrode but it was necessary to keep the
crystal dry, otherwise the aluminium was easily rubbed
off, apparently due to the formation of a film of water
on the crystal surface. All crystal specimens were

kept in tubes containing a emall quantity of silica gel
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to absorb moisture. There was one disadventage with
aluminium electrodes - crystals could not be annealed,
even at temperatures below the melting point of alu-
minium, without destroying the £ilm, presumably due
to the formation of the appropriate aluminium halide.
Experiments with electrodes of colloidal graphite
were also carried out. The following "dag" disper-
sions of colloidal graphite were used: -
Aquadag - colloidal graphite in water - this was quite
useful though some dissolving of the surface layer of
the crystal took place and the coating took some time
to dry. Product 959 - eolloidal graphite in iso-
propanol - this was very satisfactory. It was reason-
ably quick drying and had the advatage of being chemi-
cally inert to alkali halides. Also it did notintro-
duce water to the crystal surface. Dispersion 56 -
colloidal graphite in acetone - this preparﬁtion was
far too quick drying and it produced a very uneven sur-

face.

These dag compounds were applied directly to the
erystal surface using a small sable hair brush. The

crystal surface was generally roughened with fine

emery paper, although the ecoating appeared to be quite

firm even when the surface was not dulled.
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As with the aluminium £ilm, the graphite surfaces
ecould not be used at high temperatures and annealing
of crystals with dag films was-impossible. The
trouble in this case was the oxidation of the carbon
in air at high temperatures.

The difficulty was not too serious since fresh
electrodea-eduld reedily be applied after annealing.
Furthermore the surface was left eclean after the
oxidation of the graphite and not contaminated as in
the case of the aluminium film.

Meltén "Liquid Silver" (Q50 grade) was also used.
This was a black paint containing about 50% of silver
in an oxidised fomm. It was painted on £o the
crystal.surface.asszr the dag dispersions. The
erystal was then placed. in s furnace and taken up to a
temperature of 60000, thus redueing the paint to a film
of metallie silver.

This preparation has many advantages. The film
was not easily damaged and was in every way more durable
than the other films tried. The crystal could read-
ily be annealed without damage to the film and indeed
the two operations of annealing and firing the pamt

could readily be combined.
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%.10 TESTING OF GRAPHITE ELECTRODES

It was desired to test electrically the
efficiency of the graphite electrodes. In par-
$icular it was important to show that there was no
rectifying layer present at the interface. Two
samples of sodlum chloride were taken and graphite was
applied to: their appropriate surfaces. The conduc-
tivity current (both initial end permanent) of both
specimens was measured using a set of values of the
applied potential over the range 1l.2 to 116 volts.

The graphs of conductivity current against applied
potential afe shown in fig. 21. The x represents the
permanent. aoﬁductivity current of the f£irst specimen
and the x and o the initial end permanent conduetivity
currents of the second specimen. It will be seen
that the graphs of current against potential are
straight lines as would be expected for an ohmic
cantact at the interface. If a rectifying layer

were present it should give rise to0 a square law type

of current v woltage graph.
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4. APPARATUS FOR THE PLASTIC DEFORMATION OF CRYSTALS

4.1 BASIC DESIGN

It was desired to construct an apparatus which
would hold an alkali halide sample and would enable
the following measurements to be takens- 1. the con-
ductivity of the crystal, 2. the mechanical stress
applied, 3. the strain, and 4. the temperature, In
connection with this last requirement it was desired to
mount the apparatus In a furnace and to perform experi-
ments at different temperatures.

Thé basic @ifficulty in fulfilling these require-
ments was to maintain the electrical insulation of the
relevant parts: of the conductivity apparatus to as high
as 1013 ohm, It was also necessary to measure the
strain of the erystal at the same time and this require-
ment made the actual design of the apparatus very diffi-
cult.

An attempt was made to construct an apparatus on
these lines using the apparatus already described to
measure the electrical conduetivity of the crystals.
Stress could be applied directly by weights and strain
measured by the use of an optiecal lever system. Speci-
ments of sodium chloride could be cut about 1 cm square
and 2 em long, and as it was desired to measure a com-

pression of 0.05% i.e. 0.001 cm, this meant a 1 mm throw
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on a scale if a magnification of 100 was to be used.
The maximum throw of the optical lever in the room
avallable, and without the use of mirrors, was 2.5
m so a lever arm of 2.5 mm was required to give this

magnification.

4.2 THE STRESS APPARATUS

Thevapparatus is shown in fig. 22. It consis-
ted of a furnace, similar to those used for growing
crystals, supported on a steel framework having three
levelling screws. the outer case of the furnace
differed in that it had circular sheets of sindanyo
at the top and bottom, with the sides formed by a
sheet of 16 S.W.G. aluminium bolted at intervals of 2
in. into the edge of the bottom sheet of sindanyo.
Two 5/16 in. diameter steel tie rods held the furnace
together.

The furnace temperature was controlled by a
platinum resistance thermometer mounted in an alumina
tube and an electronic temperature controller, as
described for the erystal growing furnace. There was
a slight difference in the control circuit for since

it was not required to run the furnace at temperatures
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above~600°C, it was operated from a "Regavolt"
giving a wvariable voltage a.c. supply up to a.maxi-
mum current of 7 A. The relay in the temperature
controller éerved to short out a 10 ohm resistor in
geries with the supply. In controllingAthe tem-
perature about any given value the regavolt was first
set g0 that with the series resistor shorted out the
temperature of the furmace tended to rise slightly
above the required wvalue., With the control resistor
in series the temperature tended to fall below the
operating value and control was achieved in this way.
The crystal rested on a copper base plate which
was supported by three & in. dismeter steel rods which
in turn were anchored to the metal framework suppor-
ting the furnace. The copper plate carried three

holes with grub screws at an angle of 450 to the plate
(so that they could be tightened from the mouth of the

furnece) and 3 mm diameter silica rods were supported
in the holes. A second copper plate rested on the
upper surface of the erystal and the plate also carried
three holes for silica rods on its upper surface. This

second copper plate had a v-shaped hole drilled in its
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upper surface to hold a ball bearing which acted as
a universal joint between the copper plate and a
steel plate above carrying a corresponding v-

shaped hole in its lower surface. This steel plate
was connected by three 3/16 inm. diameter steel rods,
passing through holes in the base of the fumace, to
a similar plate below the furmace base. Weights
could be applied by a steel wire attached to this
lower plate and the universal joint ensured that the
compressive thrust was always directed along the ver-
tiecal axis of the crystal. The loading weights were
carried on a rising table and could be applied gradu-
ally to the specimen by slowly lowering this table. |
The silica rods passed through holes in the upper steel
plate and the sindanyo cover to the furnace, and each
set of three rods ended in a tufnol disc. The resis-
tance of these rods was greater than 2 x 104 ohm/cm
at temperatures up to 15000 and they thus served to
maintain the insulation between the two ends of the
erystal. An optical 1even'2.7-cm long carrying a
small plane mirror and resting on gramophone needles
as bearings, operated between these two tufnol disecs.

The lever threw a beam from a galvanometer lamp On to a
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scale approx. 2.5 m from the mirror - the system
having a magnification of about 93.

The whole apparatus was mounted on a dexion frame
of very rigid construction. It was shielded from
extermal electrostatic interference by aluminium
sheeting and was earthed to a copper plate buried in
the ground outside the room. This was necessary since
the mains earth was not satisfactory. The earth lead
to the room was rather long and was subjeect to pick-up
from other electrical apparatus in the building. The
head unit of the conductivity apparatus fitted into a
slot of rectangular cross section cut in the screening
at one side. The grid lead was made with fine wire
from the lower steel plate of the hanging system to the
insulated terminal on the head unit. The potential
was applied to the crystal by a screened lead brought
into the apparatus from the switching unit and was
connected to the lower copper plate.

M early modification was made to the apparatus
when it was discovered that the copper discs tended to
scale at comparatively low temperatures, and they were
replaced by similar discs made of nickel which were

completely free from this defect.

The apparatus proved to be rather unsuccessful in
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many ways:- 1l. It wae extremely difficult to set
the crystal in position (thie had to be carried out
from the top of the fumace) and to adjust the optical
lever system. 2. The silica rod system was very un-
stable and subjeet to external wibration. Further-
more it had a considerable drift, at times exceeding
over & period of 5 minutes the value corresponding to
the strain to be measured. Although this drift dis-
appeared with time, it reappeared with loading and thus
it was impossible to determine whether or not the speci-
men was deforming. %« The apparatus suffered from an
inherent disadvantage - that any changes in conductiv-
{ty could not be observed until aﬁ least 10 sec .after
the loading had been carried out. This delay was due
mainly to the neceésity of replacing the screening round
the apparatus. Furthermore when the weight was not
applied but was held on the rising table, no conduc-
tivity measurements were possible owing to the insulation
of the crystal being destroyed by the leakage via the
rising table to earth.

The apparatus served to determine the conductivity

'of gpecimene using a nominal load of 1 Kg to keep the

erystal in place. The apparatus also allowed the con-
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ductivity measurement to be carried out over a wide
range of temperatures from room temperature to near
the melting point, although results near room temper-
ature were not reliable owing to the: diffieulty of
preventing water f£ilms whieh caused surface conduction.
The apparatus could also be used to measure conductiv-
ity with the application of compressive loads up to
gbout 50 Kge. The gilica rod system was not assem-
bled so that. strain measurements were not possible.
mhe‘apparatus-was~howeven'suhjeat to 1imitation 3. in

this use.,

4.3 THE SECOND: STRESS APPARATUS

Tt was decided to tuild a second apparatus to
measuie the comductivity of ecrystals over a limited
range of temperature and also to apply and measure
stresses sufficient to cause plastic deformation of
the erystal. It was also desired to iImprove upon
1imitation 3. above, so that measurements of the con-

duetivity could be made simultaneously with the appli-

eation of stresses to the erys*tal.
The apparatus ig shown iIn f£ig.23. The crystal

was held beﬁween the jaws of a small #Record® wice and

stress was applied to it by rotation of the lead screw
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of the wvice. In order to insulate the crystal from
the vice (which was earthed), a 1 in. diameter quartz
dise 6.5 mm thick with a plate glass finish was used
and it rested on the lower jaw of the vicex The crys-
tal was held between an upper aluminjum rod 2 in. long
end § in. dismeter amd a lower aluminium rod of the same
diameter, and ¥ in. long. These rods served as connec-
tions to the electrodes om the surface of the erystal and
were gripped between the jaws of the vice, the lower alu-
minfum rod being connected to the grid of the electro-
meter walve, The upper-rod was>£nsu1ate&'£rom the
upper jaw of the wice by a thin perspex sheet and a po-
tential conld be applied to 1t from the switching circuit
(see sec. 3.7). It also carried a small hole drilled
horizontally at Its lower end, in which was inserted a
copper/constantin thermo junction. This thermojunction
was connected to & potentiometer eircuit and was cali-
brated beforehand so that it could be used to indicate
the temperature of the crystal.
The temperature measuring circuit is shown in fig.

24, The potentiometer circuit consisted of a slide
wire 100 cm in length and having a resistance of 1 ohm.,

Tn series with the wire was a 2 ¥ accumulator and a re-
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sistance of 200 ohm. With this arrangement the
current through the circuit was 10 mA and the poten-
t+ial d&rop across the slidewire was 10 mV. The
balance point was obtained using a sensitive mirror
galvanometer which was housed in a woodem box having
an intemal light system and a translucent scale
mounted in the front wall of the box. A protection
resistance was also Incorporated in series with the
galvanometer. The thermojunction consisted of two thin
wires of copper and constantin which were brazed to-
gether at thelr ends, gnd the brazed portion was filed
down until it fitted smoothly into the hole. drilled in
the side of the upper aluminium electrode. It was
calibrated by immersing it in a beaker of silicone fluid
which could be heated to various temperatures from room
temperature to 36006, the temperature being measured by
a mercury-in-glass thermometer. The cold junction of
the thermocouple was formed by the jﬁne:tion of the copper
and the eonstantin wires with the measuring circuit, and
was at room temperature. A celibration graph was drawn
of the balance poimnt in centimetres along the slide wire
against the temperature difference between the hot

junetion of the thermocouple and room temperature, so



65.

that it was necessary to add the room temperature to
obtain the temperature of the hot junetion from this
graph. At high temperatures it was found that the
e.m.f., of the thermocouple execeeded 10 mV and a series
resistance of 100 ohms was used instead of 200 ohms in
order to get the balance peint on the wire again. With
this temperature measuring system it was possible to
jetermine the temperature of the thermojunction to an
acouracy of i 2%¢ over most of the range, but with a
gomewhat greater error at the high temperature end.

The. crystal and the aluminium eylinders were
surrounded by a heater made of 26 §.W.G. nickel-chromium
wire wound on a glaes tube 1l in. long and 1 in, dia-
meter covered by a layer of asbestos paper. The winding,
which had a resistance of 20 ohms, was covered by a
thick layer of asbestos tape to reduce heat loss to the
outside and was operated from a regavolt wvariable itrans-
former. It was not possible to regulate the tempera-
ture by means of a controller owing to the small dimen-
giong of the apparatus, but. it was found that an equili-
brium tempemature.was:reaehe@,for a given setting of the

regavolt which was steady to a degree or iwo.

The apparatus was mounted on a dexion framework, the
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vice being mounted vertically and surrounded by sheet
aluminium in order to provide electrical screening.
Provisions was made inside the screening to mount the
head unit of the comductivity apparatus. Access to
the screw of the vice was provided from the top of
the casing, and stress was applied by hand while at
the same time observing the deflection of the trace
on the cathode ray tube. A view of the apparatus
is shown on the left in £ig. 20.

