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I « INTRODUCTION

The metaliurgical importnnece of studies on the intimate structure
of minerals is gradually being recognized.

The information and theories deduced from classical crystallosraphy
and from the i&@&lized results produced by x-ray investications are not
sufficient 40 account for the manifold complexities encountersd in the
chemistry and physies of ore dressing vroblems. Uecondary nroperties
involving perhaps more variables are of fundamental importunce in the
develoment of presenit methods and in the creation of radically new
metallurgical processes, It is for this reason that work of the type
reported in this paper has been carried on.

Some preliminary work on the applications of the methods of physi-
cal metallography tc the studies of minerals has already been reported. .
The present paper presents = continuation of those studies.

In 2 previous paper 1 measuyrensents of the temperature coefficlient
of resistance of natural galena specirmens were reported and the effect
of structural characteristics on the tempersture cocafficient studied.
The coneclusions of that work were that specific resisiance in itself is
of very little significance, but that the temperature coefficlent varied
over wide limits for different grain sizes. By groln size here is meant
either the size of the secondary blocks of Zwleky 2 or OSmekal S as dege
eribed for minerals by lead 4 and Puerger E and others, or else the term
grain size as employed by the metallographists., 1t was found that the
temperature coefficient inereased with increasing width of unit blocks

for nassive crystalline galena and that it became negative for finely



sgrained steel galena. lience it seensd that a measure of the extent of
luttice dipcontinuities in such substances might be obtained from slec-

itrical measurements.
II « TE SECCHDARY STHUCTURE OF SOLIDS

The concept of lattice discontinuities arose from the theoretieal
frentment of xeray diffraction by Darwin ° and fwald '. In order to ace
count for various anomalies in the intensity effects the existence of im-
perfoct crystals was postulated., Ry considering actual crystals to be
made up of a number of sumeller units, a new picture of the nature of erye-
tals was superpoced on the resuits of the usual x-ray anslysis. Lwald
meve the nome Josalc Urysials to these actual oryvetals snd later work
secms to indiczte that Ideal crystals cern only be reslized on paper and
that all actual orystals no rmiter how cavefully ryrepared are more or
less imperfect. The tieory of Lerwin snd Iwald permits a snwll range of
angles for eaech reflection in pliace of the single value employed in the
Praege ecuation: nA= 23 s8in 8. Vor ideal crysials the deviation frou
the angle, ©, awounis to about § seconds.

€ demonstrated that in diamond ihe deviation wes B minutes

He Mark
of are and that in halite, deviations as high as 15 rinutes were obtained.
The orientation of the individual units of the "mosaie” must not corres-
pond exaotly to that of the crystal as a whole. ‘This haoe been recognized
as a serious source of earror in precision x-ray spectronetry and rock

salt is not now used for measurements of the highest accuracy. Visible

ovidence of a variation in orientation within a given "single orystal”



may be found by close inspection of the cleavege faces. lead 4 has de-
seribed such varistions in galena. The fncet that it is generally im-
poscible to obtain perfectly plane elenvage fnees lends more sunport to
the conception. . very careful study of cleaved bisruth erystals has
been reported by Goetz g‘ This investigator found thnt systems of fine
lines were visible on unetchied cleaved faces of single Bi crystals., The
distunces between the various lines proved to bLe rultiples of the small-
ast observed distunce {about 1.2 microns). Iteh figures produced on
similar faces were found to be triangular pits with dimensions always
some rmltivle of a minimum sige which latter corresponded to the distances
between the above-mentioned sitrise. The blocks of the mosale very likely
possess some fundamental size, generally of the order of a few microns.
The theory of Zwieky, to which we shall refer later, permits the sizes of
unit blocks to renge from 100 & to 10,000 A

Te He Johnaon 10 obteined pietures of diffraction effects produced
by allowing H atoms to be diffracted from a surface of LiF. The pictures
so produced were interpreted as diffraction lines from a secondary lattice
of dimensions lying between 50 g and 100 ﬁ, Sueh beams of atoms have been
shown by ssterman and “tern 11 to behave as waves of wave 1ength.3§%r = A.

The peculiar refiectlons observed hy stokes from poiassiun chlorste
huve been snttributed (Lord layleigh) to the reflections from & series of
e ually spaced films within the erystals 12.

Davis and Stempel 15 have investiputed the effects produced by the
sucecessive refleetion of an x-ray beam Tra: the faces of two crystals of

the same substance. The two orystals are placed parallel to one another

wheraby, 1if they were perfectly constructsd, sharp reflection maxins



should be obiained for each weve length. However, it was found that
sonsiderable angular deviation oecurred which is probably due to the inme
perfections in the two orystals. The density calculated from the lattice
parameter is usually leass than that obtained pyencmetrieally on the same
sample. Sueh discrepancies between the calculated and ohasarved densitiez
can mean nothing more than some sort of discontimmity within the orystel.
Folloued jer 14 belioved that sueh deviations were due ito the physiecal
impurity of the specimens, i.e., that allotropic modifications were pro-
sent in small waounts. ‘{owever, allotropy is not known in many of the
substunces which exhiblt this phenomenon and eryvstal imperfections seem
to afford a bvetter explanation,

