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I. PERSONNEL

W. E. Danforth, Assistant Dlrector, Principal Investigsztor,
(part time)

0. A. weinreich, Physicist, (full time)

Farry Bleecher, Techniclan, (part time)

Oon April 1, 1953 0. A. Welnreich left the Bartol Foundation
and sssumed duties with the Tung-Sol Electric Corporation, Bloomfleld,
New Jersey. No work was done on the contract in the period between
May 1, 1953 and September 30, 1953, On October 12, 1993, J. H.

Bodine jolned our organization, took up the work of this contract,

an¢ has Teen engaged with the Hall measuremsnts and theoret’cal studles.
D. L. Goldwater, whose primary responsibilitles lie with the

closely assoclated Contract NObsr-52592, has taken a significant

part In the discusslons relevant to this work, The present report

was prepared by W. E. Danforth,

It 1s a pleasure to acknouwledge the Interest and support

of Dr. W. F. G. Swann, Director of the Bartol Foundation,
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EIRY

I APSTRACT
1. Genogrul

studles have heen made of electrical and optical prorerties
of honogeneous crystatline gpecimens of thorlum oxide. The objJective
haes been to ohtulr rasic Infermation periinent to electron tube
applications of thiils materisl. Definitlve experimental data have been
obtained rerarding a wide rangec of topics. Theoretical iInterpretation
{3 as yet incomplete. A driel gtatement of the results obtained

follows.

2. Color Phenomena and Absorptlion Spectra

The relaticn of thorium oxide color to oxygen content and
heat treatment has been established. Optlcal absorptin measurements
in the vislible and ultraviolet have been made wlth specimens of
crystalline material having different oxygen content., Coloring (and
bleaching) by radiation, and coloring by passage of current, sro

deacribed,

3. EBlectrical Conductlion

Conductivity of thorium oxide cryzatalline specimens, as a
function of temperature, has been studled in oxygen, hydrogen, nitro-

gen, helium and vacuun. Oxygen aclivates a relatively hirh valune of

conductivity,

. Thermoelectric mffect

Seebeck effect of therium oxide against platinum has veen
measursed in different gases ancd oxygen. JIn oxygen; quantitatlve data

were obtalned which indicate p-=type condnction., Slope of the
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5% V3. é-plot agrees with the log o va. ;‘slope of the conductivity
data,

5. Solubility of Hydrogern

Mloro-gas-analysis apparatus was used to determine the
80lubility of hydrogen in thorium oxide., Results pertaln to roie

hydrogon 1a bleaching, ard in lowering of the conductivity.

6. Rectifying Properties

The rectifying properties of ilie ThoznPt contact uvere

detsrmined,

7. Dielectric Conastant

Approximate measurement was made of %l:¢ low {requency

dielectric constant of thin plateg cut from crystalline This,

8, Hall Effect

Measurements of Hall effect in cryztailiine ThO

temperatures were in progress at end of contract,

9. Theoretical Summary

The empirical data outlined above are discussed in rela-
tion to the simple energy “»and model with doncrs and acceptors. The
ultraviolst cut-off gives an intriuslic enerpgy gap of 3.Y% volts,
Oxygen-rich crystals show cut-off at 3.3 volts, suggesting s high
density band of acceptors extending to .©% volts velow the conduction
band, With oxygen-poor crystals {intrinsic g&g 3.2 wvolis) an absorp-

tiornn maximum at 3,1 volts points to a high decsity of donor centers

at .8 volts above the illed band,




be

Conductlvity vs. temperature in atmospheres other than
oxygen yleld a rap valus of 2.5 volts to be compared with the 3,1
volt fipure from optical sbsorption. Conductivity and Seebeck effect
in oxyren both yleld activation snerglss of ,7 - .8 volts which
would be interpreted as gap values of 1.l - 1.6 volts, however,
in this case, thls lnterpretation requires further study on account
of a presumed varlation of density of impurity centers with tempera-
ture, Present lack of mobility data prevents accurate evaluation of
impurity densities; using mobilities in copper oxide a value of 1018

Xs obtalned for the non-oxygen case.




III. DESCRIFTION OF WORK

1l, General

This contract was undertaken to provide trasic information
relative to thoria cathode research and development which has been
in progress at the Bartol Foundation under Bureau of Ships Contract
NObsr-52592.

The end-use of the information derived from bHoth of these
contracts 1s the development of improved elactroﬁ-tube cathodes,
thorium oxide being one of the more promising materials for heavy duty

requirements of the kind met in the microwave fleld,

The types of cathede ilmprovement for which information is
being sought at Bartol are of two principal kinds: (a) increased
electron cmission at a given temperature, and (b) increased lifetime
as & useful emitter. An understanding of electrical conductlon in
thorium oxlide is pertinent to both cf the above goals. The electronic
energy level structure which is involived in electrical conduction 1s
an essentiai part of the theory of electron emission, An understanding
of lonic conduction in the material is baslic to the 1ife problem
Ingsofar as deterioration 13 due to electrolysls., The present contract
is concerned with the electronlic problems rather than the ilonic; ang,
becauss of the hasic role of conduction, a large fraction of the effort

has bsen applied to slectrical conduction rather than to thermionie

emission,

The materlal used in theze investigations was purchased in
fused form from The Norton Company., Spsctrographic arc analysls
revesled aiuminum and lanthanum as the principal lmpurities, bcth

oregsent to ths order of marnitude G.01 percent. Traces of chronium,
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copper, asilicon, beryllium, tebanium, cerlum, ytirium, and zlirconlum
were algo reported., TFurther description of the materlal and procedures
for cutting and polishing erysialline spacimens are given in 2 recent
publication})

1) wW. E. Danferth,"Thorium Oxide and Elestronics®, Advanccs in

Elestronies, Wl. V, 1953 (Academic Press, Inc., New York, N. Y.)

2. Color Phencmena and Absorption Spectra

Studles of the optical properties of a substance are basic
to sn understanding of 1its electrical behavicr., Whenever an electrical
preperty of thorium oxlide 1s descrihed, one musi alaso state whether
the data refer to ths "high-oxygen® state or the "low-oxygen" state of
the compound, A direct correlation has been found between oxygen

conteht and color of a thorium oxide cryatal,

The first clariflcatlion of the subject of thorium oxide
color occurred at the Bartcl Foundation during the beginning of the
1}
present contract., We quote from a previous publication,

1) Ww. E. Danforth, loc. clt,

"....oRecent gtudles at the Bartol Foundation have shown that
thorium oxide may exist in red, colorless, or ysllowlsh forns,
depending upon heat treatment and oxygen content, A black form
is alsc sometimes observed; buf, so far, has been very littie
Investiputed.