It was planned to attach a Saunders-Roe foil
strain gauge to the upper aluminium eylinder by Aral-
dite 103 cement (an epoxy resin). These strain gauges
‘eonpist of a metal £ilm on a plastic backing and show
& change of resistance on deformation. The gauge can
be calibrated for the measurement of stress, since if
¥nown loads are applied to the aluminium cylinder the
gauge will respond to the strain of the eylinder, so
that provided the elastic limit for aluminium is not
exceeded a constant relationship will exist between the
stress and the strain in the aluminium. The resistancev
of the strain gauge was measured by a simple Wheatstone

network. The gauge (which had a resistance of approx.
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65 ohms) formed one arm of the network and in the
opposite arm was placed a decade resistance box
reading down to 0.1 ohm. The final dial of the
decade resistance box was a continuous slide wire
reading to 0.00l1 ohm. The other two arms of the
network were two 100 ohm fixed resistors of high
stability.v Power for the bridge was provided by
a 2 V asccumulator and the balance point was obtained
using a sensitive mirror galvanometer:¢

Unfortunately it was: found that the change of
registance of the strain gauge was only of the order
of 0.005 ohm for an increase of stress of 20 Kg. The
method was therefore far too; Insensitive for the
messurement of stress. Moreover it was found that
conﬁact troubles occurred in the slide wire of the
decade resistance box so that readings of resistance
to 0.001 ohm were not always reproducible. Some
method of increasing the change of resistance for a
given stress had therefore to be found. This could
be done if some material could be found which had a
Young's modulus of elasticity smaller than that of
alumﬁﬁiumg thus giving a greater strain to the strain
gauge for a corresponding stress increment. It

possible the material had to be useful at high temper-
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atures, thus ruling out the possibility of using hard
rubber, etc. It wag decided to try Marco Resin which
had a Young's modulus of elasticity of 1.93 xlOll dyn/’
cm2 compared to 7 x 1011 for alumiﬁium. This poly-
ester resin ecould be easily moulded when cold and when
polymerised was machined into eylinders of % in. dia-
meter. Strain gauges were attached by means of Aral-
dite cement and the system tested in the compression
apparatus. Since the dismeter of the c¢ylinder had
been reduced from % in. to % in, and the Young's modulus
reduced by a factor of 2/7, the resistance changes were
now about eight times their original value for a given
gtress increment and were thus fairly easily measurable.
A complication arose since it was found that the defor-
mation of the resin was not purely elastic. At any
streses, apart from the immediate elastic deformation;
there was a slow plastic creep which appeared to relax

slowly on removal of the stress.

There were further difficulties with this apparatus.
Since the pressure produced by turning the lead screw of
the vice was transmitted directly to the crystal and for
any given instantaneous pressure above the yield point

of the ecrystal, plastic flow took place, the value of
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the siress on the crystal was reduced. Thus defor-
mation was not taking place at constant stress and

the value of the stress recorded was to some extent
meaningless. It was considered desirable to con-
struct an apparatus capable of use at high tempera-
tures: and although the strain gauges and the Marco

Resin remained useful to 200°C:they were elearly not

sultable at temperatures much above that.

4,4 THE THIRD STRESS APPARATUS

" For the reasons outlined above it was considered
fmperative to construct a third version of the stress
apparatus., The final form is shown in fig. 25 and
also on the left in fig. 26. A vice was again used
to provide the stress but in this case a powerful
spring was used "in series" with the jaws of the vice
80 that the stress was applied to the cerystal wia the
spring. Since for any given streses the actual yield
of the crystal was very small, the actual decrease of
stress due to the increase in length of the spring by
thig amount was also very small, and the apparatus was
almost a constant stress apparatus. The actual spring
used had a length of 4.25 cem in the unstrained state

and this was decrecased to 3.7 em under a load of 1ll.2



Figure 27 - The third stress apparatus.
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Kg. Wﬁen fully compressed the spring had a length
of 2.2 em and was thus capable of being loaded up

to 41.5 Kg. Further loading was of course possible
But the spring was then fully compressed and the
gtress tranemitted directly to the crystal.

The small Record wvice that had been used was

no longer, suitable owing to the iIncreased number of
components that had tp be placed between the jaws,
and & 'd & § machine table vwice was purchased. This
had jaws 3 in wide by 1 15/16 in. deep and could take
work 7% in. long. Howewver -a further complication
" arose because the moving jaw of the vice was not
rigidly guided so that it would move parallel to the
fixed Jaw. In order to emsure that the stress was
applied so as t0 be slways normal to the faces of

the crystal some form of guide had to be constructed.
This problem had not arisen with the previous appara-
tus because no spring was used between the jaws of
the Record vice whieh had been of the normal bench
type construction (with the moving jaw sliding in a
guide).

The f£inal form of the apparatus is shown in fig.

27. It consisted of two steel plates of ¢ in. thick-
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ness, triangular in shape and separated by three steel
rods at the apices of the triangles. Six nuts on the
rods enabled the separation of the plates to be adjus-
ted so that the upper plate could be aligned parallel
to the lgwemn A nassive steel cylinder was attached
to the upper plate, and a ¥ in. hole was reamed out
through the cylinder and the plate in a dfrection along
the axis of the cylinder and normal to the plate. A&
steel rod was tumed to a dismeter of % fn. so as to be
a smooth sliding £it through the cylinder. The elec=~
trode assembly consisted of a brass electrode screwed to
a sindanyc dise # in. thick (to provide both thermal
and electrical insulation) and the disc was in tum
screwed to the steel plunger previously described. A
steel plate turned to a diameter equal to that of the
spring was attached to the steel plunger and provided

8 bearing surface for the application of stress by the
spring:. .
The dexion framework that had been used. to support
the second stress apparatus was not completely satis-
factorye. It was found that any chance mechanicel |
vibration, | e.g. a Imoek, door slamming, etc. caused a

spurious mierophonic response in the electrometer valve
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eircuit. It was decided therefore to make the me-
chanical muntzing arrangement more rigid by attaching
the vice to the wall of the room. A piece of timber
I in. thick was attached by Rawlplugs to the brick wall
of the room and & sheet of aluminium was placed over
the surface of the board, and the vice screwed down on
top of this, A heating coil similar to that described
for the second stress apparatus was used but it was de-
cided to replace the glass former by one turned out of
gurmetal since temperatures near to the softening point
of glass were to be used. The heating coil was attached
to an aluminium strip which was in turn connected to a
clamp running on a steel rod mounted in a vertical plane
to the left of the stress apparatus. The heating coil
eould therefore be easily adjusted to any convenient
position. The leads to the coil were conmected to & two-
pole two-way ta_mb&er switch mounted at the base of the
apparatus. This enabled the winding of the coil to
be connected to earth or to the supply from the regawvolt.
The former position was used when electrical measurements
were actually being taken.

In order to measure the temperature of the crystal

a copper-congtantin thermojunetion was used as previously



13.

deseribed for the second stress apparatus, and was

inserted in a small hole drilled in the side of the
upper brase electrode so as to be as near as possible
to the erystal. The thermoecouple wires were brought
out to a second two-pole two-way tumbler'switch mounted
at the base of the apparatus. This switeh enabled
the leads to be eonnected either to the potentiometer
measuring eircuit or to the upper electrode when elec-
trical measuremehts were actually being taken - the
cirouit fs shown in Pig. 24. The precaution was not
as important in this case but some electrical pick up
did occur on the highest sensitivity ranges of the d.c.
ampiiﬂier. In operation the apparatus was covered by
a box of sheet aluminium in order to reduce electrical
plek up from extermal sources. The screem is shown
in the lower left hand corner of fig. 26.  The vice
and the whole of the screening were connected to an
earth formed by a copper plate in the ground outside
the: room. _

While the potential to be applied to the crystal
was conneeted via the switching eircuit to the upper
brass electrode, the lower brass electrode was connec-

ted to the grid of the electrometer valve. A plat-
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form was attache&.to the wall so that the head unit

of the d.c. amplifier could be placed close to the
stress apparatus. To do this a hole had to be cut
in the side of the aluminiumxscreening box and the
insulated connectiaa to the grid of the: electrometer
valve projeected through this hole. The lower

brass electrode was supported on & disc of fused
quartz 1 in. in diem. and 6.5 mm thick. The resis-
tance of the quartz at room temperature was greater
than lolsgehm em go that it provided adequate elec-
trical insulation. It was also fairly strong me-
chanically and no fractures were experienced although
stresses up to 100 K’g/cm2 on the crystal were applied.

The calibration of the‘sprﬂng has already been |

described. When Inserting a erystal specimen between
the electrodes it was found necessary to give a few
half turns to the lead screw of the wice to hold the
specimen in position. It was: then possible to apply
about 18 half tums of the screw before the spring be-
came fully compressed. A half tum of the screw was
adopted as the unit of incremental increase of stress
and was found by calibration to correspond to a stress

inerement of 2.15 Kg. The initial load applied to



hold the erystal in place was therefore 2.15 Kg and
then 18 half tums of the lead screw brought the
total load to 41.5 Kg.
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5. THE INVESTIGATION OF THE PROPERTIES OF SODIUM

CHLORIDE CRYSTALS CONTAINING MANGANESE

5.1 INTRODUCTION

Experiments were earried out at King's College,
Newcastle under the directiom of Dr. E.E. Schneider
on the measurement of the parsmagnetic resonance ab-
sorption spectrum of sodium chloride crystals con- .
taining manganese. At the same time in Durham the
conductivity and optical absorption of these crystals
were studied. The: author was responsible for the
growth of the sodium chloride crystals containing
manganese, for the analysis of their manganese con-
tent and its distribution, and for the measurements
of their ionic comductivity.

ItAﬁae,hoped to use the paramagnetic resonance
absorption of manganese to investigate the erystalline
field in the meighbourhood of the manganese iom when
it is added to ionic erystals as an impurity, and thus
glve direct information about the nature of the imper-
fections 1n the crystal. It was also proposed to
uge the measurements of conductivity and optical ab-

sorption on specimens taken from the same crystal to
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give additional evidence of the intermal structure of

the specimens.

5.2 GROWTH OF CRYSTALS

Crystals were grown from Analar sodium ehloride
~with the addition of various amounts of Analar mangan-
ese chloride (MnClZ) as already described in sec. 2.6.
The percentage of manganese present in the melt was
found to be of the order of twenty times that present
in‘the resulting crystal drawn from the melt. However
it was found that; the manganese present in the melt de-
cdmposed‘ with time with the formation of black manganese
dioxide. This precipitate adhered to the sides of the
beaker and also gathered in a layer at the bottom of
the beaker. From any one melt, therefore, it was found
that the percentage of manganese present In successively
drawn crystals fell steadily owing to this decomposition
of the manganese im the melt. A series of crystals were
grown having msnganese contents up to & mole ratio .Mn/
NaCl of approx. 3 X 1072, Those having a mole ratio
much sbove 1 x 10”3 were found to be cloudy and those at
a ratio of 3 x 10-3 almost opaque. The mangaenese was

clearly present as colloidel aggregates at these concen-
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trations and not present only at the ionic lattice

gites. The crystal with the greatest concentration
of manganese used in these experiments was one with a
mole ratio Mn/NaCl of 1.1 x 10”3,

The distribution of manganese in the érystal was
also determined and the results are shown in fig. 28,
Five sglices were eleave&.at,differeni levels in the
single crystal and the manganese content analysed for
each slice. The graph shows that the manganese con-
tent increases with distance from the seed in & mammer
comparable with the results found by Kelting and Witt
(1949) for the distribution of calecium in sodium
chloride.

The technique was developed for the determination
of the amount of manganese present in erystals of sodium
chloride. The method used was one given originélly by
Willerd and Greathouse (1917), and consisted essentially
in the conﬁension of all manganese to permanganate and
estimation by colourimetric means.

A séméleaweighing approx. 1 g of sodium chloride
econtaining manganese was bolled with 5 ml of concentra-
ted sulphuric acid in a fume cupboard until all the

chloride had been driven off as hydrogen chloride. 1 ml
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of’ coneentrated phosphoric acid was then added and the
solution diluted to 10 ml with distilled water. While
warm 0.2 g of potassium periodate was added and the
solution was allowed to stand. The pink colour of
the permanganate gradually appeared on standing and
when cool the solution was made up to. 25 ml in a gradu-
ated flask, The amount of mangesnese present was
determined by measuring the: absorption of this final
solution at a wavelength of 5250 2 in a Unicam SP 600
spectrophotometer which read the optical density di-
rectly. A preliminary calibration experiment was
first made - the optical densities of solutions of
potassium permanganste of known concentrations were
determined and a ecalibration graph was drawn relating

'cptieal density to manganese present inm mg per 25 ml
of solution. From this graph it was possible to
read off directly the number of mg of manganese
present in any solution. The method was found to be
gsengitive to 0.005 mg in 25 ml and since a 1 g sample
of sodium chloride was generally used it gave mangan-

ese present to 5 parts/million.

5.3 CONDUCTIVITY MEASUREMENTS

colloidal graphite electrodes were painted on to
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specimens cleaved from the various erystals grown.

The usual size of specimen for the conductivity
measurements was approx. 1.0 x: 1.0 x 0.5 cm. The
measurements were carried out in the original stress
apparatus with nickel electrodeé and the silica rod
system dismantled. A nominal load of 1 Kg was used
to keep the erystal in place. The: conduectivity was
measured over a range of temperatures from 80 - 250°C
usging both the impedance converter and the cathode
follower, the former at the low temperature end of

the range and the latter for the higher conductivities
at the high temperatures. A potential of 120 V was
applied to the crystal in all cases and readings were
taken also with the sign of the potential reversed.
The temperature of the fumace was maintained by the
electronic temperature controller already described
and was measured by a mercury-in-glass thermometer.