Tue work of Dlorn 15

, adelung, Xossel, Hwald, Lennard-Jones, an
thelr collaborators on the electrostatic theory of ionic cerystals has
given us a certain amount of confirmation of the Ideal crystal es revealed
by the x-~ray. Dorn has shown how the potential energy of simple cubie
erystals may be caloulated entirely from electrostutic considerations.
The method is essentially the postulation of a Coulombian law of attrace
tion between ions of opposite signs, as Na and C1l in NaCl, and also a re-
pulsive forse which varies as some high power of the distance. Likewise
the electrostatic potential energy of the lattice, or the lattice energy
as it 18 called agrees rather well with the "observed” wvalues of lattice
eneryy from thermochenmical data. By similar calculations the fisure obe
tained for the tensile sirength of rock salt is 350 kﬁﬁmmg. Nuﬁ@rcug
moeussurenents hive been made on the tensile strensth of rock salt. Under
all ordinary conditions the observsed walue lies in the neiciiborhood of

0.6 kg/mm™, This prest diseropancy has been probably the real reason back



of the study of crystal imperfectiona.

4« freat many of these cobservations were brousht together in a
seriez of napers by .. “meksl (loec, eit.)e. ccording to Omekal it
seans that erystals possess two types of properties., O(ne type he calls
the structure insensitive properties such as the lauttice constuant, the
energy content, coeffieient of expansion, ete. '‘The other group he calls
the structure sensitive properties; it includes the elastic limit, ule-
timate streangth, elecirical conduotivity, thermal conductivity, etc.

The latter are supposed to be due to the secondary structure of the cryse
tal. Omeksl's conception involves "lokerstellen” or open pleces within
all single orystals. The orystal is thus divided into a mmwber of small
blocks., The structure sensitive properties are dependent on these blocks
and the ions found between them.

4 aomewhat different piceture of mosaic crystals is offered by
Zwicky (loc. cit.), who has presented fundamental reasons for the devia-
tion from ideality. The electrostatic lattice theory demands that a two
dinensional erystal, i.8., one eonsisting of a single plane of atoma
should coniract to = size ubout 67 less than thut whieh that same plane
would have in the interior of u erystal., Uvidonece from this contraction
is to be seen in the fact that the eross section of a solid diminishes
when it is under linear tension. DIy considerations of the energy in-
volved in this contraction and € ¢ energy necessary on the part of the
nelghboring planes to prevent the contraetion Zwiclky arrives at the cone
clusion that the 1deal lattice is thermodynamically unstuble. 7The stable
configuration is one where certesin planes at uniform distances are pulled

together resulting in the separation of those between and giving rise to
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to a oDoriodiac wvariation in density.

iDL = GReLTGTNE G O si0ur St R Uy

(a} Theory of the Uapucitunce Lethod

it seems logical that if lattice discontinuities of any {tyue urs
present that they should funotion as small capscitances and hence tuat
a measursment of the capacitance of a mineral specimen should give some
measure of the secondary structure. A prism of galena might be visualie
zed in an ideal astate as shown in figure 1, whers the space between unit
blocks is greatly exaggerated. If electrodes are placed at esach end of
the prism, all of the blocks in contact with any one slectrode would be
at the same potential and such an arrangement would function as a series
connection of small condensers, If oy be the ecapacitance between the
first layer of blocks and the second, ¢ between the second and third,
ani 8o on,

- ln -1
¢

i _ 1 1
Py -31+ aéug* sae
where n = number of blecks per unit length, and I = length of the prism,
If o = gross section of the prism, then any one of the capacitances €1,
Coy wae etc., will be given by
01* -.1—@;..-.
4nY
where k = dielectrie constant of interstitial rvnterisl and T = tuickness

of interst;#;al layers.

Let 4 = gimension (linear) of one block, .
1
Then 1+7T - approximately
| e TaEET 4
since 4ie very small, o
Henoce 1. ln-1 - l R, since n is very large.
[+ 3 01 Lo

1
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The uantity L micht e called the specific capacitance by

L2
analogy to speelfic resisience. It is seen thnt this canaciiance

should vary with the size of the unit blocks and inversely as the thicke
neas of interstitial materisl between theme 4 true single erystal then

should have a maxirum capacitance.

{b] Discussion of lethods of lieasurement

l - Ealliatié galvananeter

Attempts to measure the ocapacitance of gelens priems by means of the
ordinary ballistic method showed that an electric charge could be stored
in galena, the amount of charge being a function of the applied potential
and the time of charging in a manner exactly like an ordinary condenser.
Howaver the time constants derived from the baliistlic measurements were
all of the order of tens of segonds and 4id not correspond to the product
of the known direct current resistance and the deduced capacity. Orude
experinents on the thermoelectric effect in galena were mnde and therno
BalleFe's of the order of E millivolts per derree were found., This is
extremely hirsh ond mrobably secounts for rmeh of the stored chearpe in
the bellistic experiments.

2 = Alternnting current methods

Alternating current methods should eliminate the trouble caused by
the Peltier effect. .iceordingly attenpts were nnde to measure the capncei-
tance by means of wave meter circuits and bridge circuits using frequene-

cise ranging from 400 eyeles to 18,000,000 cycles. It was found from the



wave meter measurements thiut the effective resistance of the specimen
Aropped rapidly with tho frejueney and that the resistance decrease was
irreversible at first, and that only by standin: for twe weeks or more
would the resistance return to 1ts original value. Bridge methods were
very difficult due to the high value of standsrds regquired. TFurther-
more the accurate determination of the null point on i. 0. bridges
re-uires that a econsiderable smount of energy be put into the bridge and
it was found that the specimens became quite warm. "This heating effect
produced groat changes in the resistance of the specimens due to their
high temperature ccefficients of resistance. It was found thst the
direct current resistance varied as the spusre of a simultaneously super-
posed alternating current and was independent of the frecuency.