2)

i Experiments by Weinreleh showed that, generally sgpsaklng,

o
S~

0. A. Weinreich and w. L., ™nfertgh, Prys. Rev, 88, 953 (1952)




the red color of therlum oxlde corrssponds to the pressnge of
excoss OoXyzen; a crystai heated in oxygen at 1000° ¢, say, will
inwvariably be red. This condition ls denoted as 'oxygen-redt,

" If an oxygen-red crystal 13 heated (again, say, at 1000° ¢)
in hydrogcen or vacuum, the color disappears completely (ne measgur-
able change of wsight). This colorless form 1s, feor brevity,
called 'white?,

I I a white crystal 1s exposed to ultraviolet radiation (sun-
licht will do} a® room temperature, a red color 1s produced which,
to the eye, ls indistingulishable from the oxygen-red condition,
This conditicn 1s called 'radiaticn-red'! and differs from oxygen-
red by, for one thing, the fact that radiation-red will bleach
fmmedictely to white at 200° ¢, whereas oxygen-red will not,

B Purther optical changes teke place when the material 1s sub-
Jected to higher temperatures, If 2 crystal in slther the white
or red condition 1s vacuum-fired at 1800° C, 1t assumes a yellowish
color., Also a measurable loss of welght of the order of 10-3
percent is found. Spectroscoplcally, 1t is foung that the_ short-
wave 1imit of transmission ls shifted from 3700 A to 3200 3 and
that an absorption maximum appears at [,0O0O A. Absorption data
taken by Welnreich with a double quartz monochromator and photo-
multipller are shown in Flg. 1. To show the reproducibility of
the data, the naterlal has been carried through the following
cyclical treatment: (a) heating to 180G° C in o vacuum, (b)
heating to 1000° ¢ in air, (¢) heating to 1000° C in vacuum,

and (4) reheating to 1.8006 C in vecuunm,

=3

" The so0lild circles show the absorption curve which is obtain»‘

after procsss (a). One notes the bell-shaped maximum at 4000°
Process (b} heating la alir, causes absorption of oxygen and pro¢=
nounced change 0of gpactrum as gshown by the crosses. The belle
shaped absorption has disappreared, and the cuteoff has shifted

to longer wave-lesngths, Tha crystal, if now examined cold, will
be a deep red coior, Process (c) bleaches the erystal to ¢lear
white with no meaqurable weight loss. The absorption is now
shown by the open circles. Process (d) heating again to 1800° ¢
in vacuum, trings the crystal back to the condition fcllowing
process (a) and gives the results shown by the triangles. Agree-
ment between the trlanpgles and solid circlcs shows that the crystsal
hags been brought back to its original state."

Briefly, and empirically speaking, thorium oxide may be said
to be in one or the other of two states, (4) the high-oxygen state, and
{b) the low-oxygen state, 1In the hlgh-oxygen state, the crystals are

either red or colorless: in the low~oxypen state they are yellow,

The correspondence of these two "atates" with theoretical

descriptions of the material has not yet been made. It 1s possible
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that, as the thooreticel plzture develops; the high-or-low oxygen
classification will be found withoul precise meaning and may be set

aside, Until then we will use 1t as a working guide,

Fig, 2 shows the rsiative change »f spesctral abgsorption in
the visible when a white high-oxygen crystal is reddened by radlatlion,
The measurements were taken with a double guartz monochromator and
photomultiplier, To eliminate errors due to variations of light
intensity, etc., only a portlion of the gpecimen was exposed to radla-
tion; the other part of the crystal remalned colorless and served as
a control. Each point on the graph was obtained by the following
process. A resding of trunsmitted light Intenslty was made with the
light traversing the colorless portion, (position 1.) The crystal is
then shifted sc that the light trsaverses the red portion, (position 2.). i
The ordinate of a point on the curve 1s then the ratlo of the reading ®
for position 2 to that for poaition 1, The upper curve gives the data
before irradiatlon of the crystal; the dcpartures frcm 100 percent can

be accounted for by experimental error and non-uniformity of the

=rS

apecimen,

One notes a maximum of absoro>tion for the red crystal in the
o
neighborhood of L 000 A, It is still an open question whether this bears
any relation to the maximm which 1s shown by a low-o0oxygen crystal in

tne same region.

Regarding the shift of ultraviolet spectrum when a high-~
oxygen crystal 1s converted to the low-oxygen form by vacuum firing,
the questlon may be asked: Wrich of these absorption spectra are to

be regarded as the intrinsic abhsorption of the stoichlomstric ThO2

crystal? Or are both, perhaps, intrinslc, ths change beins one of
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erystal structure?

It would secm that the last named hypothesls mlght be
ruled out at once. If the change from the "white" form to the "yellow"
form 1s a change of intrinsic crystal structure, one would expect
that, with sufficlently slow coolin;, the transition back to the
"white" form would take place, raasbsorption of oxygen being uniiecessary.
No such change has been observed; ahsorption of oxygen appears
essential to ths shift of gpectrum. X-ray observations have confirmed

that no change of structure accompaniss tre change from white to yellow.

If 1t is assumed that one of these forms is the stoichlomstric
composition, 1t 1s more probable that thls would be the low oxygen

stave. To hypothesize that the high-oxygen state 1s intrinsic means

——

that the low-oxygen state is the result of thermal decomposition; this E

i1s improbable on thermochemlcal grounds.

The amount of oxygen Involved, of the order of 1017 - 1018
atoms/cc, appears sufficlent to account for the high absorption coeffi-
o
clent encountercd between 3700 and 3200 4 and attributed, on this

hypothesis; to the presence of excess oxygen.

The amount of oxygen involved in the change of red to white
is undeteccable by welghing and would therefore appear to be of the
16

order of 10" ° atoms/cc or less.

It has already bevn stated that the oxygen red crystal
will bleach in vacuum at 1000° C. This bleaching is found, as would
be expected, tc take place in any oxygen-Iree stmosphere such ag
hydroiren, nitrogoen, or helium. Tne dependence of this bleaching on

temperature has nat been therourhly investipated; 1t has been ongserved
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o
to take pliace readily at 700 ¢ but not in any reascnahle time at

c
200 C. ©No bleaching of the oxygen-red crystal by radiation has

been observed,

As already stated, a white high-oxygen orystal will redden
when exposed to ultraviolet radiation, The bleaching of this
radiation-reddening has been accomplished in two ways. It has been
found that, regardless of the atmosphere, radlation-reddening will
disappeer when the crystal 1s heated to 200° ¢c. The red color may
also be destroyed by exposure to visible light of wave-lengths

c
greater than J100 A. More precise determination of the wavelengths

Iinvolved would be desirabvle.

Since a white crystal wlll convert to red by the addition

of one part per million or less of oxygen, 1t would be expected

=

that thls phenomenon might be used for the detection of oxygen
produced by electrolysis when a current 1s passed through a white
crystal, This 13 indeed the case; some results 1In th'’s connection

are included in the next section,

3, Electrical Conduction

A. Tube for slmultaneous determinations of conductivity and

thermionic emission,

Before the beginning of this contract, work had cormenced
on a rather ambltious tube for this purpose, It 1s shown schematicalily
on Flg. 3. The tube consists of a small vecuum furnace for raising
a crystalline specimen to the desired temperature. A molybdenum
anode, at the same temperature as the cathode, was intendsd to

provide measursment of thormlonie emlssion., At the ssme time the

conductivity of the specimen could be determined with null probes.
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A thermoccuple was included for temperature measurement.