In taking measurements the current to the fumace
winding had to be switched off end the winding connec-
ted to earth. This was necessary otherwise the a.c.
pick-up became serious and masked the actual conduction
current. This difficulty was not serious as the fur-

nace temperature dropped only slowly with time and con-



Semple  Mole Ratie Ma/Nect x 16  U(ev)

A o) 0-98
8 382 _ 0-96
S ¢ 1096 0-92

Log o (o ' em’')

1 | 7

W

27 26 2-5 24 23 2-2 21
: lO/r (T in °R)

Figure 29 - Variation of conductivity with temverature for
crystals of sodium chloride containing manganese.




-8
Mole Ratio Ma/NaCl = 1096 wio®

A Quenched 360°% b et A
8 Annesled 360°C 12hes. 8
€  Ranceled 600°C 12 hes. 5

Lo’ o (ohm™ cm’)
5

-2 2 . .
27 26 25 ,o} 24 2-3 22
T (T ian ®A)

Pigure 30 -~ Variation of conductivity with temmerature for

cuenched and annealed NaCl/iln crystals.

21



81.

duetivity readings ceould be taken in less time than the
fumace: took to drop 1%¢ in temperature.

The initial conductivity immediately after applying
the potential, and the terminal conductivity were ob-
tained in each case. Fig. 29 shows the log of the
initial conductivity plotted against the reciprocal of
the temperature for the range 80 - 230°C for three speci-
mens containing 0, 382 and 1096 x 10~° mole ratio Mn/NaCl.
The line ¢ has been raised slightly to give clarity.

 The specific conductivities of the three specimens 4,

11 10 10

B and C were 6.57 x 10—, 1.21 x 10" ~° and 1.25 x 10~

onn~Lem™T at. 127°C. The sctivation energies calculated
from the slopes of the curves were 0.98, 0.96 and 0,92
eV respectively. Fig. 30 shows the log of the initial
conductivity plotted against temperature in the same way
for two gpecimens, the line A refers to a specimen that
had been quenched, line B (which has been raised for
clarity) is the same specimen tested after annealing at
360°C for 12 hours.  Pinally the curve C is a differ-
ent. 'specimen from the same erystal which has therefore

only been cooled from 600°¢ at.theanaté of one degree

per minute. The activation energies obtained from

thege three lines were 1.01, 0.98 and 0.92 eV, and the
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specific conductivities at a temperature of 127°C were

l - -
ohm lcm 1 respectively.

13.6, 9.4 and 12.5 x 10°%
These figures show that the specific conductivity at
127°C‘slightly increases on quenching and falls on
annealing the quenched specimen. The activation
energy is élso greater in the quenched than in either
the normally armmealed specimen or the guenched and
annealed specimen. Experiments on a second crystal
containing 382 x 10~% mole ratio Mn/NaCl, showed that
on ennealing erystals containinmg manganese at 600°¢
the manganese tended to come out of the crystal and
form a layer (possibly of manganese dioxide) on the
surface. This had a much hdghér conductivity and
unless this surface layer was cleaved off the measured
conductivity was too high. This phenonenon was detec-
ted for the first time with this erystal.

Quenching was carried out by heating the specimen
in a fumace to a temperature of 300 = 360003 and then
removing it from the furnace and allowing it to cool to
roomltempérature in the air supporting it by some insu-
lator such as an asbestos mgt.v Since the specimens
were quite small the cooling tock place in a few

minutes and the specimen often eracked owing to the
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thermal strains set up.: However it was possible to
obtain some specimens which were free from eracks angd

suitable for further conduetivity measurements.

5.4 DISCUSSION OF THE CONDUCTIVITY RESULTS

& complete discussion of the results of the pro-
gramme of work carried out both at Dﬁrham and Newcastle
on sodium chloride crystals containing mangsnese is
given in the paper by Schneider amd Caffyn (1955). The
main conelusions directly applicable to the conductivity
measurements are given below..

Two models were proposed to describe the distri-
bution of the mangenese in the quenched and slowly
'eooled state of the sodium chleride crystal. In the
first case (model A) the manganese in the crystal that
has been slowly cooled has formed aggregates or clusters
together with some of the associated pasitive ion
vacancies. The manganese in these clusters is still
held in s0lid solution but in a much higher concentra-
tion of manganess. On heating the specimen to 30000
the clusters would be broken up by thermal activation
and on quenching a more uniform distribution of the

mangenese would be frozen in. The positive ion
vacancies would probably be similarly distributed around
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the'mamganese ions, although if tﬁia‘were so the quen-
ehing process should not lead to an inereased conduc-

tivity. On: ihe other hand if more positive ions are
trapped at the manganese clusters in the slowly cooled
erystal then heating would free them, and this would
account for the increased conductivity.  The results
show that the aetivation energy is greater in the
qgenche& than in the unquenched erystals. The reverse
would in fact be expected if the manganese and the
positive ion vacancies were tied up in the cluster in
the slowly cooled crystal.

Alternatively the manganese in the slowly cooled
specimen can be considered as deposited close to or
at intermal boundaries (model B). The gquenched state
would be the same as for model A if the manganese ions
were completely removed from the internal boundaries
by heating. The higher activation energy in the
quenched state couid be explained by éhis model 1if the
mangenese ions which are distributed throughout the
crystal were associated with positive ion wvacancies
freed from the intemmal boundaries by heating.

The Increased conductivity with increased manganese

impurity 1s explained by model B as due to the increased
number of positive fon wvacancies which, though associated



with a manganese ion at an Internal boundary, may be
freed to take part in the conduction. FEtzel and
Maurer (1950) have observed an increased conductivity
on quenching sodium chloride crystels containing cad-
mium impurity and this could be explained in a similar
way . cunnell and Schneider (1954) have carried out
experiments on the ionie conductivity of pure and

mixed alkall halide erystals which Indicated an aggre-
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gation of positive Ion wacancies at internal boundaries.

6.. PRELIMINARY WORK ON THE MECHANICAL DEFORMATION
OF SODIUM CHLORIDE CRYSTALS
6.1 USING THE FIRST STRESS APPARATUS

ﬁtempt.sv were made to detect any conductivity
change taking place on plastic deformation of sodium
chloride crystals using the first stress apparatus.
The erystal was In the form of a cube of side approx.
1 omn and was cleaved from single erystals of sodium
chloride grown at Durham. Both graphite and alumin-
fun. electrodes were used. The upper surface of the
erystal was connected to the grid of the electrometer
valve in the head unit and a potential of 120 V¥ was
applied to the lower electrode of the crystal.

The general experimental procedure was to insert
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the crystal between the nickel disce and to hold it

in place by a load of 1 Kg on the hanging systenm,

the siliea rod arrangement to measure strain not
beling used. The temperature in the furmace was
then brought up to the required value for the exper-
iment using the t.emperafsure; controller previously
described. Most of the experiments were carried
out at approx. II.AO()0 C since this was the lowest tem-
perature at which it could be certain that water was
not present on the surfaces of the crystal, causing

a spuriously high surface conductivity to be measured.
The potential was applied to the crystal and the eon-
ductivity measured by visual observation of the de-
flection of the spot on the secreen of the cathode ray
agcilloscope, using an appropriate wvalue of grid leak
resistance for the: electrometer valve and also adjust-
ing the gain of the d.c. amplifier in the oseilloscope.
During the actual measurement. of conductivity the fur-
nace wag switched off and the heater winding earthed.
When: the conductivity had been determined the sensi-~
tivities of the electrometer wvalve circuit and d.c.
amplifier were adjusted until the conductivity was

represented by a small deflection from zexo on the



cathode ray tube. Under these conditions any large
ixmc;re;ases of econductivity should have been clearly
visible. Weights were now added to the 1 kg al-
ready on the hanging system and the new stress was
then applied gradually by means of the rising table.
A8 the conduetivity measurements could not be made
while the new load was being applied there was some
delay before any conductivity change could be detected
after the application of stress. There was a further
difficulty with the apparatus - the hanging system
tended to sway somewhat when released from the
rising table. This oscillation gltered the capaci-
tance of the grid circuit of the electrometer valve
and was represented as an alternating signal on the
screen of the C.R.0. It was necessary to steady the
hanging parts and this further inereased the time delay
before being able to detect amy conductivity change.
Experimente as described were repeated on warious
gpamples of sodium chloride grown at Durham and stresses
up to about 25 Kg/cm2 were used. Even when using
stress increments as high as 10 Kg/‘em.2 no significant
conductivity change could be detiected in any of the
specimens. It was conocluded that if any conductivity
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¢henge were taking place it was doing so in a time
gnaller than the time required for the measurement of
conductivity after the application of siress. It was
decided therefdre to proceed with an.épparatus capable
of recording comductivity ehange within the shortest

possible time of the application of stress to the crystal,

6.2 USING THE SECOND STRESS APPARATUS

A series of experiments were carried out on Durham
sodium chloride erystals using the second stress appara-
tus. Visual observations were not relied upon but
instead the trace om the screemn of the cathode ray tube
was photographed. For this reason the oseilloscope
was adjusted to operate on single sweep with a transit
time across the. sereen of 1 sec.

The experimental procedure was as follows. The
erystal was usually about: 1.0 x 1.0 x 0.5 em in size
and opposite faces were roughened with emery paper and
. coated with coloidal graphite. The crystal was placed
between the metal eleetrodes and the screw of the wice
tightened sufficiently to keep it in place. The heat-
ing coil was then switched on and the temperature of

the crystal allowed to rise to over 100°¢. The temper-

ature was then allowed to f£fall to near room temperature
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Figure 31 - Film taken on Durham sodium chloride.
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(actually abbut;BOQC) and measurements taken. In
the first series of experiments no attempt was made
to take the measurements at any precise value of
temperature but only over a broad range around 30°c.
Provided that the measurements were taken not too
long after the temperature had fallen to this walue
no trouble was experienced from the deposition of
water on the ecrystal surface, although ultimately
this took place, giving riselto-a high surface con-
ductivity. A conductivity measurement consisted of
the operations of opening the shutter of the camera,
applying the potential to the erystal (this switch
also started the sweep of the spot across the screen),
applying stress to the crystal by giving the screw
of the vice a given rotation, elosing the camera
shutter and then disconnecting the potential from the
ciystal (elso at. the same time re-setting the time
base).

A serieeroﬂ'typical exposures taken in this way

is‘shdwn in fig. 3%1. It.should,befnoted‘that the

- first of the exposures was taken without the applica-
tion of stress to the erystal. The curve shows the

distinetion between the initial and the permanent con-
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duetivity. On application of the potential the spot
deflects instantaneously to a value (upwards in the
figure) which represents the initial conductivity of
the erystal. Thé:current through the crystal then
decays and the trace on the screen is seen to be
approaching a final steady value - the permanent con-
duetivity. On the photographs taken, since the sweep
time was only 1 see. this final conductivity value was
never reached tmt it was quite easy to determine by
visual observation of the spot on the screen after a
sufficiently long time, say one minute, had elapsed
after the application of potential to the crystal.

The polarisation phenomena was also found on removing
the potential from. the erystal. The spot then de-
flected to a point above the zero trace line and slowly
&gcayed with time to the zero position.

Thie third of the photégraphs shown in fig. 31 was
taken using the same specimen as for the first photo-
graph under identical conditions except that this time
e stress was applied to the crystal. The: actual
time of application of stress was not accurately known
but it was presumably applied at the time when the elec~
trical effect (i.e. the deflections of the spot. on the

gcreen) first appeared. Visual obgervations confirmed



thig to be g0 as far as éould'be judged by eye. As
will be seen from the figure there was an irregular
deflection 6f the spot. Thiie ecould have been due
to an increase in the conductivity of the erystal but
it will be seen that at times the deflection of the.
spot was below the zero trace line. It was im-
possible to account for the whole of the deflection
by a conduetivity increase since a deflection below
the zero line ecould only be attributed to a negative
econductivity. It was thought that the effect might
be due in part to a plezoelectilc potential appearing
at the surface of the quartz insulator under pressure
and an experiment was carried out to test this hypo;
thesisQ

A plece of metal foil ﬁas-attached to the grid
of the electrometer valve and was placed between two
quartz discs held between the jaws of the vice. The
gcrew of the vice was rotated and an attempt was made
to0 record any @i sturbance appeéming at the grid of
the eleetromefer valve while stress was being applied.
Fo: such potential could be detected and it was econclu-
ded that the previous potential effect originated
within the sodium chloride erystal itself,

There was a very convenient method avellable for
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distinguishing between a deflection due to a éonduc-
tivity change and one due to the appearance of a
potential at the surface of the crystal. If an ex=-
periment was carried out without the application 6£ a
potential to the erystal them any deflections must be
due to the development of a potential at the crystal
surface and changes in conductivity would not be in-
diecated. The: experimental procedure was adopted
therefore of taking a series of photographs with a po-
tential applied to the erystal only on successive ex-
pasures, By comparison of a palr of photographs,
one with and ome without. the application of a high
potential, it was possible to distinguish potential
effects (common to both photographs) amd changes in
conduetivity (only apparent on the photograph where a
. potential had been applied to the crystal).

.In order to test whether the potential effect
was due in some way to the graphite electrodes the
experiment was repeated with Melton liquid silver
electrodes, The erystal surfaces were roughened,
the‘silverrpaint wase applied and the crystal was
neated in a fumace at 600°¢C. Precisely similar
effects were observed as for erystals having graphite

electrodes.

92.
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So far-in.ail.experiments:on the potential effect,-
stress had_been=applied to the crystal normal to the
electrode coatings on the crystal surface. An ex-
periment was devised therefore to see if there was any
change in the potential effect when there was no direct
gtress on the electrodes of the erystal. Liquid
slilver electrodes were applied to a crystal and when
the eleectrodes had bBeen formed by firing, thin copper
wires were soldered to these electrodes. Im painting
on the electrodes care was taken to see that the edges
of the silvered surface did not reach quite up to the
edge of the crystal face. The crystai was then
placed in the stress apparatus with the plane of the
electrodes in the direction of the line of application
of stress. The two aluminium eylinders of the stress
apparatus were thus in eontact with two unsilvered
surfaces of the erystal. The two electrodes on the
erystal were then connected by means of the attached
copper wires, one to the grid of the electrometer
valve and the other to the potential switching circuit.
Stresses were then applied to the crystal and poten-
tial effects were found, thus showing that the potenQ
tial effect did not depend on the direct application

of stress through the electrodes: of the crystal.