This is reasonable and can he explained on the following basisg.
GConsider a specimen of material connected to one arm of 4 bridge and suse
vended in a constant terperature baths Let current I flow throush the
speeimen when the bridse is balanced., ‘[The hest supplied will be

TI°R t =1
wicre € = seconds, 1 = resistance, J = mechanical ejuivalent of heat.
Jdenece the rate of supplying heat will he

di - JI°R

dt =
Now, assume Newions law of coolingz which is

&= xir-m

Where T 5 temperature of body
' = temperature of surroundings
t = tine

X = a oonstant for a given set up.



e know
all = Gpd’,i' where Gp = gpecific heat
or the rate of losing heat will be:

aH s ¢ 4T = o (7 -7
at lost at

at thermal ecuilibriuom

(d4) =« (4H)

(dt)gainﬂd (dt)lost
or,

Cp K(T = T*) =J I R
Hence,

(}p K(T « T*)
R = '
7 1°

Therefore in any bridge messurement the values obtained are not only
geing t0 be functiona of the temperature of the specimen but also of the
tamperature of the bath and will likewlse be inversely proportional to
the square of the ocurrent. In measurements on good metallic conductors
the effect will probably be very slight due to their low temperature c¢o-
efficient of resistance. However, with substances like galena the effect
becomes preponderating and is sufficient to mask the other more interest-
ing effects, It was Tor this reason that alternating current measure-

ments of the type desoribed were abandoned.

RN

IV -~ THY COMMUCTIVITY COF QAL ALy DY DIRLCT Swhuing
BSOS OF SUREHT 2D VOLT G

It became of importance to lmow whether palena stricily obeyed Chms

Law ot low current densities. Obviously from the foregoing equation in
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it would not do so at current denailties high enocur to produce apvre-
¢iable Joule leat, iny attempts to eliminate the heating effeet by de~
termination of the constant X in the above ejuation, at each temperaturo
would involve rather camplicated experimental technique and b subjeet to
considexrable arror. Hanee 1%V was decided 3o eliminate heat effects as
maok as possible and work at as low curren’ densities as feasidle with the
equipnent at hande

Lxperivents on many types of PbS speoimens, natural, and synthetie
and in nassive or gramular condition were mede. The granular meterial was
pressed into pastilles and mounted in a clamp between »latimum electrodes,
Practically all of the tests showed that the slopes of the voltage versus
current curvesz were constant but that the curves intercepted the axis., It
was deeided to investigate this thoroughly and with the same materisl at
different graln sizes sinee extrapolation to the effect of secondary blocks
mizht thus be posaible.

(a) Cholce and Preparation of Linterial

Natural galena was subject to too much variation even fros point to
point within any one good sized piece. Hence, synthetic crystals were pre-
pared by fusing precipitated lend sulphide in the presence of a sreat exe
gess of sulfur. The material was cast into orucibles. The product so
formed was nicely crystalline and asppeared like natural galsha in every waye.
Mieroseopic inspection of cleavage surfaces showed all of the characteris-

tics of natural galena cleavage faoces as described by Buerger 5, Head 4, and
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Dean and Xostery l. The material was then crushed through 20 mesh and

the excess sulphur removed by prolonged extraction with Cls. It was then
dried and secreened throush a set of ordinary laboratory sereens and the
variocous fractions sevarastely bottled for future use. o analysis was made
of the naterial because only the one specimen was to be used throughout the
subasequent measurements.

{b) .pparatus

Preliminary experiments had indicated that pastilles which were
maechanically strong enough to be self-supporting required pressures which
cauged considerable deformation and secondary orushing of the grains.
Since it was desired to study the effect of grain size obviocusly self-
supporting pastilles could not be used.

The device finally adopted to hold the specimen and apply the elec-
trofles is shown in figpure 3. The sketeh is self-explanstory. This was
suspended in an evacuated system as shown in figure 2,

The electrical circuilt was as shown in figure 4. K is a Leeds and
Northrup Type K Potentiometer. L is a Leeds and Horthrup Kohlrausch slide
wire. The battery, 3, supplied current to the Hohlrausch slide wire and
lsads were taiien fra: one end and the movable condact and eonnected in
series with the specimen, 3, and a standard resistarce, M., In this woy
very delicate control of the current throush the spoecimen could bve obicined.
The potential across the specimen was measured across the leads to the
sllver electrodes on the snecimen holder. The total wesisiance of these
leoads and electrodes without a specimen in fthe holder was of the order of

'

10 olms and hence was entirely negligible. leasuranents were iude with

current flowinz in both directions, reversal of the current being aceom-



- 18 -

plished by merely interchansging the leads to the specimen.

Temperatures from 125° ¢. to room tesperature were obtained by
means of the electric furnsee surrounding the evacusted jacket =s shown
in figure 2, The tempersture was wueusured by a calibrated copper-advance
thermocouple as shown, Vacuum was obtained by & Vegavac pump connectaed
to the evacusnted jacket. The pumd was kept running contimucusly nizht and
day unilil »n set of readin&s were finished.