One of these tubes was completed, and preliminary work was
carrled out with it during the first few months of the contract, The
technical difflculties were considerable, The current voltage rela-~
tion of thie ancds had to bs studled and correctly interpreted in corder
to yield a value of fleld-free emission; the fine wire probes tehded
to open circult and when this cccurred, 1t was necessary to disassemble

the tube. lowever, the experiment app.iared to be feasible,

Thls study was, nevertheless, discontinued before final
regults were achieved. This was not primarily becguse of difficulties
but was based rather on loglcal considerstions. When the experiment
was first concelved, we were unaware of the magnitude of electrolytic
affects in single crystals; the exlistence of these effects, the
awareness that large and variable amourts of free thorium are likely
to be present in the crystal and/or on its surface make the interpre~
tatlon of the experliment difficuit. These considerations, plus the
fact that the experiment was proving to be time-consuming, made 1t
seem more advisable to proceed with otlisTr and somewhat less elegant
types of conductivity studies., It may be advisable to return to

this experliment at a future time,

B. Previous Conductivity Studies

A review of this matter i1s glven in reference 1. All previous
quantitative 3tudies were conducted on sintered materlal and the
conductivity Iin vacuum has been found to he markedly dependent upon

the history of the specimen as rerards passage of current. This would

bs expectsd In view oif the presense of electrolysis. In the studles
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3)
of Danforth and Morgan, messur:ments uwere made on sintered specimens,

3) W. E. Danforth and F. H. Morgan, Phys. Rev. 79, 142 (1950). '

provided with potentlal protes, and mounted in a vacuum furnace.
Pulsed measurements of conductivity were mads ag o function of
temperature for several states of activation bty current. Activatlion
energies between 3.2 and .58 volts were found. Values of conductivity
as low as 1 olm-cm at 1027° ¢ and 10 ohm-cm at 727° ¢ were found after
subjecting the specimen to direct current of 7.6 A/cmz, The different
states of activation, when related to the simple seml-conductor model,
showed varistion of activatlion energy alone, the density of impurity

centers remaining more or less constant,

L)
F

A preliminary experiment concerning conduction in s homoe

4) W. E. Danforth, Phys. Rev. 86, 116 (1952)

geneous crystal of thorium oxide was carried out at Bartol in the fall
of 1951, It was obeerved that electrolytie vhenomena ware very pro-
nounced when charge amounting to a few coulombs w:s passed through a
thorla crystal in vacuum at 1300O C. The first effect is a blackening
of the interior of the crystal; this is followed by the formation of

a metal coatling on the surface,

Such phenomena made 1t evident, as stated sarlier, that the
gstudy of conductivity in thorium oxide 1s a subject of greater
empirical complexlity than was first thought. It was realized that

the conductlion of electriclity in thorium cxide as used 1in practice,

e.. in cathode coatings, 1s a very different matter frcm that




conducstion: whilch takes piace in sn unelectrolyzed thorium oxide
erystal. Conductlion in an actual cathode coating is intimately
bound up with the precence of a considerable smount of free metal.
it 1s, in fact, the presence of this free metal, produced by
electrolysls, which so increages the electronic conduction of a
cathoda coating ac to rednce the rate of electrolysis to a point

waere th=» cathode has a reasonable useful 1lifs,

Work on singls crystals 1s obviously essentiesl to the
understanding of the cathode coating, but it became apparent that
an understanding of the coating would not be immediately glven
when an understanding of the c¢rystal was attained. Complete know-
ledgoe of single crystsl behavior providez means by whiech, through
much additlonal thought and experiment, lknowledge of the coating

vpehavior can be reached,

C. Studles in Gas Atmospheres

vVarious objectives are invoived in the carrying out of
studies in different gas atmospheres, Oxygen 1is of obvious interest
regarding the questlion of the exlstence of p=type conductlion produced,
for exemple, by therium vacancles., A more immedlate reason for
using an oxygen atmosphere is the degirability of working with a
saystem which 1s stabls in time, As alreadr stated, a thoria crystal
in vacuum acquires, in a short time; a metailic coatinc whan current

Is passed through 1t, OCnly a snort tims is svallabls for that kind

&]

of observation which might be sald to relate to the thorium oxide

structures 1tself. Ry deins the experliment in an oxygen atmosphere,

a relatlively atable sltuation 1s created,
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The resw.ts te be descerived were obtained with rectangular
apecimang somewhat less than 1 em on an edge. Simce an oxypen
atmosphere was to be used, molybdenum could not be used as an
electrode material and platinum was used., Coatings of platinum were
asvaporated on opposite faces of the parallelepinpeds; connection to
the coated faces wes effected with flat platinum contactors held in
place by pressure. Conductlvity values quoted were obtained from ;
current and voltapge values with these gpecimens, The guestion micht
be raised, since potential probhes were not ugsed, whether the results
mlght not be affected by interface phenomena., The msthod chosen had
the advantare of rreater ease of performance, wag more aconcmical of
the rather expensive fused materlal, and, if proved valld,; would lend
1tselfl more easlly to determination along different crystal directions.
Belfore accepting the method as velld, however, an experiment was per-

formed to investirate this point, 4 cylindril

(3]

el specimen was (r epared
with platinum coatings on the ends and potential probes as well,
Reslistance determinations by null measurements on the probes were
compared with those obtalned by the simple current=voltage method and

no significant differences wsers found.

The temperature determinations in these studies were mede
with Pt —35 Pt-Rh thermccouples spotwelded to the platinum contacturs.
A schematic diagram of the measurement apparatus is shown in Pig, 4.
The temperature range 1s between 650° and 1000° centigrada., As
described in the captlon to that filgure, the measurement was of "pulsed"

character in order tc avoid ths timc effects which oceur when current

1s drewn con“inuously,
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Fig. 4. Schematic Representation of Experimental Arrangement.

The thermocouple is connected to a Leeds & Northrup Type K Potentiometer.

The mechanical linkage between Sy and Sy is such that both may be closed
by pressing Sy; and after both ars closed, if the pressure is released;

must open first., When both are closed, current starts to flow through
the crystal and the condenser starts to charge. After the condenser-
resistcer conbination hes reached equilibrium, the switches are opened,
and since 5, opens first, the voltage on the condenser represents the
current which was flowing. The time constant of the isclated condenser-
electrometer eircuit is so long that the reading may be made for many
seconds after Sp is opened. ‘the arrangement has been werked out in
practice so that the whole cycle sbove descrited is perfcrmed by tapping
S; momentarily, and a current reading may be obtained while passing only
a small total charge through the crystal,




The resuits of the measurements are ~iven in Fig, § in which

log of conductlvity is plotted mapalnat reciprocal temperature. The

d

lower curve in tiils dlapram shows resuits obtained in an atmosphere

=

of hyvdrogen or helium. They were made on different crystals, Measure-
ments taken in vacuum on a third erystal lle somewhat below this line

put gstill falrly close to it.