Figure %2 - Film taken on Harshaw sodium chloride.
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In all the experiments described above the
material used was sodium chloride grown as single
crystals from the melt at Durham. By a comparison
of;photographs'taken on a number of erystals using
successive stress Inmcrements and altemate applica-
tion of a potential it was found that most of the
effects could be aﬁeribed to the development of a
potential, and that there was no evidence to confimm
the change of conductivity found in sodium chloride
by previous workers. This was somewhat surprising
end it was decided to carry out experiments on single
¢rystals of sodium chloride from other sources. A
gingle erystal of sodium ehloride grown by the Harshaw
Chemical Co. of smerica became available at this time
and some preliminary experiments were made using this
material.

Experiments were performéd in a similar way to
those on Durham sodium chloride. Pig. 32 shows a
typical experimental record using a Harshaw crystal.
The: specimen was maintained at a temperature of 140°¢c
and the cathode follower head unit was used with an
fnput resistence of 10° ohms. The first and third
exposures on the film were taken with the application

of a potential to the crystal, and the second and fourth
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without the application of potential. All four
exposures were taken with as far as possible equal
increasing increments of stress. It was not easy
to judge this with the existing apparétus, such equal
stress increments being a matter of judgment of the
degree of reslistance encountered in rotating the screw
of the vice. However a number of f£films of this type
were taken and it was always possibile to detect
differences between those exposures where a potential
had been applied to the crystal and those without.

In all cases there was clear evidence of a conduc-
tivity. change (the upward deflection of the spot was
in the correct sense for a conductivity increase).
The fourth exposure In fig. 32 shows the appearance
of a potential effect though slight in magnitude in
this case. The actual walue of the eonductivity of
the crystal ean be seen on the first and third photo-
graphS'as the difference between the zero level trace
(as indicated by the dsrk spot at the left before the
sweep across the screen was started) and the actual
trace before the conductivity increase on deformation
appeared.

Experiments were also performed on Harshaw crys-



Figure 3% - Film taken on Harshaw sodium chloride.



tals using the electrometer valve and amplifier,'and
consequently with a much larger wvalue of the input re-
sigtance, Fig. 33 is an experimental record with a
grid lead of 10lo ohms and the crystal at a tempera-
ture of 85°Cs There are six exposures on the £ilm,
nunbers one, three and five were taken with a potential
applied to the crystal and the others without. The
first two exposures have been taken without the appli-
cation of stress to the crystal but the remaining four
exposures were taken with approximately equal inere-
ments of stress. The large conductivity increase
can be seen in the third and £ifth exposures. The
maximum value of_the increase is off seale but an es-
timate of its magnitude shows that there is about a
fiftyfold increase in conductiwvity. On the fourth
and sixth exposures on the film the effect ascribed to
the development of a potential can be clearly seen. It
is at times above and below the gero trace line, during
the application of’stfess, thus indieating a cechange in
gign of the potential during a stress application.
Liquid silver electrodes were formed on the sides
of a Harshaw erystal and stress was applied to two other

opposite faces of the crystal. The resulting experi-

mental record differed very little from those obtained
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with stress applied normal to the electrodes on the
erystal. The conductivity increase was quite defin-
ite and there was also clear evidence of a potential
effect.

At this stage experiments with the second stress
apparatus were abandoned since it was decided that a
more refined apparatus waa'neéessary to investigate
more precisely the phenomena that had been discovered.
with the existing'apparétusrit was clear that for any
glven stress above: the yield point of the crystal
plastic flow would take place and the wvalue of the
effective applied stress would be reduced. In order
to remove the ambiguity over the nature of the stress
applied and in order to measure its value a third
gtress apparatus was constructed as desoribed in sec.
4.4, With this apparatus it was possible to apply
congtant stresses to the crystal and it also enabled
measurements to be taken over a wider range of temper-
ature than had been possible before.

It will be convenient to describe the remainder
of the wbrk carried out under two headings. In
chapter 7 the experiments dealing with the conductiv-~
ity increase and in chapter 8 those dealing with the

potential effect will be given. The experiments were



not in fact carried out in that order, indeed many ex-

periments could give facts about the twd.phenomena at

the same: time,
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7. THE INCREASE IN CONDUCTIVITY OF SINGLE CRYSTALS OF

THE ALKALI HALIDES UPON MECHANICAL DEFORMATION

7.1 EXPERIMENTAL ARRANGEMENT

The: size of erystal used was generally about
l.1 x 1.1 x 0.5 cm and opposite faces were roughened
with emery paper and painted with colloidal graphite
as previously described. The crystal under test
was placed between the lbwer brass electrode and the
upper brass plunger of the stress apparatus. It was
later found advantageous to place discs of cardboard
between the crystal and the brass cylinders as this
reduced the magnitude of the potential effeect. This
will be described later in chapter 8. In order to
make electrical contact the graphite electrodes on the
crystal were connected to the brass cylinders by thin
strips of aluminium foil. The stress was applied to
the crystal through the helical steel spring which was
fully compressed by & forece of 41.5 Kg. It required
19 half-tums of the lead screw of the vice before the
gpring was under full compressiom and therefore each
half-turn corresponded to & force increment of 2.15 Kg,
or a stress increment of about 2 Kg/cm2 on & normal

specimen. ~ Stress could still be applied to the
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crystal once the spring had been fully compressed.
However the actual walue of the gtress could only be
very roughly guessed and'the'loading-was subject to
the same limitations as with the second stress appara-
tus,, f.e. it was not taking place at constant stress.
The experiments were carried out at various tem-
penatuzes:énﬂ'therpmocedure of bringing the crystal
up to the correet temperature was rather tedious.
The heater was switched on until the crystal had reached
the: required temperature as indicated by the thermo-
junction. At this point the heater was switched off
and the furnace allowed to cool to the correct tempera-
ture (because of the thermal lag the temperature had
risen slightly above the required value). If the
furnace was now switched on there was found to be
another thermal lag during which the temperature re-
mained steady (or even tended to f£all) and immediately
1t sterted to rise the heater was switched off.
Measurements were then taken and eould usually be com-
pleted during the period of some twenty secondsduring

which time the temperature of the crystal was steady to

within 29C of the required value. At high temperatures

this procedure was not easy to ecarry out and conductivity
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measurémentszhad to be effected with some speed if
there was not to be a considersble fall of tempera-
ture im the meantime.

It was usual to take & series of photographs on
any one crystal with stress increments from the mini-
mm to 40 Kg/em® in half-tums of the screw of the vice,
Altemate exposures were made with and without a poten-
tial applied to the crystal. In order to make
possible photography of the trace aver a longer time
the single sweep time base of the cathode ray oscillo-
scope was lengthened to 3 sec by the addition of extra
extemal condensers to the time base circuit. This
procedure also had the advantage that it was not
necessary to hasten unduly the appliceation of stress
to the crystal after the sweep of the time base had been
started. This had In fact bieen rather inconvenient
when the time base had been 1 sec or shorter.

The: conductivity (both initial and permanent) of
the specimen was f£irst measured and the sensitivity of
the: amplifier ete. adjusted until the conductivity was
shown as a deflection of a few mm on the screen when a
potential of 120 V wae applied to the crystal. This
practice was adopted so that large increases in conduc-

tivity under stress were gtill shown on the screen and
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did not go off seale.

K typical £ilm record is shown in fig. 34 and was
taken with a crystal of Harshaw potassium chloride at
a temperature of 13200, The: £irst exposure shows only
the Ionic conductivity of the crystal in the absence of
any applied strese and with a potential of 120 V applied.
Stree increments were then applied to the erystal so
that the total.atreés on the crystal was continually
.increased. Exposures two to seven shows the increased
conductivity on applieation of stress to the crystal,
each stress increment applied during the sweep being
about. 2 Kg/cmg. No potential was applied to the crys-
tal for exposure number eight though the application of
stress increments was still eontinued. Thereafter the
exposures were taken alternately with and without the
application of a potentisl to the crystal. The last
exposure was taken with the spring at its limit of
compression and the stress increment here was rather
larger than normal. It will be seen that the poten-
tial developed was somewhat larger than the previous
values. The inerease of conductivity of the crystal
ghownr in fig. %4 was not large being only some 5 - 10

times the value of the permanent conductivity for a

gtress increment of about 2 Kg/cm 2¢ Tt was usual to
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continue the application of stress to the crystals
beyond the limit of compression of the spring. The
stress increments were applied as & given small ro-
tation of the: screw of the viece and were roughly
equal in magnitude althoughf{iein'actual value was not
kmown, This was particularly necessary with some
erystals where, ab will be seen later, a conductivity
increage did not appear at stresses below the 1imit

of compression of the spring.

7.2 CONDUCTIVITY MEASUREMENTS -

It was decided to make measurements of the conduc-
tivity (both initial and permsnent) of all the crystals
that were examined for conductivity changés under me-
chanical deformation. This was usually performed on
a separate sample of a given erystal and was carried
out at points over a range of temperature,

Tﬁe erystal specimen (of similar slze to those used
for conductivity change measurements) with graphite
electrodes applied was placed in the stress apparatus
with only a small applied stress to hold it in place.
The conductivity was determined at a series of temper-
atures'éver the range 100 - 3200C and in each case a

graph waes drawn of log conductivity against 105/T, where
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I' was the temperature in degrees absolute. This
graph was a straight line in all cases. A& potential
of 120 V was applied to the crystals in the conduc-
tivity determination, and an appropriate sensitivity
range of the amplifier and suitable value of the input
resistance of the electrometer wvalve were used. The
observations were carried out visually and since there
wag a transparent ruled scale across the face of the
cathode ray tube screen it was possible to note
accurately the deflection of the spot on the applica-
tion of the potential. Initial conductivity was
obtained from the immediate deflection of the spot and
the permanent e&n&uctivity was obtained from the de-
fleetion after allowing a period of apout one minute
to elapse after the application of potential.

From the log conductivity asgainst 103T graphs it
was possible to obtain the activation energy from the
slope. The cénductivity may be represented by the
equation '

o =A eip(-E/kﬂ),

where o 1is the conduetivity, A is a constant, T is
the absolute temperature, k is Boltzmann's constant

and E is the sctivation energy. The equation gives

log, & - loge & = -E/10%k . 103/t



Specific eonduc-~ | Aetivation e
tivity atllo/T = in eV.
2.3, Ohm ~em .

Samples of NaCl.

-13

Harshaw 2.46 x 10 l.12
Taylor, Taylor & Hobson 1.91 x 10~12 1.10
Aberdeen | 5.65 x 10”0 0.96
Durhan T 2,38 x 10710 1.06
Hilger | 4.94 x 10”2 0.96
Korth 1.43 x 1012 1.08
Samples of KCl

Harshaw 4.1% x 10”14 ' 0.88
Durham 6.56 x 10”12 0.90
Hilger 3,01 x 10" 1> 0.96
Hilger (with P-centres) 1l.51 x 10":Ll 0.62
KBr - Hilger 4.69 x 10”12 0.79
NaI - Hilger 1.81 x 10719 0.43
KI - Harshasw 2,18 x 10”12 0.82

Table 1 - Conductivities and activation energies of alkali

halide erystals.



Crystal

RC1

Durham
Hilger

Hilger (coloured)

Harshaw

Harshaw KI

Hilgexr KBy

Hilgexr Nal

NaCl

Abcerdeen

Durham
Harshaw
Hilgex
Korth

Taylor Hobson

Comductivity increase Speeific conduetivit:
(tines) before afte:

for a gstress ingre- deformation
ment of 2 Kg/em®,

6.2 1.1 2 107 6.8 x 10°%
88 2.5 x 10712 2.2 x 10
2.0 2.4 x 10°* 4.8 x 10~
12 5.9 x 102 7.4 x 1071
7.5 3.2 x 10°%4 2.4 x 107

only found at high stresses,

only found at high stresses.

Etchpits per-cmzo

None 5 xlC)';B
None 4 x lO3
only found at high stresses. 30 x 103
Rone: 3 x;lo3
None 3 x 103
None 13 x Io3

Table 2 - The conductivity increase for various samples of

alkeli halides.



and hence the slope of the graph should be
-E/10°k

with an appropriate eorrection since a graph of 1oglo d
was In faet plotted. The value of k ean easily be
eonverted to.give.E‘in ev. |

Conduetivity determination were carried out on a
wide range of samples of alkali halides and the results
of the conductivity measurements (ineluding activation

enmergies) are given in table 1.

T.> THE CONDUCTIVITY INCREASE

A large number of samples of alkali halides were
obtained from wvarious sources and experiments were
carried out to £ind if they showed an inecrease in the
conductivity on mechanical deformation. The follow-
ing crystals were .examined: from Messrs. Hilger Ltd,
KCl, NaCl, KBr, Nal, and KCl which had been coloured
by the presence of F-centres introduced by'heating with
excess of the alkali metal; from the Harshaw Chemicsal
Co., NaCl, KCl and KI; from Aberdeen Uniwersity, NaCl;
from Dr. Korth of Kiel, NaCl; from Messers. Taylor,
Taylor and Hebson, NaCl; NaCl and KCl grown at Durham.

The resulte of the measurements earried out on the
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above crystals are summarised in table 2. It.will_be_



noticed that all the samples of potassfum chloride

examined showed elear evidence of a conductivity
change for' stresses above the: yield point. Of the
crystale examined Harshaw and Hilger potassium
chlorj.’.d‘e showed this conductivity change to a stri-
king degree, chenges in comduetivity of a hundredfold
being easily obtainable.

