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1..
1, JEIONCTIOK

This is a technical report based on investigations originated
under ONR projeot N7-onr-4Sli /2 and completed under project N-cnr-4O4
(02).‘ The investigation dealt with the synthesis and atudy of
several rare earth aluminutes., Mich has been previously reparted on
the general growth tochnicue nsed (ueo Technical deports I . II under
N7-onr 454/2). Therefore, for the most part, this report will deal
with the properties of those alumnates,

Rare earth ele—ents >ccupy & unique positiosn in the Periodic
System, Oy moans of the well known lanthsnaide contracta on,the ions
of the series of elements bdeginning with lanthanum and endinz with
lutecium underg» a rogular decrease in sizv with increas.n; atomic
numbir, The rsason for this decroase is appereant when the elestronic
structure of the rare¢ earth atoms 1s examined. with feu excentions,
the normeal nrozgression for elements increasing in atomic number
consists of the addition of successivu clectrons to tho outermost
electron sholl .1 starting with the rare earths, however,this trend
is halted, and subsequont electrons are Zonerally added t> the 4f
orbital in the N sholl, Tho O and P sholls romain constant in their
electronic structure, and haviny corrospondingly incrocased the
nuslear charge,tho result is a progressivo decroase in the ionic
radii, Ve may show tho manifestations of this loptonic beimvior by
examining the ionic radii of tho raro oarths, ostarting with La*3
which bas a radius of 1,22 A, wo nrocecd to Co'3 of radius 1,18 A,
pr*3 of 1.16 A, a*3 of 1,15 A, etc,,to Lu*3 of redius 0.99 A,
Further, since ths outormost structuro, whach detormines the valonce,
remains constant, thu rero earths are extremely similar in chemical
nature,

By synthesizing single orystals of a sorios of rare oarth
sompounds, the offect of this wvarying ionic redius on the physical



2.
proverties, with constant valence, could de studied, It is on
singlo crystals that fundamental moasurements s&n best be made,
unaffected by grain boundaries, extraneous phases, and other
discontinuities found in samplos of the ceramic typo,

Tho rare earth cor>:mounds choson woro of the ABO3 type in which
A is tho rarc earth elomont, 3 is aluminum, and O, oxygon, By this
choice it was &lso honed to uncovor soveral interosting facts due to
the structure of the comyound., Tho structurse of LaAlO3 had boen
determined by V, i, Coldachmidt &8s bein3 of the perovakite typo.3
In 1light of tho recent work on BaT103 and othcr porovekite~
structure ferroelectrics, 4-6 it sooms roasonablc that ABO3 comoounds
of the rare oarths might also nos8scss a forroolectric nature.

The choico of the rare carth elemonts to be studied was
governed dy thoir availability, Lanthanum, corium, and neodymium
salts are obtainable i1n sufficient quantity and dosired purity and

were therofore utilizod,

II, GRO.TH PROCESS

A, Equipmont and Growth Technique

Tho Verncuil, or flamoc fusion »rocuss was usod to grow these
rofractory compounds, Thc process, descridbed in »nrovious
pudlications, consists of a focding dovice, burnur, lowering ap-
paratus and suitable gas controls, Whiic scvecral typos of burnces
are availadle, tho one used chiofly is cssontially a wdifiod
verneull typo, consisting of an outer tube carryinz the hydrogon and
an innor tube carrying the oxygen and feed material,

The tochniquoc of forming orystallino boules consists of shaking
the finoly powdered foed into the oxygon stream which, with the
hydrogen, is igrited at tho burnor tip, A conc-shaped mound of
sinterod material is formsd, the point ol which, whon sufficiently
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small, is molted and then crystallization begins to takc nlace, The
rosulting foot is allowed to grow upward for a distance and is then
widened cut into tho boule »ropor,

A more detailed description can be found in tho literaturec
and in tiac previous tochnical reports, 7-10
B, Food Material

Tho {ced matorial for flamo fusion growth is usually propared
from extromuly puro oxidos, carbonatos, nitrates, alums or guls,
thorouzhly mized and calcined to> a suitable tcemmerature, Tho
production of fi.ed with the desirod homogeneity, purity, and
physical characteristics is onc of tho most difficult problems of
thc oro jeet,