It seems, therefore, that the conduction in the absence of

oxygen 1s not markedly dependent upon the atmosphere,

The addltlon of oxygen, however; lirncreases the conductivity
by a factor of the order of 10, In the high temperature regior the
results are nlcely reproducible; values taken with a dozen crystals
agree wlithin about 10 percsent. A hYWreak of slope occurs at about
1000°% X and at lower temperatures the messurements become progressively
more difficult on account of the time required for the system to

coma to equilihrium,

The time requirad for the conductivity to reach & new
equilibrium when the atmosphere is changed from oxygen to non-oxygen,
or vice-versa, 13 quite rapid at temperatures around 1100° Cs the
new wvalue i3 attalned in a few seconds. In the 700o K rezion the
time required will be many minutes. Quantitative consideration of
thegse time-phenomena in terms of probahle diffusion coefficients

remains to be done,

hpplication of seml-conductor theory to these data would
require mohllity data which are not available. VUsin; mohility
values for zopper oxlde, however, density of impurity centers is

16

of the ardecs of 1077, Tihnls 13 hased upon the slope of the hirh

temperature nortion of the oxyren curve.
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A similar calculation carried out for the non-oxygen curve
will invelve a hisher value of the cuergy gap, and, accordingly, a

higher density of centers ol the order 1015°

As stated earller, the conductivity values from crystal to
crystal show falr reproducibility, of the order of 10 porccnt, Values
of slope, however, show a scatter also of the order of 10 percent and
this is, of course, reflected in a hish degree of uncertainty in the v

calculzted dengity of impurity centers.

Tne elementary semi-conductor theory postulates a density
of centers whlch is independsent of temperature, In the case of a
sollid lmmersed in an atmosphere of a gas whose nature isg pertinent

to the activatlion, thls assumptlion is doubtful to say the least.

In the case of the non-oxygen curve, the similarity of
data when using hydrogen or helium or vacuum indicates that neither
hydrogen or helium have a part in the creation of impurity centers

and the celculated wvalue of this gquantity provably has scme meaning

when oxygen 1is not present,

With ar oxygen atmosphere, however, 1t appears that
dissolved oxygen mast play an essential role in the conductivity
mechanism, It seems certaln, therefore, that, for this case, a
calculaticn of the density of centers, based upon the assumptlon

that this quantity 1is independent of tamperature, 1s guite meaning-

less,

In thls connection, we have carried out measurements of the

dependence of cunductlivity upon oxygen pressurs. Some datva rercard-

Inpg this are shoun in Fie, 6

v
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The lowest curve shows data taken in vacuum. The two upper
curves corresrvond to two cifferent pressures of oxygen surrcunding
the specimen, Non-conformity to the elementary theory 1s immediatsly
evident from the fact that the interceot, and accordingly the density
of centers which would be computed, 1s a decreasing function of the

oxygen pressure,

The functional relation between conductivity and pressure
1s sometimes derived by considering an equilibrium reaction equation,
involving charge carriers, vacancies, etc., and epplying the law of
mass action. If we assume that we are desling with p-~type conduction
invelving vacancles produced by the removal of quadruply-ionized
thorium, we arrive at a pressure-to-the-l/Sthfpower law, PFlg. 7
shows data regarding this functional relation. We see that the

exnerimental exponents are somewhat smaller than 1/5th.

Although there 1is no visible evidence of electrolysis in
a thorium oxlde crystal in an oxygen atmosphere, the passage of
current has a pronounced effect upon the conductivity of the speclmen.,
Since the passage of current does not produce a temperature rise which
can account for the change of conductivity, the ezxistence of such time
changes points to lonic migration of some kind., Fig. 8 shows two
curves of current through a specimen as a function of time, the
specimen belng held at constant voltege. It 1s seen that, as
might te expected, the equilibrium is attained in much shorter timse
at the higher temperature. It 1s 2lso seen that the relative
increase of conductivity 1s a factor of more than 10 at the lower
temperature (580° ¢) and a factor of only about 3 at the higher
tomperatur: (6750 C). Presumably the increase is caused by an

inerease o1 oxypgen content 23 a result of elasctrelysis., The lower
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factor of increase at the nlrher temperature could bs due tc¢ a greater

preponderance of electronic conductivity at that temperature,

“

When current 1s passed continuously through a thorla crystal
heated 1In hydrogen, the initial rate of change of conductivity is much
less tnan in other atmospheres., If the atmosphere 1s chanmed from
hydrogen to hellum, a conductlvity 1ncréase of two orders of magnitude
occurs at 680° when current 1s passed continuously. This 1s shown in

the latter vart of Filg. 9.

It has been noted that the conductlvity change and color
change occur simultaneously when the atmosphere in which the thoria
crystal is being heated 1s changed from oxygen to hydrocgen. Results
concerning this type of change are shown in part in Plg. 9. It is
Impoptant to note the method wherehy the coior was ascertained at a
particular stage of the experiment. The conductlvity measurements
are made, of course, with the crystal at the temperature noted on the
curve, and the desired pas flowihg around it, If the color 1s to be

agscertained, the crystal on its supporting structure is drawn out to a

cool section which extends outside the furnace. After about one minute,

the crystal will he cool enough for its color %o he noted. It 1s then
returned to the hot area and conductivity measurements resumed. By
color, then, is meant that color wiilch 13 obgerved when the crystal

1s ¢coled rather rapidly in the atmosphere in which 1t has heen

heated,

Referring argaln to Fig, 9, it 1s seen that the conductivity
cherce 1n helium was not accompenied by complete blsaching from the
oriziral red color which was present in oxygen. This observation

wag not concluslve since it 1s ohvicus {rom the rfigure that the’
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conductivity change had noht gone to completion, On admitting hydrogen,
simultanecus rapld hlesching and drop of conductlivity were observed.

At the conclusion of thls process, the atmosphere was again changed
back to hellum with no effect on the conductiviiy (observed by the
pulsed method) c¢r on the color, Now the large conductivity change

due to current drewing in hellum (as praviously described) was producecd,

4

and this was found to be accompanied by a rsturn to the original red i

e

coloration, The rapidity of thls change 13 strongly dependent upon

the current density.

It has been stated that if the crystal was held in hydrogen,
and the conductivity measured by Infrequent short puises, no conducw
tivity or colsr chenges occurred, the crystal being blecached and the
conductivity low., If current was passed continuously when the thorium {
crystal was heated in hydrogen, a blackening of the crystal took plsace,
appearing first gt the cathode end of the crystsal and spreading out
toward tne anode, so that finally the whecle crystal was black, The

blackening prepressed at the rate of about 3 mm for each coulomb

passed Through the crystal., 1I' the current was reversed after the
crystal was blackened part way scrogs, the flrst blackened region

would appsar to recesde toward the new anode, while 2 new reglon of
blackness would apvear at the new ceschode. Thus 1t is supposed that the
blackzening 1s assoclated wilth the migration of positive carrlers, either
metal lons or oxygen vacancles. The blackening produced could not be
bleached ocut by heatins the crystal in vacuum or in inert gas or in
hydrogen., It could be partly removad by heatlng the crystal in oxygen,
but even this treatment would not restore the apecimen to its originsal
optical clarity; cloudlness and irregular dark aress would stlill be

present.
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L. Thermoolectric Effcct

Investigations of the Sesbeck effect in thorium oxlde were
undartaken primarily to provide additional dats relative to sign of

carriers and to determinatlon of energy gap values.