{e} Mxperimental “roeedure

The actual manimulations were as follows: Thiree orams of a ~iven
sized specimen of the symthetic malenn were wolrhed into the specimen
holder. The holder was $anmed 30 times €0 nack the nowder. It was found
that tanwing 50 $#imes on the table nacked any 22 the rain sizes 10 a
minimse volume, Then a brass plunser was nluced on top of the spacinen
in the eylinder snd the specimen subjected fto a presmure of 175 T:rj@iz
for 3 hours. The pressure was applied by means of o lever amm and weishts
operating on the brass plunger. At the end of this time the brass »lunr~er
was removed and the top silver electrode sorewed firmly into place by
driving the Bakelite block inte the e¢ylinder by moans of the nuts shown in
figure 3. It was attempted to always draw those nuts up to the same tighte
ness for eadh specimen which was done by tightening as far ce possible
with the fingers and then giving a definite nmmber of turne with 2 smelld
wrench.

The holder was then suspended in the jacket by merns of its lesds,
the vump started nné the furnace brought up to 1007 to 1258° ¢. =Dach
specimen was puwiped for 24 to 30 hours or until reneat readings could be

made at 2-hour intervals. .fier a sat of cleck readings were obtained the



temperature was lowered to another value by means of a lamp board and
rheostat in the furnace circuit, After the first equilibrium conditions
had been obtained it took from 6 to 12 hours to arrive zt a steady state
at the next lower temperature,

Reasdings were made by adjusting the current through the apecimen to
10, 20, 30, 40, 50, microamperes in succeasive steps and obtaining the
corresponding IR drops across the specimen. The E-I curves were perfeatly
reversible at any temperature, and the temperature-resistance curves werse
likewise reversible for a glven speeinmon.

(4) Determination of Grain Size

Since standard screens were not available the fisures of (Groas 16 or

otliers on surface or dismeter of gmalens particles ecould not he used and
the grain size had to be determined by some other method, This wusn done
by randomly selectinz from 50 to 150 mrains from ench size renge and
sketehing thelr immges at known magnificution by measns of an sbbe Drawing
Camera mounted on s nmieroscope., The projected area of each grain was then
deternined by using & planimeter on the sketches obtained, This method
yielded the figures shown in table l. They are not claimed %o be anything
more than approximmtions and the mean area is tho straight aritimetic mean

of the individual readings.

Table 1
3ereen Mean Projected .rea
nize BQe Tl
«100=200 00,0129
«B0=100 «0369
=G0=80 «0587
‘40*50 '17'?

-20-40 617
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{e) The Experimental liesults

Since a great mmber of values of current and voltages were required,
thelr tabulation would be too bulky. Consejuently a sample set of readings
for one specimen and temperature is given in table 2, and they are plotted
for an entire set at all temperatures in firure B5. The linearity and the
intercept are readily seen. 1ll1l the rest of the data are reported ns the

Table 2

Screen size =100«200
Tenperature 310.9° 1

Current vultg
amps X 106 x 10

10 1,600

20 3,157

30 4,714
40 6,271

80 7,886
=10 -1,516
30 -4, 636
"m "’3 ,180
-850 -7, 735

constants for the straight line equation deduced from each set of voliage-
current values. This equation is

L= IR + 4
where, R = slope of curve expressed as ohms

4 & intercept expressed in volte

I = current in amperes

I & volts

The results are shown in tables 3 to 8, inclusive.
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Table 3

Sereen size -200 mesh

i

T R A T Lagloa
ox ohms  volte x10° x10°
380 o5 78..0 479 2.628 1.881
369 .4 89,2 408 24707 1.950
358.1 105.0 387 2.793 2.021
353.1 1z2.7 330 2,832 BL89
346 .4 139.8 283 2.887 2.144
333.9 17249 225 2,995 2,258
B17.3 262.8 144 B5.152 24420
294 ,9 451.1 18 3.391 2,691

Table 4
Sereen size -100-200 mesh
;.

T R A T Logldﬁ

% obms volts x10° x10°
368.6 18.3 287 2573 l.2628
386.1 20,6 262 24590 1.314
36945 3.4 225 2706 1497
340 .4 703 150 L2.938 1.847
330.9 0844 108 D3.0822 1.984
310.9 155,7 42 3.217 2128
295.4 33206 -14 3.385 2.%8
379046 330,66 -21 3577 2.519
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Table

Joreen sine «030«100 mesh

1
i R A T Logy R
o chma volts x10© X157
389 .6 G oR6 73 2,587 0.967
360.1 15.8 41 B777 1,199
320 .6 81.3 26 3,054 1.496
307 o4 566 0 3.253 1.753
248,3 317.1 -d 4.087 2.501
Table 6
Jereen slise «G0-00C mesh
X
T :2 e}\ gf L O&: ;lﬁR
O, (3} &
L ohms volts x10 x10
393,92 4478 56 2e53¢ 2573
3787 CeO4 51 TS « 781
365.6 7o 57 43 2738 <379
354 .6 .19 30 2,820 «363
345.9 11,0 34 2,891 1.041
318.4 213 8 Sel4l 1.528
299 .6 31.5 0.4 3.338 l.428
298,1 3B.8 0 36355 1.521
2938.1 39 o4 g 5edli 1596
286.6 4542 3 3489 1.855
282.1 49,3 1 3045 1.693