For tais invostization various double salts of the rearc earths
Were uscd which, upon calcination, yiclded the desirod oxides. The
nocessary wcights »f tho salts, having becn calculatod, wore weizhod
and intimately mixcd, Tho mixture was then placod into a covered
fuscd silica cdish and caleinod throush e time-torpceraturc cyeclo
depending upon tho composition., The following was the choice of
rarv carth doublc salts and tho rospoctive optimem caleinction
trcetments;

1, LeAl0y - tho source of lanthamm was the ammonium nitrate
of composition La(ao3)3.2uuhpo3.unzo. ‘his salt, of 99.+% purity,
was sunpliecd by tho Lindsay Light & Chomical Company of .est
Chicago, Illinois, Thc optimum calcination for this compound con-
sisted of hcating to 2200°P for 1 hr,

2, CaAlO3 = tho cerium compcnent was obtainod from ammonium
hoxanitrato ccrato, 2NH NO;,Co(NO3)),, which was of 99 i« purity., Tho
supplior of this salt, thc¢ G, Froderick Smith Chomical Company of
Columbus, Ohio, specializcs in puroc corium chumicals and desisnatcs
this grado of samplc as "Standard or .lofercnco Purity”, Dy
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caleining to 2050°P for 1-1/2 hra,, foed with tho bost possible
oropertiocs was attained,

3, NdA103 - tho ammonium nitrato, 2%803.N6(N03)3.h§20 ~ was
usod as tho source of noodymium, Tho 99+ pure salt was also
purchasod from tho Lindsay Light & Chomical Company, The caloination
procodurc for this compound consistcd of hoating to 2000°F for a
period of 1-1/2 hrs,

In tho series of throe compounds, the ammonium alum,
(Nnu),sou.ua(soh)raunao, was usod as tho source of Al30;, The
high purity product (99.8» pure) was supplied by Baker & Adamson,
Gencral Chumical Division of the Alliocd Chomical & Dye Corporation,
Ncw York, It proved to be of sufficiont purity to allow the growth
of colorloss corundum bouloé, a relativcly strict criterion,

C. sample Growth

Tho growth of tho lanthamum and noodymium aluminatos offorcd
no unduo difficultics, in thc casuv of tho corium aluminatc, howover,

@ difficulty that can probadbly bo ageribcd tc the dual valoncy of
corium manifost.d itsoif, Thc boules porsistud in crecking and whon
cooled by tho normal tcchniquo of instantly cutting off the flamo,were
found to bo covercd with a layur of scuwm, If, howovor, thc boule
woro coolocd by slowly decroasing tho oxygon contont »f tho flame,

the scu= ahsantod itself from tho uppor portions of the toulc, An
oxperimont was porformed in which the samo food was pussed through
the oxidlzing tricone burnor of tho typo used for the growth of
rutilc, Th. rosuit was a boulec which in no way rusomblod tho corium
aluminate crystals formod with tiao normal Vurnouil dburncr, Tho ontiro
boulo surface as woll as tho cono appeared powdory and was of a strew

color, as opposod to the transparont limc-grcen crystals grown
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normally,

A chumical analysis# of tho boulos coincidod with thc ocom-
position as nroparod to within 0,5. indicating nogiigiblo, if any,
loss by vaporization,

III. CRYSTAL STRUCTURE

Goldschmidt, in his monumental soricvs of contributions,
dotormined the structurc of LaAll; to bo of thu perovakite typo3
(Piguro 1), Thu porovskite structure takes its name from the mineral
perovskito, & calcium titanato, CaTi03, As desacribed in
Strukturboricht, 12 tho structuro is cubic with ono formule weight
por unit coll., In zencral, compounds of tho porovskite type havo
the formula A803; in this invcestigation, A = rare oarth ion,

B = aluminum ion, and 0 = oxygon ion,

Fowdcr nattorns wouro made of crushed orystallino boules of tho
serios and ths rosults oxaminod, A Noroleco recording Goigor-Mullor
tyoc spoctromotor umnloying nickul-filtored coppor L o€ radiation
wes uscd in cobtaiaing thc pettorns, Tho rosults may bc scen in
Pigurc 2,