An attempt was made to study the Sesebeck offect in vacuum
at temperatures near the operating region (1300% - 1600° ¢). Results
were not regarded as conclusive and, pending further work, ths data
were not reported., Large thermal EMFs were observed (e.g. .5 or more

mm/de;ree} but time effects were prominent.

An investigation was completed, however, of Secbeck effact
in an oxygen atmosphere. FPFig. 10 shows the apparatus with which
these measurements were carried out at atmospheric pressure. The
specimen is shown held by spring pressure betwszen platinum cups to
which are spotwelded the noble metal thermocouples. Thils assembliy
18 enclosed In a fused qusrtz tube through which ths desirsd gas could
be permitted to flow,

The means of raising the specimen to the desired temperature
end cof creating the temperature gradient ars nct sheown In the figure.
A split stainless stesl cylinder; having an internal bore to
accommodate the quartz tube, was fitted about the tube and ralsed
to incandescent temperature by means of a circular gas burner., If
the sleeve were placed symnetrically with respect to the specimen,
the temperature of the spacimen would be uniform; displacing the
sleasve towards one end or the other wuld create the desired

gradient.
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Only the meagursments made in oxvsen were sufiiclently

revroducible to be considersd quantitative, The algn of the

21,

Sesbeck elfect in oxygen was such as to indicate p~type conduction,

This would be expected on the hypothesis that absorption of oxygen

crestes thorium vacsnecles which serve as acceptor centers. Flg,

shows data {rom two differsnt runs using the same crystal of thorium

Ll

oxide. Thermoelectric power 1s plotted agalnst reciprocal tempera-

ture, If the elementary theory were valid, one could compute from

these curves, Just as from conductivity curvesg, the energy gap and

bt e =k

the density of impurity centers. As a matter of fact, one interesting

Tact was the agreement of pap values as deduced from the two kinds of

measurement, Just as with conductivity, however, 1t seems

def'initely erroneous to assume for the oxygen case, that the density

of impurity centers remains constant as the temperature varies,
thls assumption is made, the computed denslty turns out to be

)
unreasonably liarge, of the order of 10"h°

Ir

On the assumption that the simplest semi-conductor model

13 pertinent, equations for conductivity and thermoelectiric power

dV/dT are respectively (1) and (2),

[
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If one could postulate that the density of lmpurity centers

has a temperature dependence of the form

A= %T-
<

Py = (3)

The above equations would become

afy f 2T m R \)3/4 T3,4 ~Ef t B2

e (4)

(5)

One sees that equallity of sleope 1s preserved; the equality
of pap-values, calculated assuming (1) and (2) to be wvalid, would
also obtain with (I4) and (5) although the valus so calculated would

be incorrect.

Beaides accounting for the equality of slopes, the

assumption (3) can aiso give reasonable density of impurity centers,

This assumption, howsvar, requires that the density n, be
an increasing functlon of temperature as given in (3). If the
impurity centers are thorium vacancies acting as donors, and produced

as given in Fig. 15, such a function is concelvable,

A determination of the tempereture dependence of n, would
be the next topic on this sspect of the program, It should obvliously
have precedence over any attempts to explain the results by more

complicated semi-conductor mechanlema,
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S. Solubillty of Hydrogen in Therium Oxide Crystals

in a preceding scction experiments wers desscribed involving

the bleaching and conductivity change of = heakted thorias crystal
when the atmosphere around 1t was changed from oxygen to hydrogen.
In order to undsrgtand further the role of hydrogen in causing the
bleaching and lowsred conductivity, 1t wes felt necessary to
determine whether the hydrogen could enter the thorla crystal in
sufficient quantity to account for the changes observed, The red
coloration is assumed to be due to the presence of excegs oxygen
which also produces p-type seml-conductor behavior. The most sensi-
tive measurement available has failed to show any weight change
assoclatsd with the reddening by oxygen of a crystal already in the
white high-oxygen state, or the bleaching of a red crystal elthsr

in hydrogsn or vacuum, The results of thls work indicate an upper
limlt ¢o the mlnimum oxypgen change for bleaching in the neighborhood
of 2x10'7 atoms/cc of thoria, Measurement of the gas evolved when a
crystal was bleached in vacuum indicated that thils figure 1s of the

correct order,

A number of oxygen-reddened crystals totalling 12 grams
in welght were blsached at a temperature of 1000O C in hydrogen at
one atniosphere pressure. They were then placed in a vacuum system
with gas collecticn and analysis system attached. (This system is

described in Reports of Contract NObsr-52592 dated November 15, 1951

and June 15, 1952). The crystals were heated to 1000° in this system,

and thes gus evolved measured and analysad, Successive runs of this
experiment gave analyses of 30 percent, 120 percent and 95 percent
as the hydropen content of the evolved gas., Tne scatter, and the

value above 100 percent sre dus to the inherent inaccuracy of the




system when smell guantitles of gas are anslysed, Thus we interpret
the results as showlng that substantially 100 percent of the gas

evolved was hydrogea.

In the first run of this experiment, 2 mm3 of gas (890 percent

hydrogen analysis) wsre collected., In & subsequent run, made more
carefully, 1t was seen that the quantity q evolved up to time ¢

roughly followed the form g = G(1 -~ e"kT

}. The shape of the curve
was not accurately fitted {perhaps due to variations c¢f temperature
of + 30°). However, the asymptote seemed clsarly enough indicated
accuracy, The total amount of pas dissolved in the thorium oxide
crystals then turned out to be about 5 mar (STP), which analyssa
about 100 percent hydrogen, The latter value waa obtalned %twice.
Takinz the value of 5 mm3 as most accurate, the amount of hydrogen

dlssolved in 1 cc of thorium oxide under the conditlons initially

givan 31s about 2°5x1017 atoms. Thus it 1s found that the number of

hydrogen atoms which enter the crystal when it 1s bleached are of the

same order as the upper limit to the number of oxygen atoms required

to be removed to effect bleaching. The close agreement isg un:doubtedly

fortultous;, as none of the measurements involved pretend to this

degree of accuracy,.

6. Rectifying Properties of the ThOs=-Pt Contact

Further evidence regarding the nature of carrlers, in
addition to thermoelectric measurements and observetions of effects
of paseous admixtures,; was sought by observation of rectifying
propertiea. Tn order to permit ohaervatlons ni sleveted ¢

(2N
- amus e -

Lures in an oxygen atmosphere, the metel eontact was platinum,
yg P »




Data were taken in oxygen and hydrogen. Rectifyinm properties were
obgerved with the former, but not with the latter. Filg. 12 shows a

plot of data Taken in oxyren,

The sense of the rectification in the presence of oxygen
indicated n~-type conduction, a result which is inconsistent with
the simple interpretation of the thermoelectric data and with the
immediate interpretation of the fact of cxygen activation. Whether
the 1inconsistency 1s due to Incorrect cholce of mechaniam or due

to iIncorrectiy applied rectifler theory has not as yet been settled.

7. Dlelectric Conztant of Crystalline ThO,.

No measurement of this quantity appears in the literature.

Its value 1y cof obvious Interest in any general study of the material.