Table 7

Sereen slze ~40-60 mesh

1
T R A T Loz of

O chms volts x10 x10
392.9 3,68 35 2.545 0,566
390 46 4,19 28 2.627 622
36346 5429 23 2,750 <723
341.6 7.18 1 2,987 «858
327.6 9el7 16 3,053 962
31644 11,2 8 3.161 1.049
?398.1 1!6.0 ""1 3‘355 1:204

Table 8
Sereen size 20«40 mesh
Y

O ohms volts x10° x10%
391.1 1.71 17.9 2 557 0.233
350.1 2.14 10.4 2,856 «330
308,7 2.67 0 3239 427
293.6 2,96 34460 471
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If, now, R is plotted against the temperature the curves ashown in
figure 6 are obtauined. Figure 7 shows the relation between log R and
the reciprocal of the temperature. The linearity is readily apparent und

hence the relation between R and T is expressed by

Rz ME Yy

where M and 4 are conastants. The numerical wvalues for ¥ and 4§ are shown

in the third and fourth columms of tuble 9.

Table @
Mean TFrojected B & v 6
Goreen size Area per Crain ) o volts xi0~ wvolis x10
mm3

=200 0 eeee- 0.122 2436 5.195 «1511
«100=-200 0.0129 0894 2038 310 - 913
«G0«-100 «0369 «0164 2477 76 - 28
«30-80 L0587 0110 2390 73 - 2]
4«60 177 #0334 1839 3D - 101
‘20-40 0617 0375 601 020 - 60

(f) The E-I-T Zquation for Calena

The intercept, 4, from the eguation
E=IR ¢+ 4
is readily seen to be a function of the temperature and the grain size,
A wvse T is plotted in figure 8. Here alsc a lineay relation obtains and
hence
A= BT 4 C.
Values of B and ¢ are shown in the fifth and sixth columns of table 9.
In view of all of this, the final emuation of the current and voliage
relations for the preaent set of data iz of the form

Q,/
Es mME T 48T+ c.

No mathematical expression has been found to take care of the influence



of grain size. The trends are evident from the tables but eonsidera-
tions based on mumber, size, or surface of the grains and either gross
=1 relations or thoze based on e unit volume of pressed powder cive
no definite numerical results. Table 9 swrmarizes the values of 'y
%, and O tosotier with the correspondine sereen sises and the mean
projected aren of tho rains.

The interpretation of such data hos been approached from many angles.

Same of thom shall be reviewed in the following.

V o« THE MLECTHRICAL COMDUCTIVINY 0F SOLIC CLLIOUIDSG

The electrical conductivity of matter probably varies between wider
numerical limits than does any other common property. Thus: the specific
resistance of silver is approximately 0.6 x 107> omms while that of
fused quartz is approximately mm ohms, ‘The mechaniam by which eleciri-~
eity 1s transferred is generally concaeded to beleong to ome or both of two
diatinet processes ocalled eleotronie and ionie,

i.lectronic condustion 1a that kind found in all good metallic conduc-

tors and which involves only the tranafer of eleetrons, no appreciable

mpas taxing place in the movemant. It seema to be closely relsted to

sih

thermmal conductivity since the law of .ledemann snd ranz sintes usg ar

it

arpirical fact tunt the rotio between the specific cleetric and thermal
econduetivities is a constant for rsood noitnllic conductors. Drude developed
a theoretiecal treatant fron tos elestronie thcory sid suceeedod in enlou-
latiags the ledomann-Franz constunt fror fundamental constuntse. Loraents
amplifisd the slectronic tieory and it hus given risg o numerous troute
ments of metallic conduction nome of wilch are yet thorousdily satisifactory.

However, the existence of mobile electrons in metallic substances has been
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thorouchly substantiated by our knowledsze of thermionle emission, the
reltier effect, the Hall effect, photoelectric emission, metallic re-
flection of light, and other properties. A review of electronic conduc-
tion theories has been given by Te J. iiebb 17.

Ionic conduction is that kind observed in electrolytes and in which
the transfer of charge is accompanied likewise by & transfer of matter.

It is sufficiently familiar in conductivity experiments on agueous solu-
tions and occurs likewise in solld electrolytes such as the alkelil halides.
Both lonie and electronie conduction ean occur together and such
is believed to be the came in the so-called variable or semi-conductors

such as many sulphides and oxides of the metals.

However, the actual specific conductivity of a substance is governed
by so many variasbles that little reliable information can be gained from
that figure alone. In metals and alloys the conductivity varies with the
degree of cold work, the grain size, composition, etec. In alloys forming
two distinet phases and no solid solutions the conductivity is directly
proportional to the percentsze by volume of the componenis, llowever,
alloys which zive rise to solid solutions always have conductivities rmeh
lower tusn either of the components individually. Intermetullie compounds
senernlly have lower conductivities than their compononts.

The temperature coefficlient of resistsnce or conductance is a mach
more critical index of the nature of the conduction process in solid
bodies.