The data cbtaincd for LaA103 corrospond oxaotly with tho data
givon by Goldschmidt, Analogous pattcrns and structurss arc obtainod
for CoAlO; and NdA1O3,

By moans of the geometric rolationship betwoen the cube edgo
and thc orystallographic planca, wu may calculatc the various
distancos corrosponding to thu rospoctive planc soparatione, The
cquation for cuvic crystals is as follows:

(1
ds= & )

‘h?#k2+12

afuvttol Laboratoriocs, Arlinzton, liow Jersoy,
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Piguze 1
REIATIVE 10YMIC POSITIONS IN INVESTI JATED
PERCV3KITE STRUCTURE
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whoro d = intorplanar distanco

%o ™ cube odge

h, Xand 1 = Killor indicos
Upon substituting the appropriatye vslues (3,
oase of LaA103) and tho various

&; Table I was constructed,
L”—. points out tho ¢o

78 for ag in tho
hillur indlces into oquation (1),

A comparison botwuen Tadle I and Pigure 2
Trcotness and similaricy of the

assignod structures,
Thv naturc of the Porovskito struoturs is 8

uch that a cortain

- varianco from tho 1doal cubdo is possivio, 13 This variance

nas beun describod as a tolorance ractor} which 1.
comidomtions.

bascd on 3oomot:ic

In crystals

for which tho tolorance factor is closc to unity,
O tho idoal oudie

structure provails, As tho toloranco factop doviatos

from unity, struotures othor than cubdie occur, Comoquontly, tho

wWorev calculatod

whore t = tolerance factor

Ra, Rp and Ry = 1onic radig of a,
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Tablo I

(bl)  LaAlO3(6)  LaA203 CeAl03  HaAJ03
3.78 3.78 3.76 3.73
2,68 2,68 2,66 2.64
2,18 2.18 2417 2,16
1,89 1,89 1,88 1,87
1.69 1.69 1.68 1,67
1,54 1,54 1.53 1,52
1.34 1,34 1,33 1,32

1.26 1.26 1.2< 1.2“
1,20 1,20 1.19 1,18

LaAl03(G) - Goldschnidt data

Sinecc thi lonic radii aro given for a coordination mmbor of
6, end the radius varios somcwhat vith the coordination munmbor,
tho ionic radius of A must bo corrccted for its coordination
mmbor which s 12, Tho corroction factor uscd in the following
caleulations was obtained from Puuling.lh

A; Tolorance Pactors
1. LM103

te {1,0061,32)
= 0,98

2. CoAlOg

nte———

ts !1526‘1[22!




As & rusult of tho valuus odbtainod for the toleranco
factora, it woc fult thet moro refinuC .[-ray data would do in
order, 3Slight doviatisns from thc cubic systom indicatod by thoso
tolorenco factors could possibly thoredy bec moasurod and the
struoturcs morc closoly dofinod,

Thu data of Tablc IX; osrrosponcing to a rofinoment of
FPigure 2 arc the rosult of muasuromonts made at tho Squior 8ignal
Corps .cborutories of Jort lomimouth through tho courtosy of
Dr. Ae 5, do Brotteviile,

By thouso morc acouratc mcasuromonts, LaAlO; 1s scon to bo
truly cuble, whuroas CuAlO; and NdAlO; aro totragomal, tho e/a
ratios boing 1,0001 and 1,006 respectivoly,

B, Discussion

k. L. HMogew, 13 4n nor ciscusaion of th. criteria for tho
formmation of structuros difforcnt from the idoal cubic, shows that
the toloranco factor is & rough suide, That is, th. porovskite
structurc is stadlu with "t® values groator than 0,80, Having
observud cubic strusturcs with “t" valucs as low as 0,91, a postulato
was sct up reolating tho cudbic structure to the B-0 and 4A-0 distancos
and the radius suxms, rathor than tho toluranco factors, it was shown
thet in the cubic structurcs, the B-0 distanco 18 slicshtly loss
then, and the -0 distanco 31lizhitly greater thon, the sum »° tho

ionic radii, Unon thusc considoratinns, all tho raro cartn

aluninatcs invostigatod may bo shown to bo oudbic, Tho rulativoly

1Y L R
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£
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minute variatica from cubid determined dy means of the X-ray
would not detract from the Negaw postulation, Rather it may