The: sample of Harshaw potassium ifodide also
ghowed the conductivity change quite clearly at low
gtresses but with the samples of Hilger potassium
bromide: and sodium iodide the position was not quite
s0 clear. It was found with this crystal that the
eonduetivity change could mot be detected with the
stress increments of 2 Kg/i'.ml2 appliied up to the limit
of about: 40 Kg/cmz. The yield stress for sodium
chloride is about 10 Kg/'em2 and was probably not wvery
different for . this erystal. If the crystal was
stressed above the limit of 40 Kg/’cm2 the eonduc-
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tivity change did appear although the stress increments

were larger than had been applied during the compre-
ssion of the spring in the siress apparatus. It
seems that the difference between the phenomena in
Hilger potaseium bromide and sodium fodlde and other

erystals is one of megnitude end the increased con-
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duetivity ean only be detected when a much greater
emount of plastic flow takes place in the crystal,

The: resulte: with samples of sodium chloride
were very surprising since only with one crystal
- could a econductivity increase be detected. This
occurred with Harshaw sodium chloride and then only
at stresses greater than the compression 1limit of
the spring. The crystal behaved in a very similar
way to,thezerystal of potassium bromide just described.
In all the other samples of sodium chloride no conduec-
tivity change ecould be observed. It was passible
with the electrical apparatus to record a change of
10% in the conductivity but no such fncrease was found.
When in fact increases of the order of 10,000% had heen
deteeted, this seemed to be a very reésonable limit of
gensitivity for the detection of the phenomensa. The
application of stress to the crystal was carried out
almost to the point of destruction. Many crystals
developed a large number of iInternal cracks and they
fell to a powder on removal from the apparatus. Con-
giderable plastic flow had taken place as the crystal
wds found to be grossly distorted in shape on being
removed and irregular markings found on the external

faces Indicated the extent of the: slip process. At
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these high stresses (greater than 40 Kg/emz) the
phenomenon of reerystallisation was also found (see
sec. 1.3) and the irregular orientation of the poly-
erystals could be seen by examining the surface of

a cleaved face by reflected light. It seems there-
forexﬁhat.the:non-detectionAof the phenomena of a
eonductivity ineréqaetunder mechanical deformation
for many sodium chloride ényswala can not be attri-
buted to the failure to apply sufficient stress or

to any lack of sensitivity of the electrical side of

the apparatus: used.

7.4 THE TEMPERATURE DEPENDENCE OF THE CONDUCTIVITY CHANGE

Tdeally it was desirable to take a specimen of a
given crystal, to place it In the stress apparatus and
to. determine the increase in its conductivity at
various temperatures for constant increments of applied
gtress. Thie experiment was not completely possible

aince there were only a small number of stress incre-
ments available in the range from zero stress to the
1imit of 40 Kg/cm® ang the whole of the temperature
renge desired could not be covered with one crystal

specimen. Aceordingly the experiments had to be

carried out;ﬁeing a number of specimens cleaved from



TEmpegature Conductivity in- Conductivity

in “C. crease as a %. increase common
o scale.
166 67 67
Crystal I
208 75 75
208 293 75
228 288 T4
290 45 12
321 38 10
Cry stal II 352 20 5
373 10 2.5
394 0 0
: » -
Crystal III 3 >000 ;
120 800 755
14% 240 226
166 71 67

# This value is very doubtful - the potential effect here
ig large and it is almost impossible to separate the
conductivity increase from it.

A1l the readings on any one crystal were taken with a

eonstant value of strese Increment.

Table 3 = The wvariation of conductivity increase with

temperature for Harshaw KCl crystals.
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the same crystal., This would have been a perfectly
satisfactory procedure if the results for different
specimens under identical conditions had been re-
producible. Although there was broad agreement in
theaeonductivitylincrease for specimens from the same
erystal, there could sometimes be a difference of as
much as 300% in the increase at any one températu:e.
The process.waS'thenefore adopted of averaging out
the results for a number of specimens. With any one
specimen, readings were taken at a limited number of
pointes over the temperature range from 100 - 40000.
This process was repeated with a number of specimens
from the same ecrystal and although there were differ-
ences in the Increases recorded at any one temperature,
the: general trend of the variation of the: conductivity
increase with temperature was substantially theeame in
all cases. Table 3 1llustrates this process for a
erystal of Harshaw potassium chloride.
Measurements were carried out on a erystal of
Harshaw potassium chloride since in this particular
crystal the value of the conductivity increase was large
for any glven stress and also because the magnitude of
the: potential effect was small. In actually carry-

ing out. the experiments alternate photographs were taken



600

400 \

‘a  Cenductivily.

%o Increase

200

o h‘fG*“-—4Q—_Jn

{-1e] 200 o 300 400
C
Figure 35 - Conductivity increase/tempnerature for Harshaw KCl.
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a8 desceribed with and withéut;potential applied, and
the conductivity change separated from the potential
effect . by a comparison of successive photographs.
The results of‘thé experiments are shown in fig. 35

where a graph of % conductivity increase against tem- -

perature in O¢ is plotted for the constant (2Kg/cm?)
stress Increment applied. The highest walue of the

econductivity inerease shown in the graeph is at a tem-
perature of 120°¢. Higher values of the increase
were recorded at lower temperatures but the measure-
ments at this end of the range were somewhat uncertain
since it was difficult to separate the contribution
from the potential effect whichAwas cpnsiderable here.
Also there were wide variations in the magnitude of

the increase from specimen to specimen so there was

Insufficient evidence to deduce the form of the graph

below a temperature of 120%¢.

7«5 PURTHER EXPERIMENTS

It was always found in examining the conductivity
increase that once an increased conductivity had been
obtained for a given value of stress, that if the stress
wés removed the conductivity increase could not be pro;

duced again on increasing the stress until the previous
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value of the stress had been exceeded. However it
should be noted here that there was found to be a
slight eonduetivity increase at stresses just below
the maximum walue of the stress previously applied -
this seems to agree with the f£indings of Gyulai and
Hartly (1928). Apart from this very slight effect
the conductivity increase does seem to be associated
with the plastic flow in the crystal since alkali
halide crystals are known to work harden after flowing
at any given stress (see Schmidt and Boas 1936). Thus
any stress below the new yleld stress would not give
rise_to plastic flow and there would be no appearance
of the conductivity echange. If however the crystal
were aﬁnealed it would be expected to revert to its
strain free state and the yield stress would fall to
the intrinsic minimum. In this condition low stresses
should cause plastic flow and give rise to a conduc-
tivity increase.

This experiment was peifommed with a crystal of Har-
ghaw potassium chloride. The crystal had graphite
electrodes applied and‘ite-eonduetivity was measured
at a temperature of 132013; The usual stress inerements
were applied and the average value of the conductivity

increase was determined. The crystal was then



Total apgli‘.ed gtress Conductivity inerease Conductivity in-
in Kg/en”. (arbitrary units) crease after
annealing at 60(

6 - 2.3
8 1.5 -
10 - 2.0
12 2.5 -
14 - 1.5
16 2.8 -
18 - 1.5
20 3.3 -
22 - 2.0
24 2.8 -
26 - 107
28 %3 -
30 - 200
32 2.7 -
34 - 200
%6 -
38 3.0

2

The stress increments were 2 Kg/ecm” and where a dash
igs shown: in the table the stress increment was applied
though a conductivity measurement was mot made. lMeasure-
ments were made at 132 C.

rable 4 - Effect of anmealing on the conduectiwvity increase
in a Harshaw KCl crystal.
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removed from the stress apparatus and was placed in

a furmace which was slowly taken up to a temperature
of 600°C and was maintained at this temperature for a
few hours. The furnace was then allowed to cool

down to room temperature over a period of 12.hours
andlthe graphite eleetrodes which had been oxidised
during the annealing were replaced. The crystal was
then replaced in the stress apparatus and the conduc-
tivity change was redetermined under identical condi-
tions to those before annealing. Although the
eryetal had been stressed to 34.Kg/em2 before anneal-
ing the eonductivity Increase now appeared at about 6
Kg/cmz. The actual value of the con&uctivity increase
for a given stress increment was found to be about the
seme as before. The sctual results of this experiment

are given in table 4.
It was confirmed with various crystals that the mag-

nitude of the conductivity increase was directly pro-
portional to the value of the stress increment applied.
The experiment was not easy to carry out with any degree
of thoroughness with the stiress apparatus availasble since
it was not possible to apply the stress increment in s
time smell compared to the rate of decay of the conduc-

tivity iIncrease. By applying different stress incre-



Harshaw potassium chloride at a temperature of 127005
The specimen had graphite clectrodes and cardboard discs

were used to eliminate any potential effect.

Stress Increment Conductivity increase
2 Kg/émz 20 times (average of oi:
readings)
) 12 9 (average of fo
readings)
0.5 ¥ 4 % (average of b
readings)

Table 5 - The variation of the conductivity

increase with the applied sitress

increment.
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Pigure 36 - The decay with time of the conductivity increase,
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ments expressed as fractional rotations of the screw
of the vice (&, %, # etc), and by noting the corres-
ponding conductivity increase for any one specimen
at a given temperature, it could be shown (over a
1imited renge of stress increments) that provided the
stregs increment was rapidly applied the conductivity
increase was directly proportional to the magnitude
of the stress increment. This is illustrated in
table 5.

From the photographSrof'tHe conductivity increase
on application of stress for various crystals an
analysiS'wanmade of the shape of the decay curve
of the conductivity. The films were measured up
by means of a travelling microscope and a set of
valuee of Q (the conductivity current) and t (the time)
were obtained (see the analysis of an exponential
curve given in sec. 3.6)e The quantities Q and t were
plotted‘on,logarithmic graph paper and f£ig. 36 shows
such graphs obtained from photographs of conductivity
deeay curves of & sample of Harshaw potassium chloride.
Tt will be meen that the points lie very approximately
on a stréight line, showing that the decay is nearly
exponential, especially for large values of t. The

time constant of decay T has been calculated from the
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formula of 3%,.6.

T = (t2 - tl)/(logeql - logeQz).
The average value of T for the three curves shown was
T = 1,1 seec, the temperature at whieh the conductivity
increases under stress were obtained being 13200;
Analysis of curves for crystals of Harshaw sodium
chloride and Harshaw potassium iodide gave walues of
T of 0.3 and 0.8 seconds respectively, the temperature
of the experiment being 109°C.  These values of T
gseem to be in very good agreement with the values
found by Gyulai and Boros (1940) eince they found
that the conductivity increases for potassium
chloride and potassium bromide dropped to half their
peak values after 0.2 - 0.3 sec. This would corres-
pond to a time constant of decay of about 0.3 - 0.4
sec assuming that the deeay curves were exponential.
Detalled measurements were not made on the other erys-
tale examined for the conductivity increase under
stress but a rough qualitative assessment of the
decay time eonstant was made by visual observation. of
the decay of the conductivity increase. The values
of T in all cases were estimated to be of the same

order of magnitude, i.e. in the range 0.3 - 1.1 seconds.
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7.6 ETCHPITS

Amerlinckx (1954) has reported that when fresh
cleavage faces of artiticially grown single crystals
of sodium chloride are etched in alcohol, well devel-
Oped etchpits are obtained in a reproducible way, and
results were obtained which led to the comclusion that
there was a one-to-one correspondence between etchpiits
and dislocations. The cleavage faces of well-
annealed specimens were found to consist of slightly
disorientated grains and after etching the boundaries
of these zones could be resolved into rows of well
definéd etchpits. That the substructure revealed in
this way was a genuine structure of. the material was
proved by the fact that both halves of a cleaved
specimen produced etch patterns which were mirror im-
ages.

In Amerlinckx's work two types of etchpits could
be distinguished:s (1) etchpits in low-angle grain
boundaries, (2) etchpits distributed apparently at
random and corresponding to a three dimensional net-
work of dislocations. The: observed density of etch-
pits belonging to the type (2) was of the order of
1047bm2. Taking into account the etchpits in grain

boundaries, the total density became of the order of
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los/amg. Experiments also showed that rows of etch-
pits could be seen associated with slip traces in
qrystals that had been plaétically deformed.

It was decided to attempt to take photographs
of the etehpits on surfaces of specimens of the warious
godium chloride crystals that had been used for experi-
ments on the conductivity increase, in order to obtain
some information on the: numbers of dislocations present
in these crystals. A mieroscope was available which
could be adapted to throw the image of the objeet on
to either a ground glass screen for visual observation
or a photographic plate for recording. The specimens
were cleaved from the crystals and were about 5x5x1
mn in size, It was found eonvenient to cement the
lower surface of the specimen to the glass slide by a
thin smear of rubbef golution. This held the speci-
men In place on the slide and the rubber solution was
sufficiently transparent not to interfere with the
transmission of light through the erystal. The upper
face of the specimen was always the freshly cleaved sur-
face and as soon as the specimen had been attached to the
glide it was etched by wiping lightly with a fine brush
dipped in absolute methyl alcohol. The surface of the

erystal was then dried rapidly in a stream of wam air
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from. a hair dryer. The stream of warm air was also
allowed to play over the specimen whilst on the stage
of the microscope. This prevented the deposition of
water on the surface during observation of the etch-
pits. The optimum time of etching appeared to vary
from specimen to specimen but in many cases it was
found preferable to make the-etnhing-timé as short as
possible. This amounted to one stroke of the brush
dipped In alcohol across the face of the crystal and
then immediate drying of the surface in the wamm air
stream.