The tamperature resistance relations in metals and metallic substances

generally follow an equation of the form =

Ry ® R°[1 + a(T - Ty) ¢ b(’l‘a- Tg)}



where, R = rasistance at temperature T
Ry, = resistance at temperature T,, usually Oﬂ Ce
a and b are constants

Differentintion vields

L8 = 53 onrae £
it th

oA is penerully called Sthe btenperubure coeffiecient and is itsell
a function of the jtemperature. IHear roon temperature X for metals such
as .3, ou, i1, Pe, g, etc,, hus a value of about 0,004, varying from
0,005 t0 0,000 for dlifferent metuls. Intiilesen 13 noted an empirical ree
iation boeitween tempernture coefficient of alloys and their composition
which is that their temperature ccefficients are proportional to their
conductivities as calculated by the rule of mixtures mentioned previouslye.
The temperature coefficient likewise is a funetion of the physical state
of the matal, However, the important fact is that the resistivity of
@200d eleotronic conductors is directly proportional to the tempersture.

Wow mmerocus measurements on s20lid electrolytes have shown the
resistance decresses with increasing Vvemperauture and that the conductance
generally follows an exponentisl curve of the form =

K= 3 €..Q/T = gonduetance ot tenp. T.

A and ¢ are constants.

If the terperature range is great enoush the ecuation takes the
form:

- ;1/’1‘ - ig/T
K= & + ap €

T
Tubandt 19 has dlivided so0lid electrolytes into 3 classes., The first

elass obeys the tempersture conductivity relations expressed by



= L€ / T

ond ineludes ibll,, & oI, L Cul, 4 oupr, Ticl, Tilr, slasses and the

systons l-0ul-, wPr-0ulr. She second elases follows the two merbered

emation -y -
¥ = ot /T + ap € "Q/T

anf is chornelterizod by such substances as the allkeli halides. The third

cluss are compounds whose tenmperature resistance varlstions are not

mathenatically expressidble.

Smekal (loc. oit.) attributed the two membered equation to conductivi-
ty of two types of ions, the first member supposedly taking care of conduc-
tion at low temperatures dus to the greater mobility of ions within his
"lockeratellen.” The second mexiber only becomes effective at higher
temperature and is due to ion migration within the unit secondery blocks.
Jiowever, Yhipps %0 ang nis coworkere have shown that at low temperatures
only one ion moves in alkalil halides and that at high temperatures both
ions migrate.

lowover in the case of .gCl, o two mabered e uction is likewise obe
tained, Tubandt and heinhold 2 showed by transference experinents thn
only Ture cation conduction italkes place. Tlence Smeolal 28 points out that
two kinds of o ions must be present, onc is structure sensitive, and the
other siructure insensitive. ..150 Jmekal coes on 3o show that for the
true conduetivity of alkali halides at least a three rombered exyression,
o -

K= a3 g %%1/ T + ag 6‘(%2/ T & am gﬁﬁ/ T
holds and that ii. Xassel has followed the change of 43 and iy under
systematically controlled grain growith in NaCl. They increase up to the



pure undeformed crystel and are then to be traced baek to diffusion and
roaction processes within the crystal.

e Jogt =3 has always been strongly opposed to Smelralts ideas of
conduction on internal surfaces and showed that the electrelytic conduc-
tance of ~ood conducting ailver iodide erystals is not influenced by
surfaces ond does not depend on internsl bounderies. The same author in
o recent poner hos developed the theory for bi-polar econductants bssed
upon Frenkelts 24 trsatment of diffusion within ionic solids, . sort of
chemical reaction is postulated wherein an aton in a regular lattice
position dissocintes into an atom in an irregular position and & wvacant
nlace. Jost is cble, by his mathematics, to calculnte fron fundamentsl
data mumeriesl values of the constants iy and Ap in the aforementioned
equations to within at least the sams order of magnitude 2z those obtained
experimentally.

The most obvious interpretation of the exponentiel equotions for
icnic conductivity is thnt the cuantity 4 reletes to the energy required
t0 free an ion from its constraints in the lettice nand that A depends on
the diffusion coefficient or the mobility-of that ion, the ion condentrae

tion and the charge.

Von Illevesey 25 considers that conduction in fonic solids is nothing
other than the chemical reaction in which the same kind of atoms or ions
reaet with one anothor in whiech onse the conductivity itsell is a measure
of the veloeity constent of the reaction. Those lons nove Tirst in cone
ductivity experiments which are also emitted Tirst upon heatinge Such a
conception likewise permlits of an explanation of the exponentisl shape of

the curve. TFick's law of diffusion does not necessarily apply to ions
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moving undsr the iafiuence of a podtential in conducting solids since the
proesss io a aort of irreversible diffusion between two different pusses.
Using a conegpt of diffusion in solids developed by Langmir and Dush=
man 26 von llevesey s computed the work of dissociamtion of ions in
various metols and metallie salis and Las obtained fairly good agrewsent
with the observed values. IZuch an energy of disscclation is reluted,
aceording to¢ won ‘'iavesey, with two walues, (1) tue melting point of the
801id and the other, {2) a uantity wiich depends on the charge, polariza-
tion propertice, ete., of the lattice lons.