FPor examnle, a very high temperature dependent value would sug:est a
molecular crystal structure with rotatable polar groups, Thin plates
were cut from the crystals and measurements made &t audio~-frequencies,
High =2ccuracy was not easy to obtain with the small specimens, The
value of the dielectric constant was found to "e tetween 13 and 16,

Tiids 1g In lins with other oxides ans suggests no unusual structure,

6, Hall Effect

Measurement of Hali effect in thorium oxide was not under-
taken until near the end of the contract. It was felt that other
phenomenological studles clalmed prior importance. This proved to
be the case, for example, as regards electrolysis and metallization
of a crystal by passare of current. Hall data would be relatively

meaningless unless the state and condition of the crystal were known

- at the time the measursment s were made and much prior work was

required 1In order that the state of a crystal be definable,
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Work on Hall effect becan about October 1, 1953 and the first
matter considered was the method of heating. Naturally 1t would be
desirable to carry the measurements vp to LHempsratures used in thermionie
applicetions, 1.e. up to 1800o Co A diract approach might be to
constrvct a2 high vacuum tube in which the specimen wag mounted within
a8 tungsten hellx heated by 60 cycle 4. C. ‘The presence of the magnetic
field of the order of 10"L gauss would, however, introduce mechanical
forces of serlous magnitude. To use D, ¢. heating slements, as has
been done in other hipgh temperature Hall measurements, makes the
problem a l1ittle simpler by removing vibration consideratlions., At
the high temperatures we wished to use, however, the required currenis
become larpge and thelr supply and control is not convenient. Thersfore,
some time was spent experimenting with r. f. heating, Qur 10 KW
450,000 c¢cycle unit was avallable as a power source, A coupling
transformer wazs improvised to get ths desired Impedance level in
which the heater could he energized by r.f, current supplied through
press leads in the same mannsr as 60 cycle vower wouid be used,
Jontinuousg varlation of thie heating current could be achleved by
constructing the transformer with varlable coupling, Naturaelly,
in using r.f. the possibllity of pick-up wes present, From the start,
it was anticlpated that speclal efforts might be requirec tc eliminate

this trouble.,

In the first attempted Hall neasurements, the speclimen was
& parallelspiped of crystalline thorium oxide, ground and polished,
and mounted within a hellcal heating ccll., Platinum coatings,
evaporated on the ends; served as current electrodes. The Hall
voiTazs was measwred on platinum poinvts neid againgt the crystai by

aprings pregsure, Tne use of platinum wes necegsitated by the desi—e
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toc carry out the measuremernts In an oxyamen atmosphsre. As regards the
marnet, the Poundation fortunaitely had in its squipment a waterccoled
electromarnet with " diameter poleplecesand variable air gap. Flelds

of 15,000 pauss can be readily obtained,

Direct current was used in the specimen at first. Attempts
to measure the probe voltage, (and, in particular, the changes of game
when the fleld was reversed) were made with an T, and N type K potentio-
mecter and also directly with a galvanometer, Trouble was encountered
with r,.f. plck up, rectifled at the probe contacts and appearing as
a varying error In the probe reasding., It became apparent that other
measures must He taken. 3Some possible methods were (1) to shield the
probes and leads from.the r.f., (2) to tolerats the r.{. by using A.C,
through the specimen and some means of detectlon, such as a2 tuned
ampliifier, which would be insensgitive to the dlsturbance, (3) to
abandon the r,f., heating and design apparatus which would withstand

the mechanical forces encountered with D.C. heating.

Some curgory trials made it aprear doubtful that method
(1) was practlcal; complete shilelding of the probe up to the point

of contact was dAifficult.

Some work was done with method (2), 2 tuned amplifier
vias not avallahle during the remainineg time of the contract, Howe
ever, an attempt was made, using 1000 cycls specimeﬁ current Lo
measure the probe voltage with a difference anipliflier as shown in
Fig. 13, Trouble was enccunteired due to a clrcumstance which had
nc% neen antlelpated;, namely, &that the r.f, supply had a vronouncsed
187 eyele modulation, whieh, with fTte havmonies, diatushad khe

cuspat pattern of the difference amplifier, Therefores, a tuned

Rt
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amplifier seems essential if r.f, heating 1s to be emplsoryed., Equip-
ment exista In the laboratory (a General Radlo Wave Analyzerj which
appears to be adaptable to this purpose snd is undersoing gome

necegsary reconditioning.

At the present time, however, 1t appears expedient to put
aslde tha r.f. heating In the Iinterest of obtalning, ags soon as
possible, deta rertarding the Hall eflfect 1In thorium oxlde with excess
oxygen, Therefore, we have, for the time belng, turned to D.C. heat-
ing. The experimental arrangement now being used 1s shown in Fip, 1l

In omd

aQ

r to support the large mechanical forces which act upon the
haatingz ccil on account of the mognetic field, the coll 1s supported
by a threaded ceramlc form, Overall forces on this rigidly supported

2c4il are eliminated by a bifilar type of winding.

As regards measurament of the D, C, probe voltages the
use of a galvanometsr directly is impractical because of the high
reslstance of the probe contarta, Arn electronic electrometer is

being constructed for thls purpcse.

The above describes the gstatus of our Hall studies at the
termination of this contract. The work 1s belng continued under the

Office of ordnance Ressarch Contract DA-3%4-034-0RD-1487RD.

9. studies with silver Sulphlde Crystals

Regsearch wnich has ag its ultimate objective the improve-
ment of elactron emission 1s primarily concerned wlth electronle
phanomena rather than lenie. In thorium oxlde, and to some sxtent
in 311 gemi-conductor emlti=srs, the electronic phenomena are accom-

panisd by ionic migrations, As regarcs appllicationg, thls shows itsgeif
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primarily in the matter of clectrolytic disintepration of cathode
material, In the progress of research studies the ionic phenomena
give rise, among other things, to time effects which may tend to
obscure the electronic effect under Iinvestigzation, Thus with thorium
oxlds, it becomes necessary to reallize that we are dealing with mixed
conduction, both electronic end ionic, and that when we are investi-
gating phenomena of either kind we have to know how to interpret

correctly the phenomena of the other kKind.

Silver suiphide i1s a mixed conductor which has been conglder-

ably investigated by others; its mechanism of conduction is on the
weT towards becominp well understood, Therefore, by conducting
axpariments with silver sulphide which we are also conducting with
the relatively poorly understood thoriuwr oxide, we expect to have

a valuable tool for the develcpment and verification of the necessary

theoretical concepts.

At the present writing, efforts are takine the form of
attempts to grow single crystals of sllver sulphide and some progress
has been made although crystals of the deslrsd sizs have not rg yet
bosen obtained. The material 1s being fused in guartz tubes and

lowered slowly into the cooler reglon of the furace.

The silver sulphide work has application both %o tne field
of %nis contract (and 1ts QOOR succecssor} and to the Bureau of Shins
Ccontract NObsr-52592, Perscnnel of both contracts are giving time

t¢ this rgpect of the work.