Sub: stage illumination was provided by a 24 watt
bulb and it was found advantageous to stop down the
iris in the condenser in order to inerease the con-
trast in the f£inal image. A 10X objective was used and
this gave a'magnification of about 50 when the image
was focussed on the ground glass screen or photographic
plate (the camera was conveniently constructed so that
both the ground glass screen and the photographic plate
lay at the same distance from the objective and it was
eagy to switch the light beam from one to the other).
When the upper surface of the specimen was correctly

focussed very little could be seen on the screen, but

on slightly moving the image out of focus the etchpits
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showed clearly as light or dark eoloured dots (de-
pending on whether the objective was focussed slightly
above or below the surface of‘the crystal). All
photographs were in faet taken with the etchpits
showing as light colounéd spots. Cleavage steps
could also be seen on many specimens but these could
usually be easily distinguished from any lines due to
rows of etchpits, The cleavage steps usually ran in
; roughly parallel bands across the face, and the larger
| steps showed as a light and a dark band running side
by side on the photographic plate. The: photographs
were taken on Kodak B 20 high contrast process plates
and exposure times were about 20 sec with the intensity
of the sub-stage 1llumination reduced for photography
by a varisble resistance in series with the filament
of the lamp.

Positives of some of the photographs of the various
gpecimens of sodium chloride are shown in figs. 37 & 38.
In all cases the magnification was 50X. The first
photograph taken on Korth sodium chloride shows clear-
ly some examples of rows of etchpits forming low-
angle grain boundaries. The irregular veining of
the: grain boundaries can be easily distinguished from

some cleavage steps running as parallel lines across
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the: photograph., The: second photograph is also taken
on Korth sodfum chloride, but whereas the first photo-
| graph is typicel, thie photograph is remarkable for the
large number of rows of etchpits running fairly regu-
.larly across the surface of the specimen. It may be
that this: specimen was slightly strained and it so
happened that a large number of edge dislocations were
mmning in the plane of the surface. Fig. 37(c) 1is a
photograph taken on the same crystal but in this case
the: erystal was plastically deformed before being
cleaved and etched. The large increase in the number
Aof dieloeationa-can:be seen., Further plastic defor-
mation inereased considerably the number of etchpits
but i1t was not possible to see them at this‘magnifica-
tion. PFig. 38(b) is takeﬁ-onAHilger sodium chloride
and is interesting as it shows etchpits on slip lines
Just above the cleavage step running across the centre
of the photograph. The: specimen must have been
glightly strained at this point since Amerlinckx shows
photographs of this type for crystals that have been
slightly deformed.

An estimate was made of the number of etchpits per
square centimetre of crystal surface for all the samples

of sodium chloride using these etehpit photographs and
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the aounte are recorded in table 2.
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8. THE POTENTIAL EFFECT IN SINGLE CRYSTALS OF ALKALI

HATLIDES UPON MECHANICAL DEFORMATION

8.1 EXPERIMENTAL ARRANGEMENT

The: experiments on the potential effect were
carried out In the stress apparatus under similar con-
ditione to the experiments on the conductivity change,
the only difference being that the potential was not
connected to the upper electrode of the crystal. The
usual. size of‘specimen was about 1.1 x 1.1 x 0.5 em
and colIoidal graphite was applied to the electrode
faces. The graphite eoatings were in direct contact
with the machined faces of the brass electrodes in
the stress apparatus. Stress increments were applied
to the specimens through the spring as described in
sec. 7.1 for the ceconductivity change. The fncrements
of stress were applied so that the total stress on the
specimen was continually increased.

All the crystals mentioned in chapter 7 were
examined for the presence of a potential effect and in
all ecases such an effect was found. A large part of
the work was carried out on Aberdeen sodium chloride
since some large single crystals of this material were

available and also becsuse the magnitude of the effect



Crystal

Durham KCl
Harshaw KC1l
Hilger KCl

Hilger KC1 (coloured)
Hilger KBr
Aberdeen NaCl
Durham NaCl
Harshaw NaCl
Hilger NaCl

Korth NaCl

Taylor Hobson NaCl

Hilger Nal

Potential effect (volts)

0.06
0.02
0.02
¢ 0.01
0.07
0.03
0.04
0.07
0.04
0.08

0.03

(only detected at
high stresses)

The: potential effects were computed as averages for

the various crystals irrespective of the sign of the effect.

The stress increment was 2 Kg/cm2 and the grid leak resis-

tor*logohm. Cerdboard discs were placed on the crystal

electrodes.

Table 6 - The potential effect for various crystals.
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Figure 39 - PFilm taken on Aberdeen sodium chloride.
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in this crystal was quite large for a given stress
increment. Table 6 illustrates some of the walues
of the potential effect found with different crystals.
It will be seen that there are no large differences
in the magnitude of’the potential effect from one
crystal to another as has been found for the conduc-
tivity increase. A typical record taken on a crys-
tal of Aberdeen sodium chloride is shown in fig. 39.
The erystal was placed in the stresg-apparatue and
gtress was applied to the extent of three full tums
6f the screw of the vice. The: elght exposures shown
on the film are for successive stress increments of
one half-turn of the screw. It will be seen that
the first deflection was predominantly downwards with
all further deflections mainly upwards. This phenom-
enon of the change of sign during an experiment i.e.
with increasing total stress on the crystal was quite
COmmon . The sign of the potential effect frequently
changed during the first few increments of stress
applied to the specimen and further changes of sign at
high stresses were also frequent. In some of the
- exposures on the £ilm shown in f£ig. 39, especlally on

number five, a sharp "spike" or extremely fast deflec-
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tion and return of the: spot will be noticed. Visual
observation of the screen confimmed that a spike was
always &esociéted with an audible noise generated by
the produetion of a crack within the crystal.
Another feature of the photographs of the patential
effect which is illustrated in fig. 39 is the par-
ticular type of deflection seen in exposures two to
five - at first a deflection below the line changing
to: one above the line. This type of defleection (or
the inverse i.e, defleetion starting above the line
etc.) was frequently seen in the experiments but no
explanation was found.

Some of the photographs of the time variation
of the potential effeet with erystals of Aberdeen
sodium chloride were analysed to determined the shape
of the: potential deecay curve. In cases where the
type: of deflection was eomplex,this was always done
on the later half of the trace i.e. on the final
decay-of the potential to gzero, The: traces on the
recording film were measured up using a travelling
microscope and an attempt was made to see if the curves
were eiponential. Using the formula given in seec.

3.6, the Q and t walues (Q in this case being the
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magnitude of the potential developed and + the time)
were plotted on logarithmic graph paper and are shown
in fig. 40 for some curves taken on the same specimen
at a temperamuré of 100°C. It will be seen that
the eurves are by no means exponential and the normal
time constent of decay of an exponential curve can
not be measured. However, defining the time constant
as the time required for Q to drop to 1/e th of its
initial walue, it seemed to be in most cases of the
order of 0;3 sec, thus being slightly smaller than
the walues found for the time constants of decay of
the ceconductivity increases. The actual shape of the
potential decay ecurve is best fitted by a hyperbola
with axes formed by the zero trace line on the screen
and@ by & vertical line drawn at the point where the

time period of application of the stress increment

hag just ended.

8.2 INVESTIGATION OF THE NATURE OF THE POTENTIAL EFFECT

An important feature of the experiments on the
potential effect was that it was not reproducible.

Specimens of very similar shape and size were cleaved

from a large single crystal of Aberdeen sodium chloride.

Phe crystals were cut so that they were taken in success-



Potential Effect (arbitrary units)

Total Applied o
Stress., Kg/em®.

Crystal I Crystal II Crystal III Crystal

2 - 0.8 + 0.1 0 - 0.1
4 1.2 1.1 - 0.1 + 0.4
6 0.9 1.0 0.2 0.4
8 1.0 1.2 0.2 04

10 0.4 0.1 0.1 0.1

12 1.0 1.2 0.3 0.4

14 0.9 1.0 0.3 0.4

16 - 1.2 + 1.1 - 0.3 + 0.3

The: erystal I - IV were cleaved as four successive slices

from a crystal of Aberdeen sodium chloride. Each specimen

was placed in the apparatus the same way up as cut from the

large crystal. Stress increments were 2 Kg/cmz.

Table 7 - The variation of the potential effect for successive

specimens of sodium chloride.



Crystal

Harshaw KCl-
W

Harshaw KI

kberdeen NaCl
LB

Harshaw NaCl

Durhem NaCl

Taylor Hobson NaCl

Stress incrementis of 2 Kg/cm2 were: used.

table indicates that a measurement of the pbmential effect

~ e — e

Potential effect (arbitrary units)

Total applied stress‘(Kg/sz)

- 0.1
- 0.4

4
+ 0.4
+ 0.1

&+ 0.1
- 0.4

was not made at this stress wvalue.

Table 8 = Values of applied stréss at which the potential

effect appeared for various crystals.

6

0.1

0.1

0.6

0.2
0.3

0.2

8
0.4

. 0.1

> 002

0.9
0.1

10

O.1

0.2
0.9

0.3
0.1

A dash in the



ive slices from the large crystal, the lower face of
the first specimen having been in contaet with the
upper Race of the next, and so on. The specimens
were then tested for a potential effect at the same
temperature (approx. 100°C) and under the same elec-
trieal conditions. Some results from this experiment
are shown in table 7. Although a potential effect
was found in ali cases 1te magnitude and sign appeared
to be quite fandom. In some cases the direction

of the deflection was upwards when stress was first
applied, in others the reverse. Furthermore the
actual changes fin sign of the potential effect during
the further application of stress also appeared to be
lzandom.

A most important feature of the potential effect
was revealed duringgthese experiments - a potential
frequently appeared before the applied stress had
reached a value eorresponding to the yleld stress of
the crystal (about 10 Kg/cmz). Some typical experi-
mental records showing this are given in table 8.

The actual value of the applied stress at the onset
of the potential appearance varied from specimen to
gpecimen as well as from type of crystal in a quite

random manner. In exaﬁiningfthe conductivity change

125,
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no increases in conductivity were noted until the
stress,hés-rea&hed.the yield stress but in the case
of the potentlal effect deflections were noticed on
the screen from the first increment of stress (2
Kg/cmz) in certain specimens. Since potential
effects were present at stresses below the yield
stress of the erystal it seemed highly doubtful that
the potential effect was due to the process of plas-
tic flow throughout'the body of the crystal.

| Experiments were carried out therefore to in-
vestigate whether the potential effect depended on
the;werkAhar&ening of the crystal. A crystal of
Aberdeen sodium chloride with graphite electrodes
was placed in the stress apparatus and four incre-
ments of stress were applied. During this stress
application a poiential effect was noted of a given
sign. The stress on the crystal was reduced to
zero and then reapplied, the crystal being left in
the apparatus throughout and not touched in any way.
During the reapplication of the first four increments
of stress no potential effect was observed. On the
application of the £ifth increment the potential re-
appeared with the same sign end magnitude as before.

The experiment could be repeated at a higher limit of
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stress in the same way. It.waé alwasys found that
the potential effect could not be made to reappear
at values of stress below the maximum value of stress
that had been previously applied to the crystal, pro-
vided that the crystal was left untouched in the
apparatus when the stress was removed after the first
application. These experiments seemed therefore to
jndicate that the potential effect was associated
with the process of plastic flow in the crystal since
the: effect was not found at stresses above which work
hardening had taken place.

At this sfage it was decided to investigate
whether the potential effect could be made to re-
appear in a stresged crystal by annealing and the
consequent reductioﬁ of the yleld stress. A crys-
tal was placed in the stress apparatus and gtressed
to a given limit. It was then removed and
annealed at a temperature of 600°C for some hours.

On removal from the furnace the graphite electrodes
were renewed and the crystal replaced in the stress
apparatus. It was then found that the potential
effect could be made to appear at values of stress

below the limit that had already been applied before
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the amnealing process. However the direction and
magnitude of the potential that had been found pre-
viously for a specimen were not reproducible after
the: annealing process, aithough in some cases the
results before and after annealing were fairly simi-
lar. Phe snnealing process wag extended to periods
of a week at 550 - 600°C but the results on retesting
the crystal were In no way different to those obtained
with shorterjperiods:of annealing. It should be
mentioned here that these annealing experiments are
by no means conclusive as ehanges in the potential
effect were discovered when a specimen was merely re-
moved and then replaced in the stress apparatus (see

gec. 8.5).

8.3 THE TEMPERATURE DEPENDENCE OF THE POTENTIAL EFFECT

At this stage the experiments on the mechanical
nature of the effect were discontinued in ordexr to
examine the way in which the effect depended on the
temperature at which the experiments were carried out.

A large number of experiments were performed on crystals
of Aberdeen sodium chloride at various temperatures

and an attempt was.made +0 analyse the photographic

records obtained. However the results were so random
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in nature, both sign and magnitude, that it was not

possible to obtain anything more than that the mag-

nitude of the: potential effect appeared to decrease

with increasing temperature. A type of experiment
wag needed fherefore where the potential effect was

fairly reprodueible for equal stress increments at a
given temperature.

It was found that. often in the course of an ex-
periment on a crystal that apart from changes in the
gelgn of the potential effeet, there were periods
during which the sign amd magnitude of the potential
were fairly constant for successive stress increments.
During one of these period when the effect appeared
to be reproducible the temperature of the g:yetal was
changed and the next increment of stress was applied
at a different temperature. In this way it was
boasible to cover & limited number of points in the
temperature range to be investigated. The experi-
ments were repeated on specimens of Aberdeen sodium
chloride cleaved from the same single crystal. By
combining the results on a number of specimens with
fairly reproducible values of the potential effect

at constant temperature, it was possible to plot the

dependence of the potential effect on temperature,



Tempgrature- Average potential Potential on

in "C. (arbitrary units) a common sca
97 1.3 1.3
187 1.3 1.3
Crystal I 082 0.05 0.05
374 0.00 0.00
187 0.27 | 1.3
Crystal II 208 0.12 0.58
229 0.05 0.14
23%8 0.00 O.