be conaidered that the compounds are, for zll practical purposeo

in the aubsequent measurement of physical pronerties, cudic in
nature,

Table II

X-RAY DATA iOR RARE ZARTH ALUIINATIS .S
DSTERMINED BY DR, A, B, D: BRLTT.VILLE

hK1 LaA10, Ce’l0y Ndh104
100 3.77% 3.76 3.733

2,660 2,651 2,61
2,174 2,170 2,163
1.883 1,884 1.874
1,686 1,687 1,672
1.539 1,538 . 714532
o"1.525
1,334 1,333 171329
2~1,325

1,260 1,257 1-1.25%
>-1.2h

1-1 0199 1.186

1.195 % A%
< 2119

IV, MaLTING POINT

In order to learn the meltinz point of the series of

aluminstes, i1t ~as found necessary to construct 8 furnace




capable of aottaining tumporaturcs of tho order of 2000° ..
An induction typo furnacc was docidod upor, tho sourco of power
boing a vacuum~tubc gonorator set mamufacturci by tho ooiontific
Elcctric Company of Garfiold, New Jorascy., This high froquoncy
gonorator hes an output oi 10 LV in tho rengu 200 to 600 KC,

Tho furnaco consists of an induction coil, graphito suscoptor, and
apnropriatc insulation, Samplos woro proptrod by modifying

V. Wartcnburgs mothod., Utilizing cn optical lover mirror,
tomperaturc moasuromonts wore mado with an optical pyramotor., Tho
mean molting points of lanthanium, corium, and noodymiuia aluminate
wore dotorminod to bo 1917°C., 2017°C, and 2055°C, rospectively.
Tho details of kiln construotion, samplo properation, furmace
calibration, and tho calculations usod will bo fully roported in a
scporato tochnical report in the noar future,

V. R2IRACTIVE 1XDEX

In dotormining thc fundamontal optical proporty {tho rufractive
indox) of thu crystals undor study, tho procodv=:c normally would
oconsist of uxamin.ng crystcl grains by moans of thce putrographic
microscops, Tho ixmorsion liquids usuclly wuplo;rd, howovoer, woro
found to bo of too low & rofractive indox to bo uscful, Somo idoa
of tho magnitudo of rofractivo indox to bo uncovorod was gaincd
mins. tho ampirical rolationship of Gladstono and Dalo 16a and tho ’
specific rufractive energies as givon in Larson and Bomm.16
Acoording to Gladstono and Dalo, thorc oxists a rulatiomship, un-
changod by tomporaturo, botwocon tho rofractivu indox, donsity, and

spocific rofractivo onorgy of o substancc., This rolationship is
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28 follows:

ne- s K

whero N = moan rofractive indox

d= donsity

K = spcoific refractivo onorgy

Mthor,xnk].%”¢k

2{%5 + oto, whoro kn and p, are tho
spocific rofractive onergios

and woight porconts

of tho olemontary
or oxide componunts of tho substanco,

computcd and averaged from a mumbop of

minorals, Veluce for "k" are assortedly in agromont within sy

whon computed from tho Properties of tho minorals

or componont
oxides,

The Aly0,, Lap0,, ant Cup0; values erc
and 0,16, rospcctivoly, LMIO; consists
La203; CeAl0g contains 23,674
k" for I'Dy0; was not 3iven,

given as 0,193, 0,149,
of 23.83% A10, ana 76,17
Al503 and 76,33€ Cey05, A value of

Por LM103, thon, by cquation (4).