However, other phendmena have been observed wileh eanrnod he expluinnd
on the husis of internal migration ol ions. Tor emile, &? the rosine
tanee of copper oxides has been shown to depend in a specific fashion on
the pressure of the surroundily asgs. .ith decrcasing alr and hydrosen
pressures the resistance éecrgaaas. but increasing oxyren pressuyes causeg
the resistance to decresse and nitrogen and neon give no definitely
detexrminable effects., Hesistance chanses of us mich as hundreds of pere
cent are ouaserved under varicus gas Pressures.

vbviocusly another type of conduction mmst be postulated in order to
aceount for this pressure effect. For aome time it was believed thot
substances lyinsz on the border line between metuls and nomuetals such as
silicon, zirconium, titaniwm, and graphite, were examples of the so-called
semlconductors but it has been shown by Seeman 28 and Schulze 29 for
silicon; Clausing and Jioubis S0 for zirconium and titunium, and Hysoike-
witeh 31 and MNishiyama o2 for graphite, tunt the temperature cocfiicient

of vesistivity of massive sinsle erystals is Doszitive and ehoracteristic

of thwe usunl metallic conductors. owover, wien these raterizls are
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atufied in the form of precssed nouwders the nerative termersture gcoefficient
and exdonentiul dermpercture resicionce relaticnships charascteristic of

ioniec conductors sre obitninoed., Eaptica 53 nna shown thot the temperature
coefficient of sputtored metuls is negnitive and MWishivama {loc, eit.) and
¥oenissheroar »nd Reichenhein 54 have shomn that pressed powdered metals
exiilhit 2 negntive terperature coefficient, Dean and Xoster 1 found that
finocly rrained steel calena followas an exponential ecuation in its temperae-
ture resistance relations whereas massive crystalline galena has a distinctly
metallic type of temperature coefficient.

All of the electrostatic theories of ionic lattices have as one their
conslusions that on the surface laysr of erystal grains the lattice dimen-
sions will be larger than they are within the lattice proper and conse-
quently a certain number of the free slectrons are more firmly bound on the
surface than they are in the intsricr. Nishiyams {loc. ¢it.) coneludes
from this, that the resistance of powdered retals and gramulsr graphite
will increase as the size of the arains decreases; thet is, as the ex-
tent of the surface Iincrosses, L& the tempersturs is ralsed the thermel
aoitation increases an? the electyrons sre sraduslly sot free givins rice
to o negatlive terverature coefficlent which would robably shey an exponen-
tial lawe his i= nothine wore than the concepiion closely ollied to our
ideas concerning electronic enission fram hol bodies, which also follows
an exponential law as expreused by Richardson's ecunticn. It is obvious
that the mere exponential relation between termeorature snd resistance is
no indication of the Uype of comduction occurring in a conductor since it

can be explained equally well on the basis of ion diffusion or elesctronic

emission. The influence of gases in the case of copper oxides previously



cited moy just ss well be dus to & diminution in electronic emiassion
caused by the inorevased gus pressure itself as to any other cause.

In the present experiments orysimlliized lead sulphide was used
throughout and was shown to follow in all cases ithie same type of exponens
tial law. The experimenits were carried out in vacus which though not of
an extremely hich order {approxluately one mieron) should be sufficient
o mrevent conslidercible influence on elecironic endssion between smins
1f such emission actuslly occurred. ‘[he influence of yressurs on the
conductivity of lead sulphide wus observed in g gualitative rsnner on a
few of the lost rendingss ruwde in the pressnt series of experiments. Dry
alr was allowed to flow into the vacuun chiwnber and the resistance
measurad. In sll eases the resistence increased about one-hundred fold.
The experiments of Volmer 35 have shown that adsorbed molecules ars
capable of mizration over the surface of solid adsorbanits. It might slso
be postulated that the conduction of pressed powders of substances which
are known t¢ conduct elecironically in the mussive condition is due to
a surface migration of adsorbed sases. The amount of such migration would
naturally be an exponential function of the temperanture in spite of the
1ittle underastood kinetice of bwo-dimensionnl gus systans.

However, the fact thnt tlo resistance increases with increasing gas
prassure would not ald in interpreting the conduction us due o mlgration
of sésorbed guses. Bowrbach and Uagner 56 noted that the conductividy
of MO wvaried with the pressure of 03 in accordance with an enuation of

e fTorm
1
l{ = K}gn‘

where K = conductivity; p = pressure; and I’ and n are constants. Hut



they raintained that the conduction was nearly all slectronic.
Trzebliatowski 57 reporis that the conduetivity of pressed powders of

gold and silver has s positive temperature coefficient up to 100° c.
wisich, however, is negative between 100° G. and 300° Co Contect resis-
tance unguestionably enters into any consideration of the electriesl
resistance but reported work on the so-called sleve sontusts of . liolm 28
does not lend itself toward elucidating the genersl phencuena observed
in pressed powders.

The ehief conclusion to be drawn from the data on slectrical con-
duetivity of solids is that the actual proceazes are in most cases but
very little understood and that exireme care rmst be exercised in their
interpretation. Furtiermore the conductivity of vressed powders seecms
to hnve but little to do with the actual conducetivity of the material

forming the pmins.

VI « IRT 0T TION OF 0 RasULTS OF I 3ush iCH

The nresent dats show peculiasrities whieh rmst be mentioned, The
intercent of the -] curves on the I axis shows that the specimens used
in the present work have a self L0.F. of thelr owne This F.di.F. was
observed before any current was allowed to vass through the specimen and
hence cannot be attributed to chemical polarization of the ordinary kind.
41so the ¥ intercept was found to be a function of the temperature and the
grain size, However, within the limits of error of such low values, the
Bell Ze.els steadlily deorcuases %o whut seems to be a common threshold
value for all grain sizes as the tamperature decreases, but does not re-

verse below this threshold temperature. That is, 4 is always positive



or zero and never negntive -- within the iimita of error. wobually tuis
thresinold mipgnt be the intercept of some curves imavings an abrupt beud
an@ o might Tall gradualily by very stmll steps 0 zero. It seaw thut
the comon intercept is o wwronerty cionracteristie of ithe JLu 1tsell and
independeat of the grain size.