The potential was measured in all easges for a constant

value of stress incerement.

Table 9 - The variation of the potential effeet with tempera-

ture in Aberdeen NaCl erystals.
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Figure 41 - Variation of the votential effect with temverature.
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and this is shown in fig. 41. The wvalues of the
potential developed for different specimens were re-
duced to a common scale in srbitrary units of poten-
tial and each point on the graph represents an aver-
age for' a number of crystals. This procedure was
possible since the effect seemed to vary with tem-
perature in & similar way for different specimens and
the magnitude of the potential was equated to a common
value at one particular temperature for a number of
specimens., This is il1lustrated by some results

shown in table 9. Prom fig. 41 it will be seen that
the magnitude of the potential decreases with temper-
ature becoming almost negligible at 25000; The de-
pendence of potential on temperature is not shown be-
IOW‘187°c‘since below this value there was toc much
variation in individual readings to be significant.

It seems likely howewver that the rate of variation with

temperature is smaller at temperatures below this par-

ticular value.

8.4 THE VARIATION OF THE POTENTIAL EFFECT WITH INPUT

RESTISTANCE

Particulaf care was taken with the measurements

described under 8.3 to use the same wvalue of the
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Input resistance of the potential measuring circuit.

(actually 108

ohms) when carrying out experiments
at different temperatures. This was necessary
since it was found that the wvalue of the potential
developed across: the electrodes of a cerystal under
stress depended greatly on the value of the input
resistance of the measuring eircuit. This was in
all practical cases the grid leak resistance of the
electrometer valve or cathode follower and could
vary grom 10% - 10%1 ohms. X few preliminary ex-
periments showed that the magnitude of the potential
decreased with a decreasing walue of the input re-
sistance of the measuring circuit.

A number of specimens of approximately similar
size were cleaved from a crystal of Aberdeen sodium
chloride and graphite electrodes were applied. The
erystals were then placed in the stress apparatus and
the: potential effect measured at a temperature of
10060@ Four wvalues of grid leak were used - loll,

1010, 109 amd‘los ohms. The walue of the resistance

of the specimens at this temperature was about 1012 ohms,
this being considerably greater than all but the high-
eat value of the grid leak. Readings of the potential

effect were only taken when the sign and magnitude of



Crystal no. Grid leak resistance Potentisl Average potential

( ohms) (volte) (volts)
37 108 0.044
0.026

40 " 0.008
35(13) 10° 0.095
35(14) " 0.127
36(15) " 0.316
36(16) " : 0.372

. " 0268
42 " 00262
43 " 0.284
44 " 0.51
41 " 0.175
42 10"° 4.0
43 * 2.51 3.69
41 " 2.57
42 10t 9.1
43 "  8.51 8,83
41 " 8.90

Measurement at 10000.

Table 10 = The variation of the potential effect with the
input resistance for crystals of Aberdeen NaCl.
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Figure 42 - Variation of the potential effect with input
resistance.



132,

the potential was steady ior'sucéassive stress in-
crements under fdentical conditions and then the
potential wes measured using all four values of
grid leak resistance in turn. The actual magni-
tude of the potential at any value of grid resis-
tance varied from specimen to specimen but the form
of the variation of potential with resistance was
similar in all_cases.and.thefpotentiala were aver-
aged so that all the readings taken could be plotted
on the same graph. Some of the readings are
ghown in table 10 and in fig. 42 the wvalue of the
grid leak reelstance R Is plotted against the mag=-
nitude of the: potential Y‘fﬁ wvolts.

An analogy may be drawn between the potential
effeet and the potential V in an external circuit
supplied by a battery of e.m.f., E and intemal reé
gl stance r. If this battery is connected to an
external eircuit of resistance R then the potential
developed across the extemal load will be given by

Vv =E - Vr/R
or 1/v = 1/E + (r/E)=(1/R).
If at any given temperature E and r are constant,
which will normally be the case for a battery, then

the: graph of 1/V plotted against 1/R should be &
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Figure 4%. - Variation of the votential etrect with innut
resistance,
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strafght line of slope r/E and with an intercept on
the axis given by 1/E.

It was decided therefore to see whether this
analogy was applicable in the case of the potential
effect.. 4 graph was plotted of 1/V against 1/R
where V in this case was the magnitude of the poten-
tial developed in volts and R was the resistance of
the grid leak in ohms. The}poinﬁs,&re plotted
Iin fig. 43 and the graph is fitted by a straight line
which seemes to indicate that this analogy is an em-
pirieal deseription of the nature of the process
taking place in the production of a potential across
the electrodes of the erystal. It is obviously not
wige to carry this analogy too far since the process
is probably one of the generation of a given quantity
of charge by a given amount of mechanical d&eformation.
The production amd decay of this charge is manifest
ae the appearance and decay of an electirical potential
across the electrodes: of the crystal. On the other
hand it should be: noted that the assumption of the
generation of a quantity of charge across a condenser
of eapacity C in parallel with a resistance R does not
f£it the observed results for the variation of the

potential Vv with resistance R. The analogy to a
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battery demonstrates that the: ecrystal hehaves as a
low power energy source for a given amount of

mechanical deformation.

8.5 THE DEPENDENCE OF THE POTENTIAL EFFECT UPON THE

NATUHE OF THE CRYSTAL SURFACE

It had been thought up to this stage that the
potential effect was a phenomenon associated with
the process of mechanical deformation throughout
the: body of the erystal. The random nature of
the sign end magnitude of the potential for simflar
specimens: was extremely puzzling and it seemed iezy
difficult. to give a satisfactory explanation. Some
experiments were planned to see how the potential |
. developed depended on the size and shape of the crys-
tal. In carrying out these experiments an impor-
tant fact concerning the potential effect was first

noticed.

It has been mentioned before that if a crystal
of the usual size with graphite electrodes was placed
in the stress apparatus and loaded to a given limit
and then the stress released, that the potential
effect could only be made to reappear by exceeding

the magnitude of the stress that had been previously
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applied. It was now found that if a crystal was loaded
to a given stress, then the stress released and the
crystal removed froﬁ the apparatus, the.potential
could be made to reappear on replacing the crystel in
the apparatus and loading to stresses below the wvalue of
the maximum stress that had been applied previously.
In replacing the crystal in the stress apparatus 1t
was unlikely that it would be positioned in exactly
the same way between the brass electrodes. On the
othér‘hand if the crystal remained in the stress appara-
tus- a1l the time the potential effeet was not found on
the reapplication of stress until the old limit of
applied stress was exceeded. In this case the crystal
would slmost certainly be occupying exactly the same
position between the brass electrodes. This seemed
to indicate that the potential effect was in some way
connected with the application of stress to the sur-
face of -the crystal and not associated with the process
of plastic flow in the body of the erystal as was
clearly the case with the conductivity increase.

At thils stage another puzzling feature of the poten-
tial effect was noticed. A specimen was placed in
the apparatus and stress increments were applied until

it was found that the sign and magnitude of the potential
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developed were constant over a number of stress incre-
ments. At this point the specimen was removed from
the apparatus and was then immediately replaced but
inverted, so that what had been the upper electrode of
the specimen was now in contact with the lower brass
electrode of the apparatus and wvice versa. It was now
found that the magnitude of the potential appearing
wag about the same as before the inversion but that the
slgn of the potential had altered. This meant that the
sign of the potential with respect to the electrodes of
the crystal was uneltered, e.g. if the upper electrode
of the orystal had been developing a positive potential
it still continued to give this potential when inverted
so. as to be the lower electrode, although the sign as
observed at the output of the measuring apparatus
appeéred to be negative.

This phenomenon was not elways found with every speci-
men that was tested in this way but it oceurred in a
sufficient proportion of the specimens tested to be
significant. A possible explanation is that the crys-
.tal is deforming in a definite inhomogeneous'way under
the application of stress and although -inverted still
eontinues to deform in this way in many cases. It in-

dicates that the effect is not solely a surface phenomenon
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although it may be associated with the deformation of
emall parts of the specimen, perhaps especially at
the edges of the electrodes.

Tt was decided to investigate whether the phe-
nomenon was influenced in any way by the grinding of
the crystal surfaces and application of graphite
electrodes. Aceordingly a specimen of the ususal gize
was cleawed from a crystal of Aberdeen gsodium chloride
taking special care to get the cleavage across the
larger faces (f.e. the electrodes) as perfect as
posseibile. gurfaces were obiained with no cleavage step
1ine visible to the naked eye. The crystal surfaces
were. not. roughened with emery paper nor was colloidal
graphite applied. Two pleces of thin aluminium foil
were placed on the electrode surfaces and the crystal
was placed between the brass electrodes in the stress
apparatus. Oon application of stress increments to
the crystal the potential effect was obtained. If the
stress was now released and reapplied no potential was
found until the stress exceeded the old 1imit. On
the other hand if the position of the crystal was
altered slightly before the reapplication of stress,

the potential.effbet was found at low values of stress

below the previous limit,. With these experiments the
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reapplication of stress to the crystal usually took
plgee within a few minutes of the removal of the
previous stress. Experiments were also performed
where the crystal.was‘leftAin the stress apparatus
for periods up to 24 hours under zero load after stress
had béen previously appligd. On reapplying stress at
the end of this period the results did not differ in
any way from those taken with only a short time period
before the xeapplication of stress. There seemed to
be no{relamation process therefore in the crystel on
or after the removal of stress.

Since théapotential effect seemed to be associa-
ted with the crystai surface in some way it was thought
that the surface irregularities might be the important
factor and an attempt was made to reduce them. A
crystal of the usual size was cleaved from a large
crystal of sodium chloride end the electrode faces were
ground by lapping them on a paper pad on which had been
spread a small quantity of very fine earborundum pow-
der. Phis produced a fine matt surface on the crystal
free from all major surface irregularities. The car-
borundum was then removed from the crystal faces and
they were polished on a pad on which some jewellert's

rouge had heen placed. The paper Itself was attached
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40 & piece af‘ﬁlate glass to provide & reasonably flat
backing. The crystal faces were polished on the
rouge until & surface of opticael f£inish was obtained.
By holding the erystal surface against‘an optical
flat it was possible to polish to some twenty wave-
lengths of light over the centre of the face in a com-
paratively short time. It was found bhetter to start
with a crystal of the correct thickness but of larger
area, After the centres of the larger faces had been
polished the extra material at the edges was cleaved
away . The brass electrodes were given a fine finish-
ing eut in the lathe and then polished with fine emery.
The crystal was then placed in the stress apparatus
with gluminium foil between the crystal and the brass
electrodes and the potential effect on the application
of astress examined. The values of the potential
recdfded were if anything larger than had been found
with other surfaces. A possible explanation of this
is that the polishing process had brought more points

on the surfaces of the crystal Into contact with the
electrodes. It i possible too that a large propor-
tion of the potential developed arose from stress
applied at the edges of the electrode surfaces of the

erystal and polishing could not eliminate this.



Stress-in,xg/cm?. Potential effect.
, (arbitrary units)

polished and polished, sheet ground, card-

with A1l foil rubber and A1 board and Al

foil. foil,
2 + 0.4 0 0
4 1.2 0 0
6 2.0 0 0
8 2.5 0 0
10 | 3.5 0 0
12 | - 0 0
14 ' - 0 0
16 4.5 0 0
18 6.7 0 0]
20 6.7 0 0
22 4.5 0 0
24 + 4.5 0 0

26 0 - 0.1

28 0 0.1

30 0 0.2

32 0 0.2

%4 - 0.1 - 0.3

Table 11 - The reduction of the potential effect in crystals
of Aberdeen NaCl using rubber and cardboard on

the electrodes.
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Tt seemed that the polishing of the crystal could
not be improved much further end it was decided to try
to interpose some relatively soft material between the
crystal and the metal electrodes. This interposea
material would serve to transmit the applied stress
as a whole to the specimen but would help to prevent
the uneven distribution of stress over any irregulari-
ties on the electrode or the crystal face, The alu-
minium foil had been used for this purpose but was
tooc thin to have any "cushioning" effect. Two mater-
ials were used bhetween the crystal and the brass elec-
trodes - pieces of thin sheet rubber, and discs of
cardboard of about 1716 in., thickness. The elec-
trical connections were made by strips of aluminium
foil on the: surfaces of the crystals. It was found
that the walues of the potential effect recorded were
very considerably reduced. This is illustrated in
the: results shown in table 1l. In some experi-
ments with the sheet rubber no potential effect was
recorded for stresses up to 40 Kg cmz. With this
material it was found that the crystal temded to
crack since there was am outward force along the
electrode surfaces of the erystal caused by the pull

from the rubber @s it £flowed outwards under compress-
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ion. To some extent therefore a compromise was
required between a very soft material which would even
out stress irregularities completely (tending t0 crack
the crystal) and one not quite so soft. Cardboard
proved to. be quite effective in reducing the potential
without damage to the crystal and was used in experi-
ments on the conductivity change for this purpose. |
The amount of reduction in the potential effect pro-
duced by using csrdboard sheets is shown in table 11,
These experiments with various soft materials
covering the electrodes of the specimens suggest that
the potential effect is not due to the process=of-
homogeneous plastic flow within the crystal. This must
he so, sinece experiments were performed without obser-
ving a potential effeet using stresses of 40 Kg/em2 at
which stress plastiec flow must be taking place. The
signe of plastic flow (elip bands on the surface, some
recrystallisation within the body of the crystal on
cleaving, etc.) were always observed on removing the
specimen from the apparatus. At the same time the ex-
periments do not establish that the effeect is a surface
one. It is more probable that unless soft materials

are used to cover the electrode sﬁrfaeee-small.irregu-

larities on the surfaces of the crystal receive a higher



The experiments were performed at a temperature
af 100°C and with a grid leak resistor of 109 ohms,

Cardboard disce were used in both cases.