10, Theoretical Surmary

The preceding sectlons describe the experimental work

which we have done wlth the obJect of understanding the energy level

| RS
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structure of thoriuwn oxide. More experimental work pertirent to this
obhjective remains to be done; quantitative theoretical formulatlons

are still in a preliminery phass,

As the experimental work proceeded, attempts were made to
interpret the results according to current theorles. One makes the
provisional hypothesis that the energy band plcture of 1insulators and
semi-conductors is relevant to thorlum oxide. One further assumes
tentatively that the conduction in oxygen, which appears to be p-typs
according to thermoelectric data, i1s due to thorium vacancles acting
ag acceptor centers., A process by which this might oecur is shown 1in

Pig, 15.

As regards the conduction 1n a non-oxygen atmosphere, the
first hypothesis to suggest 1tself 1s, of ccurse, that excess thorium

produced by electrolysis provides donor centers.

Pig, 1€ shows the customary model of a semi-conductor with
filled band;, conduction band, donors and acceptors. It should be
emphasized that this model 1s recognized as oversimplified; it 1s
belng used primarily as a device for crganizing the empirical data

and as a sgtarting point for development of an improved model.

-
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We proceed, thercfcrc

. 3 3o
th a summary of cur expsrimental

results, t“he facts being classified according tc the theoreticsl

quantitles to which they wuvuld pertain.

(a) Thermionic Work Function = ¢

Thls quantity can be determined (except for uncertainties

reletive %o the reflection cosfficlent) by

ctermining fleld-~-{reeo

tharmionic emission and solving the Richardson equation for ¢,
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Fig. 16. The symbols on the diagram are defined as follows:

$ ~ Thermionic work function; Ferml energy referred to

a zero outside the solid

Y. = Electron affinity; potential of beticm ¢f conduction

band
n, = Density of donor centers
n& ~ Density of accsptor centers
E
and
£ - Energie3 of donors ané acceptors, as shown
U = Intrinsic anergy gap
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Estimates of the reflection coefficient must bBe arrived at by other
means, Becaugye of complicatiocns encountersd with the tube for
simultaneous measurement of conduction and thermionic emission,
measurements of ¢ on single crystals have not been completad,

(b} Electron Af(inity = £

As with ¢ . the determination o X invoives thermionie
measurzments on single crystals and these studles have not as yet
been carried out. The quantity % , moreover, 1s not directly measursd

- 1n -
L

1 the scnse that ¢ may be. Its dotermination requires a theoretical

i
model, and 1s, therefore, dependent upon the establishment of the
model and determination of the several associated quantities,

3

(¢} Intrinsic Energy Gap - U

Our approach to thls guantity has been by means of ultra-
viclet abscrption spectra. Assuming that the transmission cut-off
corresponds to U ( except for the correction necessitated by the
Pranck-Condoa principle) we have measured a U value of 3.9 volts for
the yellow, low-oxygen, form. The white and red, high-oxygen, forms
of thorium oxide have a cut-off at about 3.3 volts. X-ray analysis
has d1own no difference of crystal structure bstwsen the two forms.

It 1is, therefore; probable that 3.9 volts 1¢ the intriasic gap in both
cases and that the abscrpticn between 3.2 and 3,9 volts for the
high-oxygen material is due to the presence of excess oxygen. On this

view, 't 1s the low-oxygen crystal which has stoichiometric proportions.

(d) Energy 1mt ervals dus to impurities (E and E!')

Conslderable progress has been made In the study of pheno-~

mena rslevant to denslty of lmpurlity centers (n, and né) end Yo

§ 2t RN PEREURTTS
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the associated energy intervals (E and E').

~

(1) Absorption maximum at [J000 A, Low-oxygen form.

With the low-oxygen crystals, & high intensity
absorption maximum 1s obsarved at L0OO X. This would {
indicate an energy interval of 3,1 volts. The assgocia-
tion of ihis ahsorption with impurity centers would thus
requirs, for sxample, considerable density of doncr centers
close (1.6, 0.8 volts) to the filled band since this band
disappesars when oxygen is added, It is unlikely that
foreign impuritleg are involved in this absorption band,

(2) Radiation reddenine, Low-oxygen foo m.

A slipht reddening of the yellow cryastals can be

i produced by exposure to intense ultraviolet light of
' o
‘ i waveiengiths below the cut-oif (A << 3200 A). The

; atsorbing centers so produced can be desiroyed by
exposure to radiation of wavelength greater than
1100 K. Detailed spectral examination of this phenomsnon
is required both as regards 1ts excitatlon and its destruc-
tion., Simultancsous conductivity measurements should be
carried out,

(3) Conductivity and Thermoelectric Effects--Low-oxygen

formm,

| Low-oxygen sinple crystals in vacuum show very pro-
nounced utime eifects, presumably electrolytic. This has
prevented the obtalning up to the present of numerical

data regarding n, and E by conductivity and thermoelectric

measwr¥ments,
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(ly) Radiation reddening, Hipgh-oxygen foIwi,

A crystal which is reddened by baking in oxygen,
will turn t0 cleur white when heated in vacuum or hydrogsn
for a short time. The loss of oxygen in this process 1is
unweizhable and the crystal remains in what we call the
high-oxygen form. Such a crycstal ;111 redden ca
sxposure %o radistion beyond the cut-off (A < 3700)., This
coloration is destroyed by moderate heating, T Av200° C. y
It is thus strongly differentiated from oxygen reddening
which 1s not destroyed by such heating.

(5) Cen uct':*tyb nigh=oxygen form,

In hydrogen, heliuvm or vacuum, the slope of the

1
log o-vs, ; curves indicates an activation energy of 1.3

5% scnl conductor assumptions

o
v

this would pive E = 2x1.3 = 2,6 volts., Values of n, or

the order 1016 ere obtalned, In oxygen, assuming p-type

)-u

conduction, and iguorin: Lue possibiiity of ng, being

temperature dependsent, E? valuesg of S volts are obtained,

£ 1.
6

and values of n, of the ordsr of 10~

(6) Thermoslectric Effect - High-oxygen form.

In oxygen the phenomens were relatively stable and
values of E! were obtained which amreed with those derived
from condnetivity measurements. In hydrogen and vacuum the
phenomena were largely obszcured by time effects, the magni-
tude of the effect was much smaller than in oxygen and it

appeared to be of opposite sign, as would be expected,

{e) Density of Impurity Centers (no and né)

The types of phenomena which would lead to values of n

o
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and n! faclade: (1) ma mnitude of the Impurlty-activated electrical

eifscts,

(2) direct maagsurement of amounts of added lmpurity, (3)

quantitative interpretation of impurity activated optical absorpticn,

(1) Impurity activated sloctrical effects.

For thorium oxlide in an oxygen atmosphere, tempera-

16 3

ture dependence of the conductivity ylelds né = 10 per cm

based cn simple theory. Under the same conditions serd gssump-

tiong, thermoelectric data yield the absurd value of lOdu per

cm3° It 1s almost inevitable that, under conditions where
the atmospheres i3 the activator, ny should be temperature

dependent, Cholce of a gimple focrm for this dependence
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theoretically justified 1s under consideration,

In & non-oxyg

n atmogsphere (hydrogen, helium, or
vacuum)} the conductivity data yield values for n, o the

8 .
order of lO1 . Thermoelectric data under these conditions

are not sufficiently conslistent to give a determination,

The sign of the thermoelectriec =ffects are such as
%o indlcate p-type conductlon in oxygen and probably n-type

in the other cases,

The sense of rectification et a platinum coniact,
however, 1s inconslistent with tnc zbove; 1t indlcates n-type
conducilon in oxygen. The interpretation of the rectifica-
tion effects lg;, however, somewhat mores uncertaln tuan for

the thermoeelectric ef'fects,

When the hydrogen atmcgphere 1ls replaced by the

-
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oxygen atmosphere, the conductivity at 1000° X increases by

a factor of Iy in a time of several seconds. Quantitative
conglderation of this in terms ¢f probavle wvalues of diffu-
sion coefliclents remainsg to be done. Pressure dependence

of the conductivity in an atmosphere of oxygen hss been
determired, A mass action calculation predicts a 1/5th power
dependence, The observed power law was 1/6 in one case, ana

1/7.9 in another.