Just what causes the self LJdi.fe 18 not vewdily expiained. It cule
not be thermal Led.«fe because tint would reverse at lower terperatures.
The dnly explanation wilch can be offered tentutively st the present time
is based upon the observed Tucts that the polarity of this self Ldiels
was always the sane, i. 6., tae top electrode was always positive; and
also the top end of the c¢ylinder of pressed powder was more firmly packed
than the hottom, This packing at the top was due o the motion of the
brass plunger during the three hour pressing pericd., Furthermore, pre-
liminary experiments on pastilles made in a separante mold and which were
clamped between electrodes in such s way that the more firmly packed
mnterial was along one edge and ran from one e¢lectrode to the other did
not show a 86lf I.M.F. Hence, the initial electramotive force is bellieved
40 he due $0 a concentration effect of asuae sort. The grains at one end
of the eylinder were probably subjected to more oold work during the resse
ing neriod thon were those ot the other. This ridrht acgount for the potens
tial difference between the ends of the cylinder since eold work or deforma-
tion is knmown to change the electiron pressure within metalse It is to be
expaated that plastically deformed grainc should liberate their electrons
much more slug-ishly than unworked or annealed srains, and if a t ermionic
process is assuned, electrons will be more sbundantly eritted by the less

severely worked particles ot the lower end of the cylinder and hence would
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give rise to a higher negative space charge between gfains. In this
manner a potential difference betwgen the ends of the specimen would be
developed., This idea receives furiber confirmetion from the fact that

the lower end of the cylinder was negative in all cases and furthermore

the temperature threshold observed could only arise from some such irrevere
sible process as thermionic emission.

It is nighly probable thet the entire conductivity of the various
specimens ig due to a sort of electronic emission by the grains. Such a
aoneept permits an interpretation of the decrasase of resistonce with ine
erensing temperature in accordance with an exponential law as expressed,
porhaps, by ichardson's equation, whileh is

-2
18 4T€ B
where 1 = the satuvation current from a hot filament; T is the absolute
tempernture; ¢ is the work necsssary to libernte an electron; XK is Boltze
man's constuant; and A is another constant.

The incrcase in resistance with decrcasing grain size can be attrie
tuted to the fact that an electron must jump Lfrom one grain to the other
and hence makes many more jumps ian the case of the fine gralned mmterial
with a consequent decreuse in its gross rate of migration through the
evlinder.

The effect of particle size on the conductivity in the present case
cannot be expreased mathematically as yet. The various curves for R vs.
T were reproducible within about 8 to 10 percent for a given grain size.

Reference to table 9 will reveal n similar trend for values of ', 5,

3
Sata

and 2 and the grain size, 1 wviries differently. “melknl has pointed
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out that . and ¥ vary with the grain sige but has offered no data nor
hypothesis to aceount for such wariation.

Data at higher temperatures are needed to thoroughly confirm the
eanission hypothesis advanced here, Ferhaps higher vacua should be em-
ployed for this purpose.

Hlowever, it is conclusively demonstrated that the electric conduotivi-
ty of solids is some function of their stute of aggregation although the
type of function has not yet been elucidated. So far it is not possible
to determine the smize of unit secondary bloecks by extrapolation of the
alectrical measurements.

Jome practical applications rwy ardse from the vresent studies. The
fact that 2 good conductor like gulena ecan Le made to store an electric
charrs ne matter by whnt mechanis, indicates that processes for the
electric separntion of metallic minerals are not Levond possibility. The
high thermoeleetric force of lead sulphide may lend itself readily to
pyrometry. Its great change of resistance with temperature, particularly
when in a Tinely divided condition, may likewise prove of service in
resistance thermometers. The self . «Ff. generated by nonuniformly
pressed rods indicate a possibility of producing artificisl crystal roce
tifiers for alternating currents, Furthermore the variation of the resis-
tance of pressed powders with the pressure of the surrounding gas may be

applied to pressure measurements in gas systems.

WI - ESW:&&HY
1 = The current ideas on the secondary structure of aolids have been

briefly reviewed.
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2 = The posslibility of using electrical capacity as n measure of the
secondary structure is advanced and some of the difficulties in its
measurcment are discussed,

3 « The electrical resistance of fused crysitallized lead sulphide has
been measured for various grain sizes at various temperatures,

4 « (m's Law has been investigated for the same nmaterial over a range
of low current values at different temperatures and for different grain

asizes.

5 = Pressed powders of arystallized lead sulphide show a linear rela-
tion between the current flowing and the applied potential difference for
a given temperature, but the currente-voltiage curves show aleo an intercept
on the voltage axis which intercept is & function of the temperature.

8 = The slope of the current va. voliage curves is an exponential funce
tion of the reciprocal of the temperature in all ocases.

7?7 « The influence of grain size on the current voltage relations is
rondily seen altihoupgh no mathenatical interpretntion ean be susrested.

8 - The electric conductivity of solids in genersl has been briefly
reviewed,

2 - 4 tentative explanstion of the cobserved results 1s offered.
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