Stress increment Potential
Teylor Hobson NaCl Aberdeen Na
> Kg/em® 0.37 V 0.17 v
1l " .17 V¥ 0.078 V¥
0.5 ° | 0.095V 0.052 ¥

(all averages of 3-4 readings)

Table 12 - The variation of the potential effect with

applied stress increment.



stress concentration and the regions of the crystal
behind these frregularities deform plastically in

some Inhomogeneous way.

8.6 THE VARIATION OF THE POTENTIAL EFFECT WITH STRESS

Experiments were performed to investigate the
variation of the potential effect with the magnitude
of the stress increment applied. Crytals of sodium
chloride were used with graphite electrodes and also
dises of cardboard on the electrodes. The magnitude
of the potential ﬁas reduced by this but ii was possible
to obtain fairly uniform walues of the potential during
the stressing of any one specimen. The magnitude of
the potential was noted for various different stress
increments and some of the results are shown in table
12. The potential seemed to be directly proportional
to the value of the stress increment provided that. the
stress was applied fairly rapidly, i.e. in & short
time compared to the decay time of the potential
developed. This was a difficult eondition to achieve
in practice since the decéy times were short (0.3 sec),
so that the walue of the potential was found to wvary
alsé with the rate of application of stress - a greater
rate of application of streSS‘giﬁing a higher wvalue of

the potential.

142,
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9. DISCUSSION AND CONCLUSIONS

9.1 THE INCHEASE IN CONDUCTIVITY UPON MECHANICAL

DEFORMATION

It seems that the results given in chapter 7
confirm in meny ways the work of Gyulal and Boros.
In particular they show that the decay time constant
of the increased conductivity is in the range 0.3 -
l.1 sec. . Sﬁeh gmall decay time constants would, as
Tyler (1952) points out, be more consistent with the
trapping of electrons released by the movement of
dislocations during the process of plastic flow than
with the trapping of wacancies., Seitz (1950) points
out that this latter process is supported by the much
longer time constants found by Gyulal and Hartly (1928).
I+ does appear on the basis of both the work of Gyulai
and Boros and the work here that there is no longer
conclusive evidence for the vacancy generation theory
proposed by Selitz. The long time constants recorded
by Gyulal and Hartly were very probably a feature of
the high stresses that they used. At these stresses
plastic f£low: continues over an appreciable period of
time after the application of stress and the'decay of
conductivity increase they obtained was associated with

the diminishing generation of current carriers as the
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process of flow took place.

It is possible to give some exaplanation of the
variation of the increase of conductivity with tem-
perature shown in fig. 35 using the theory of the gen-
eration of wvacameles during plastic flow proposed by
geitz (1950). Etzel and Maurer (1950) have shown
that if the ifonic conductivity (6’) of sodium chloride
is represented by the equation

of = ney
where n is the concentration of pesitive lon vacancies,
e Is the electronic charge and u is the mobility of
the positive ifon vacancies, then for a "pure" crystal
n is eonstant at temperatures‘beloW'SSOOC; The mob-
11ity varies with the absolute temperature T between
250 and 400°C according to the equation

M= (19600/T) .exp(-9860/T).
The mobility at 403°C 1s 1.4 x 10~ and at 256°C is
3,0 z 10”7 cmzyiolt,sec.

In the experiments performed on the conductivity
increase the value of the field strength was about
200 V/cn. With this field we should expect there-

fore the average velocity of the positive ion wvacancies

to. be 2.8 x'lo-3 and 6 x.l()"5 en/sec at 403 and 256°¢
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respectively. Eiom X-ray measurements Darwin (1914)
has proposed that there is a mosaic structure in
crystals where the size of the mosgaic blocks is about
10~% em. Cunnell (1951) has coneluded from measure-
ments on the conductivity of alkaii halide crystals
with added impurities that there is evidence for the
existence of mosaic blocks of size about 2000 R within
the crystal. If we assume that a moving positive
ion vacancy is trapped on reaching a mosalc boundary
then we should expect this trapping process to occur
within 1/200 sec after generation at 403°C and 1/6 sec
at 25690} The vacancies liberated at 403°C would
therefore only econtribute to the increased conductivity
for 1/200 sec. This time is of the order of the
response time of the eIectricalfme&suring apparatus
and also small compared to the time of application of
the stress increment (about 1/10 sec), so that one
would not expeet to record any conductivity change.

on the other hand at 256°C the average trapping time
ig 1/6 sec and it should be possible to partially
record the conductivity change. In fig. 35 the in-
creased conductivity for a fixed value of the stress

increment is plotted against temperature for the same
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erystal. If we assume that a definite number of
positive ion vacaneies are generated by this fixed
amounf,of plastic deformation independently of
temperature we should expect therefore this graph

to be a horizontal straight line were it not for the
variation of the trapping time of the wvacancies with
temperature. The values of the conductivity in-
creage at temperatures of 250 and 40096 from this
graph are however in the same ratio as the calculated
trapping times at these temperatures, thus showing
that the theory of trapping of positive fon vacancies
is well supported by the experimental evidence.

The extension of the theory to lower temperatures
leads to certain diffiemnlties. If the mobility of
positive ion vacancies is calculated at lOOOC“by the
extrapolation of the results of Etzel and Maurer (1950)
(this may not be a valid process), then an average
trapping time of 35 sec would be expected. This is
clearly not so experimentally for the decay time con-
gtents of the conductivity increase at this tempera-
ture were in the range 0.% - 1.1l sec. Purthermore ex-
tension down to a temperature of 40°C'wou1d lead to a
trapping time of the order of twenty minutes. Seitz

(1950) hes also predicted this value from a considera-
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tion of the jump frequency of the positive ion vacancy
and has used it to explain the time constante of decay
found by Gyulai and Hartly in their experiments.

It. is p@seiﬁle-that there are two-mechanisme re-
gponsible for the conduetivity change with. plastic
deformation - the generation of vacancies by mowving
dislocations as proposed by Seitz and the freeing of
electrons by the motion of dislocations as proposed
by Tyler. If the conductivity inereasé was pre-
dominantly due to the generation of wvacancies at high
temperatures, with the contribution due to the freeing
of’electrons being important at low temperatures re-
sults more in accord with the experimental facts
would be expected. it high temperatures the decay
time constants due to the trapping of positive ion
vacancies would agree with those found experimentally,
as has been seen. At low temperatures the time of
removal of an electron from the conduetion band should
ve shorter than for the trapping of a vacancy and hence
ghould agree better with the values of the decay time
constants found experimentally. It might be possible
to obtain more information about the nature of the
decay process of the fnereased conductivity by a study

of the variation of the decay time constant over a
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wide range of temperature for various crystals.
Redfield (1953) has measured the electronic Hall
effect in sodium chloride crystals and if this
experiment could be performed on a crystal that
wag undergoing mechanical deformation at the same
time it would be possible to determine whether the
extra current carriers introduced by deformation
were electrons or positive ion wvacancies.

A most striking feature of the conductivity in-
creage with plastic deformation that has been found
in the present series of experimentse is that the
effeet 18 not present in all crystals. All samples
of sodium chloride with the exception of the Harshaw
crystal did not show the effect. It seems that a
gtudy of the etchpits on the surfaces of the various
crystals may help to explain this point.

It has been tacitly assumed up to now that the
number of current carriers (whether they be wacan-
eies or electrons) produced by a given amount of
plastic deformation in any crystal would be a con-
stant. It is more probable however that the gener-
ation of current carriers depends on the number of
dislocations already present in the crystal. This

would be so, no matter whether the current carriers
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were generated by the collisions of dislocations or
by collisions of dislocations with obstacles within
the crystal. It will be seen from table 2 that the
nunber of dislocations already present in the Harshaw
crystal in the unstrained state is larger thah in any
of the other samples of sodium chloride. It would
be expected therefore that the other samples of sodium
chloride would have to be taken to a higher walue of
total stress than for the Harshaw crystal before the
conductivity increase sppeared. Since the efféct in
the Harshaw orystal only appeared at stresses above
40 K’g/cm2 this would involve the use of quite high
stresses and although the other specimens of sodium
chloride were loaded to destruction mo effect was
found. However it was noticed that the Harshaw
crystal was harder than the other erystals (Pratt
1955 has noted that hardening due to the interaction
of elusters of wacancies with dislocations has been
observed in alkali halide crystals) and therefore these
other crystals crumbled into fragments at stresses
lower than for the Harshaw crystal, Had this not
been so it might have been possible to apply suffic-
iently high stresses to the other sodium chloride

crystals to produce the conductivity Increase.
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Since all. the crystals of potassium chloride
gshowed the conductivity increase quite markedly,
etchpit photographs on these crystals were attempted
but no etchpits could be resolved at the magnifi-
cation used, There may be two explanations of
this - either the etching technique was not correct
for this material, or that the number of étchpits'
wag large enough not to be resolved at the magnifi-
cation used. If the: second explanation were true,
it would be further support for the explanation given
for the non-appearance of the conductivity effect in

certainm of the sodium chloride crystals.

9.2 THE POTENTIAL EFFECT UPON MECHANICAL DEFORMATION

It seems at first sight surprising that previous
Workers have not discbvered the appearance of a
potential on the application of stress to an élkali
halide crystal. The explanation in the case of
Gyulai and Hartly's experiments probably lies in the
fact they used such large stresses that the potential
effect was negligible compared to the magnitude of
the conductivity increase. Their measuring
aéparatus was also crude and they did not attempt

to distinguish between conductivity changes and any
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potential effects there might have been. In the
case of Gyulai and Boros it seems that a possible ex-
planation of their non-discovery of a potential effect,
desplite using low stresses and a more refined elec-
ﬁrical apparatus, is that they used crystals of po-
tassium chloride and bromide where the conductivity
increase is relatively large and the magnitude of the
potential effect small compared to specimens of sodium
chloride. Quittner mentions a small trensient
effect on the application of stresses below the yield
stress to crystals of sodium chloride, which wanished
on the removal of stress. It is possible that this
wasg In fact a potential effect although Qaittner'did
not distinguish it from a conductivity change.
Recently notice has eome to hand of some experi-
ments by Fischbach and Nowick (1955) in which they re-
port the creatidon ofié potential difference across
sodium chloride erystals deformed in compression. It
should be noted that information about their work was
only received after the present programme of experi-

ments had been completed. They report that on in-

homogeneous deformation of a crystal a transient
potential d@ifference is developed such that the side

of the crystal which has the -higher stress concentra-
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tion becomes negative., The potential decays to zero
over a period of minutes in roughly hyperbolic fashion
if the load is left on, although the removal of the
load at eny time causes the current flow to drop,to
zero almost instantaneously. Reapplication of the
game load produces a new transient eurrent in the same
direction as the original flow, but smaller in mag-
nitude. The direction of the Imitial current flow
ig unaffected by externally applied fields as large
as + 1000 V/cm.

The effect discovered independently by Fischbach
and Nowick seems to be essentially the same as that
deseribed here. Some of the details are rather
different - the time constant of decay being surpri-
gingly large - although there is no information on
the sodfum chloride crystals used or the magnitudes

of the stresses applied.

A reasonable conclusion from the experiments
carried out h;relis’that the potential effect is
associated with plastic flow in small regions of
the crystal, either close to surface irregularities
or near to the edges of the crystal. In these
regions the stress will be much-greater than in the

body of the crystal and is also likely to be inhomo-



153.

geneous in nature. Sinece plaéiic,flow takes place
it 1s probable that positive ion vacancies will be
generated by the movement of dislocations during

the period of slip. Nabarro (1948) has shown that
in a body under uniform stress there is no force
directing the motion of individual vacancies or
jnterstitial ions (although the concentration gra-
diént may be formally represented as producing a
force) . In a stress gradient the energies of
neighbouring possible sites for a lattice defect are
different, and each defect has a drift weloclty
superposed on its random diffusion. It is shown
that the expression for the flux of lattice defectis
with non-uniform stress includes an extra term which
varies as P2 where P is the applied stress. Accord-
ingly fherefore in regions where inhomogeneous
gtress 1s applied to the crystal there will be a
charge separation due to the movement of wvacancies
under this strese field. The magnitudes of the
local stresses will be high and as the effeet de-
pen&szon,fhe square of the stress the vacamcies will
be given a high drift veloclty. The force on the
vacancies due to the local inhomogeneouS'streas'fields

mugt be high so that the force on the vacancies due
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to external applied electric fields up, to 1000 V/cm
can be neglected. This would explain why the potential
effeet is unaffected by externally applied eleetric
fields of this magnitude.

A difficulty that arises when considering this
theory of the potential effect is that the time con-
stant of decay appears to be smaller for the potential
effect than for -the conductivity change on the crystals
examined here, However since many of the crystals
did not show a conductivity change this may not be a
valid objection. It would be expected that the decay
process would be the same as for the conductivity
change - the natural diffusion and trapping of the
positive fon vacancies - and therefore the time con-
stants ought to be similar. Fiaehbach and Nowick have
apparently found large times of decay (of the order of
minutes) so the difficulty over the value of the decay
times may not be serious.

It also foilows from this theory that the variation
of the potential effeet with temperature should be
gimilar to that found for the comductivity change
(assuming that the explanation for the latter is in

terms of positive ion generation). There seems to be

good agreement between the potential and conductivity
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change variations with temperature as can be seen on
comparisén of the £ig. 35 and 41. The steeper drop
of the potential effect to zero with.increasing tem-
perature is probably accounted for by the relatively
greater sensitivity of the conductivity change
measurements so that the small increases at higher
temperatures could be recorded.

The variation of the potential effeet with the
input resistance of the measuring eircuit does indi-
cate that the physical process in the effeet is one
of the separation of a definite quantity of charge
for a given amount of plastic deformation. However
the variation of the effect with Input resistance

does not give any information on the nature of the

charge separation.
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