A=K =& +rp = (0.149) (0,762) + (0.193) (0.238)
T e (019

n-l = K = 0,160
5%%

n-1 = (0,160) (6.59)
n=14+1,054
no=2,0%
By 11iko caleulations, the rofractive indux of CoAl

03 was oxpocted
to b 2,13,

.
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Though the ompirical Gladstono and Dalo formula was

omployud to gain somo idoa of tho rofrective indox to bo on-
sountorod, thu thoorotically corroct Loruntz-Loronz rclation could
have boon usoud oqually as well, Consoquently, two mothods of
attock woro considorod; nemoly, immorsion molts and tho proparation
of crystal prisms, A proliminary invcstization of moults showod thom
to bc rolatively difficult to prcparo homogenesusly, as woll as
possessing incrcasod opceity with incroasing rcfractivc indox,
Furthcrmore, once e grain is iduntifiod with o mult as to like
indox, it becomos nocussary to proper. ¢ nrism of tho molt emd
moasurc its rofrectivo index on a sncetromctor, Rathor than
propero & scrios of melts, which would bc nocossary for caso of
oporation, it was docidod to procood with tho proparation of crystzl
nrisms sinocc suitcbdlo samplos woro availablo,

A, Tochniquoc ond =tmply Propceration

A Gemlap facoting dovico, of the typo commonly usod by
lapidarics, was procurcd for tho purposu of grinding thc prism
samplcs. Tho dcvico eoneistas of = vertical standrod which ia
mountcd on the 18p housing iparcllcl to the lep axis). An cngraved
quadrent ridcs on thc standrod and indicatcs tho anglc botwoon tho
dop arm an¢ the standrod, Tho dop stick, to which thc¢ crystal is
comentod, is chuckod into tho dop am, Tho dop arm also is providod
with ¢ scalo cnabling ~ crystal fuco to b¢ sct in any one of thirty-
two positions radially about tho axis of the crm, This lattor
fcature was not wmployod,

Thn angic which thy prism facos should oontain for optimm

conditions of acocuracy ond light transmissisn whon ompleying tho
mcthod of minisum doviation doponds unon soveral factors, 17

- W
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Forumost mmonz thusc factors arv tho rofractive indox and optical
density of thy matorial, Thoush thu angley should dbo as lorge as
possiblo for groatost acoureey, in practicc such is not tho caso,
for tho transmission of tho 1lizht must bo considorod, As a rosult,
anglcs arv uscd which ary considerably lowcr than thosc indicatod,
All things considorod, o prism zngl. of 30° was doocidod upon,

Utilizing tho facoting equipmont desoribed above, it was
relatively simple to grind thy samplo to the desircd cngular
relationship cnd to obtain tho necoasary polish,

A spoctrometer was madu availadlo by the Physics Dopartment
of tho University, Thu particular instrumont usod was mamufacturoed
by tho éocieto' Gonevolisc D'Instrumonts dc Physiquo, of Gonev:,
Switzcrland, By means of a vcrnior, tho cngular scalo could bo
read to ton scconds., A two circle goniomutur was an intogral part
of thec spouotromotor tablc and nrovcd indisponsadlc in ecligning tho
prisn,

B. Measuroments

A dotcrmination of rofractive indox by tho mothod of minimum
deviation involvus tho muasurcmunt of two angles, Thosc two anglos
are the prism englo and the anglo of minimum doviation of the
rofractcd light, In ordor to spocify the rufractive index,
monochromatic light must be usod, for rcfractive index varius with
tho wavolength, Upon uxamining tho trcnsmission data for the
crystals, it was found that NdA)O; absorbud cuitc strongly in many
>vgions of thu visiblu spectrum, In th. rcgion of thu sodium D

liny, the wavolorgth most ofton used for index d.turminations,
absorption was almost complotu, sathur thcn runort the indox for

dissimilar wavilongths, tho murcury Zruun line wes shosun for uso in

= o ~ ¢ ¥ el v e 5
A o= 4 - o~ . % . . A 3 - 4
Jﬁ e T T S Ao % > # y e e e e
el g e el el A Y Tt e Sl i
R e L. .
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this investigntion, A moroury arc lamp was omploycd with a Uratton
moreury groon filtur No, 62 to 1solato thu linu at SL60.7 R,

The prism anglo, A, was measureod by obsorving the position of
the vertical slit aa roflectod from each face, If thc prism odgo is
dirsctcd toward thy collimator, tho boam of 1light is split, & portion
boing roflocted from each faco. This roflcction position waos noted
three timos altornately for csch face, Tho differonce bectwoon tho
moan of tho rvadings for cach face ronresunts twice tho prism angle,