(2} Direct Measurement of Activuting Substance

- In the absence of oxyren, activation 1s provided by

impurities originally prssent aiid by products of electrolysis.

In an oxygen stmosphere, it has been found (by
subgequent loss of welight in vacuum at high temperatures) that
a crystal will ghsort of the ordar of 1018 oxygen atoms pey
cc, The number involwvsd, howsvsr, in the change from red to
whlte color, and in the agssoclated reduction of conduvctivity
, 1s smell compared to this and 13 established as <2 x 107
| per cm3, That 1s, the welgnt of an oxygen-red crystal is not
measurably different from that of one which huas been vacuum

(or hydrogen) bleached just to tie polnt where the oxygen-

activated conductivity has disappeared.

(3) Quantitative Interpretation of Optical Absorption

This aspect of our work 1s as yet undeveloped. Quenti-
tative spectrometer observationa of impurity-activated absorp-
tion, combined with thelr mathemstical Iinterpretation, remalns

to De dune, Tne Lypes of phenumena concerining whilen thils

-

affort might be worth while are: radiation reddeninr cof
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Spwae

: amr O [TV U DT S 2 .. v
Erni-CXyizen o ,-;.3‘6:.;}..:,_. reddening of hizh-oxygen crystalsg

vy currant drawlnz,

IV. FUTURE IlVESTIGATIONS

Measure conductivity of radlation-reddened low-oxygen crystal
durins hleaaching by J000 A radiation,

Work runction of flat surfare of crystal of lmown erysatal
orilentation. Conduction can be determined non-simultaneously,
Seek ThO, crystal of higher purltv, e.g. szet up oxalate process
for purifyling 100 lbs, of material, have fused by Norton Company.
Investigate crystalization from molten soluticns as 2 purifying
means,

Measure shaorption coefficient in the 3.9 -« 3.1 volt region with
oxygen rich crystals as functions of pressure and temperature°

Do precise pulsed measurements of conductivity of low=oxygen
crystals in vacuum as a function of temperature to cbtain gap
values for comparison with optical results,

vary oxygen pregsure with oxygen-rich crystal and observe conduc-
tivity and color simultansously. Determine whether the increase
of conductivity when oxygen la added i1a related to the change
from white toc red.

Verify whether bleachlng of a red crystal in vacuum and bleaching
by hydrogen are both simply accounted for by loss of oxygen.
Ovserve reddening by passage of cuwrrent, and using data from (6),
calculsate rate of production of electrolytie oxygen.

Meagure conductivity vs. time when oxygen atmosphere 1s applled,

and relate dats to diffuslon coefficlients.
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15, In conneciion wisth (9) measure diffuslon couefficlent of thorium
matal in a thorium oxlde crystal.
11. Complete Hall measurements in oxyrgen; extend to higher tempera-
, turey in vacuum,
eawa/kT

12, Investigate further the validity of the assumption njy =

as density of acceptor centers in oxygen etmosphere.

S T IING
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Optical Properties of Crystalline Thoria
0. A, WriNREICT AND W, E, DANFORTH
Bariol Research Foundalion, Franklin Institule, Swarthmore, Pennsyivania
(Received July 30, 1652 ; Revised copy received October 1, 1952)

HE optical properties of fused transparent crystalline thoria
have been investigated. Sper.troscopic analysis of the crys-
tals showed that their purity is comparable to that of mantle
grade thorium nitrate and standard thorium metal. The purity is
estimated to be in the vicinity of 99.9 percent. Rather complex
changes of the absorption spectrum could be observed when the
specimen was heated in vacuum, oxygen, or hydrogen. Figure 1
shows the absorption spectrum (uncorrected for reflection) of a
thoria crystal, which has been taken through the following cycle:
(a) heating to 1500°C in vacuum, (k) heating to 1000°C in air,
(c) heating to 1000°C in vacuum, {d) reheating in vacuum at
1800°C.
Heating in oxygen or air reddens the crystal and following
heating in vacuum or hydrogen at 1000°C results in bleacking.
The ultraviolet cutoff for these states is at 3700A. This funda-

T T T T
a
04 * 15009C N VACUUM e

| X 1000°C IN AR
O 1000°C IN VACUUM

A 1800%C IN VACUUM

TMOMIA CRYSTAL ABSORPTION COLFFICIENT {Chm™4)

Il
0.3 2.4 0.3 04 A 0.y
s 210 248 207 ev (B3]

F16. 1. Optical absorption of crystalline thoria.

mental absorption may be associated with the gap between the
filled band and conduction band. The change of the absorption
curve following the heating to 1000°C in vacuum (curves a or d
in Fig. 1) is characterized by : (1) a shift in the ultraviolet cutoff
from about 3700A to 3200A, and (2) the appearance of a sharp
absorption peak at about 4000A.

Tentatively, we relate this absorption peak to the presence oi
excess thorium (oxygen deficiency) of the specimen. Consistent
with this hypothesis are weight changes, which are found when
alternating the 1000°C oxygen and 1809°C vacuum treatment.
The weight changes account for intake or release of approxi-
mately 10" oxvgen atoms per cc. The weight changes have
been checked by gas analysis. No measurable weight changes,
however, could be found, when the 1000°C oxygen and 1000°C
vacuuni treatment were alternzied. We refer to these crystals as
oxvgen-rich. Oxygen-rich crystals bleached in vacuum or hy rogen
turn red when exposed to light in the region just beyond ‘he cut-
off. The trapping centers for the radiation-produced reddening are
shallow; bleaching occurs at 200°C in vacuum.

Another variety of color is obtained by rapid quenching which
results in a deep black color. These crystals are opr.que in the
measured spectral range from 0.2 to 2u.

No photoconductivity has been observed for an's of the de-
scribed crystals at light intensities, where that of diamond is
easily detected.

Measurements pertinent to the mechanism of elactrical con-
ductivity of oxygen-poor thoria specimens have becn recently
puhlished.! In this case part of the current is electrolytic, causing
rapid decomposition of the crystal. Measurements of eleciricz!
conductivity with oxygen-rich crystals were made at 1100°C in
oxygen of atmospheric pressure. In contrast to the oxygen-poor
specimen, no electrolytic decomposition is detected.

It is a pleasure to acknowledge the services of Harry Bleecher,
who developed the necessary polishing techniques and prepared
the specimens

W, E. Danforth, Phys. Rev. 86, 416 (1952).
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