Heving detormined the prism anzle, the angle of minimm
deviation was observed as follows, By rotating the spectrometer
table, ¢ nrism facoc was prosonted to grezing insident lisht from
the coliimctor., The dovictod rcy was obscrvod and tho position of
minisum dev.ation notod, tho tadlc and tclosconc being displacod ond
~oadjusted between each reading, This mean position of minimmm

' deviation forms one side of the angle being measured, By movinz the
telescope to a position direotly opposed to the collimator, the caom-
Plete angle of minimum deviation is determined., All the data are
now obtained for calculating the refractive index from the
relationship

n=Sin 1/2 5“‘.‘, (5)
n \

dhere n = refractive index
A = prism angle
§ = angle of minimum deviaticn
C. ata and Caloculations

a, Prism anxle, &
O a b e Mean

face (1) 310°35'00" 310935100 310936100 310°35120"
{ faco (2) 25094'30"  253°y 40" 250°%130"  250°4133"
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310935120" - 250°133" = 60°30'47" = 24
A = 300150)"
b, Angle of Minimum Ueviation,
LY ® (] [-}
234°  13'30"  -15'00"  -15'00"  -16'00"
e £ Moan
=14°30"  -15030" %14 155n
Telescope position = 269°20100"
aAngle of minimm Geviation = 269°20'00" - 234°) 155w
§ = 35% 155w

C, Refractive lndex, n

= 8in ya ;%OE}E’%" + ;g;&'iﬁ“z

= 2,068

2, CeAl0y
- —

.. Prism A‘t!ﬂel A

a b c Nean

face (1) 299°53130" 299953120 299963 ')0" 29953 130"
face (2) 238958100" 238958100  238%8100" 228058+ 00"
299°53130" - 238°58100" = 60°53130" = 2

A = 30%271)5¢

b, Angle of Minlimm Deviation, 3’

a b [ d

233° 361000 35030m 36100"  37'00"
0- £ Mean

36'30" 35:50" 23393618

Telescope position = 269920100"
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¢, Refractive Index, n

n = 5in 1/2 !A#SZ sin 1/2 $2°°§§'%§"*5§°§E'§2"2

S an I
n = 2,079
3 1dA105
a, Prism An~le, A
& > < Mean
face (1) 321°2r20"  321%2'20" 321%2+20" 321921 20"

face (20 262°2910C"  262°30'0C" 262929130  262%29130"
32102120" - 262929130" = 58°32¢50" = 2n

A = 29°%16'25"
' b, An~le of ¥Minimum Deviation, S
a b [ d

303° 27710 26+00" 27'40% 27'10"

e £ Hean
26*30" 2610" 303%26'7"

Telescope position = 266°201 00"
An3zle of minimum deviation = 303°26'47" - 269920'00"
R I
¢, Adefractive Index, n

n = 8in 2 (.. r §
oan bH
0

n= 2,079
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In view of tie nresontly known structure of the rare earth

aluminates, it vas decided to determine the density of the crystals
by calculation,

All the data necessary for the caloculation are
known, assuming a value of 6,02

z 102 for .ivozadro's mmber,

Table III has been constructed, containing the beforementioned
data,

oinco the unit cell containi one molecule, the molar volume

is equal to the product of ..vozadro's number and ths volums of the
unit cell,

The unit cell volums was obtained by cubing the wvalue
for the resnective 'wnit cell edcze.

The slight departure from cubic
- symmetry reported under "Crystal Structure” is of small enough
g consequence to leavo theso datg unaffected,

TR

Table IIIX

T T
.

LeAl03 CedlOy KdA1O3
Unit cell edge, X

3,70 3,76 3,73 ]
i_, Unit cell volumo, x10- 2o 54,01 53.16 51,950 j;
‘fh ) holecular weizht, 3./mole 213,89 215,11 219.25
Molar volume, cc 32,351 32.00 31,2,
r nole

It is now & simnle matter to calculete the censity from the
followin3 relation:

Density = Mass

= Molacular Weight {6)
Volume Folar 7oiume

A, Calculations

Ceald) NaAl
& """%?% "TEw PTEER

= 6,38 = &2 - 1,02

‘_"'_ “,"—‘
J
T R AR el e
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Disocussion

Density as derived from X-ray data usually represents the
upper limit sttainable for that substance, The density obtained
is that of the unit cell whereas any sther method, i,e, picnometric,
Archimadean, eto., ;ives the density of an aggregate of unit cells,
Since the normal orystal rarely, if ever, consists of perfeotly
aligned and composed unit cells, values derived from A-ray dasa
represent the 1imit approached by other measurement methods,

As an experimental check on the reliability of the data
employed, the density of LaA103 was also determined picnometriocally,
The mean ol eight determin:tions on three samoles ~ave & value of
6,58, It would seen that the calculatec values are reascnably ac-

curate, not only for LsAlOs, but also by anelozy for the cerium and
neodymium aluminates,

VII, THERMAL EXPANSION

The determination of the thermal expansion of & crystal
normally cllows the nresence of s phase transition to be made kmown
within the terperature range ccvered, In order to learn of the
existence o>f wnolymorphous inveraions in any of the crystals studied

]

as well as for the knowledjze of “he thermal expansiosn itself,
dilatation data vwere odtainsd,

An interferametric method was chosen, being more amenable to
the samnles at hand as well as baing ocapadle of greater sensitivity
and accuracy than other dilatmetric methods,

A. interferomster Description
The interferometer consists of a pair of tused silica plates,

the upper one of shiich 18 polished on both faces, These plane faces

T W R AR TR SRS 1T PG AT T

&

- .

g -

P AT s VR

TPRRERE W T

qres

TR e

v




o

a,

are 20' from parallel with each other. The upper surface of the

lower plate is likewise polished and bears a reference target at |
its center; the lower surface of this plate is unpolished to i,
eliminate reflections. .n use, the turee pyramidally shaped elements i
comprising the sample are equilaterally placed on the lower plate,
The upper plate, with reference notch appropriately placed to allow
the 20! angle to act in deflecting unwanted reflections away from
the telescone, is sunrorted on the apices of the elements, The
result is two narallel faces separated by the lknown sample height,
Monochromatic illumination, the 5460,7 R 1ine of mercury vapor, is
caused to be reflected from the upper surface of the lower plate
and the lower surfacs of ths upper plate, 1f these two refiocted
waves are in phase, maximum dbrightness result s; if they are in

‘ opposition, there is no lizht anc consequently we see a "fringe",
It is tho apparent movement of these fringes past a reference line
which is observed, The movement is caussd by the thermal expansion
of the sample which in turn causes the distanco between the plates
to inocrease, The incresse in distance vetween the plates is
manifested by the movement of frinjes past a reference line, A

rmovement of one fringe is equal to one-half the monochromatic wave-

length used, since the optical puth is twice the distance between
the plates, oincs, with the apperatus at hand, the experiment is
performed in alr, the chanlre of refractive index of the air mmust be

cons idered and is sccounted for with an Yair correction®. 18

B, Procedure
G Suitadble samples wore chosen and flat bases lappsd on each

element, using the forementioned faceting device., The elements were

then ground by hand on abrasive paper to an aprroximately pyramidal



shape until they were of equal height when measured with a
micromoter (20,0001 in,), Jhen this condition was fulfilled, the

sample was arranied in the interferometer and usually a convenient
mumber of interference fringes, from seven to fourteen, were
visidble in the teloescope fleld,

After setting un and aligning the interferomoter within the
furnace, the entire s tem was allowed to reach thermal equilibrium,
The current thru the furnesce and a stop-watch were activated
similtanecusly. An approximate 3°C rise per minute was followed
by adherinz to a previously determined time-ampore schedule. Lest
any discontinuities in the expansion -o by unnoticed, the time and
temperature was recorded for every frinze. in order to conserve
the fused silica interferometer nlates, the current was shut off
at 650°¢,

Havin;, previously recorded the hei_ht of the sample, and
knowinz the wavelensth of tue 1light being used, all the data are
known for the ¢alculations,

C, Data and Cglculations

Ths cata, es >bssrved, are recorded as frinze mumbher and
texpersture, From the sample dimensions (L,), and the wave length
of 1ight employed (A), a change in length (AL) is determined for
each fringe mumber (). el = .—H Tc this value of AL is
added an air correction (4) to comnensate for the change in the
refractive index of the air for the temperaturc at which the fringe
is observed, 1t is this sum of AL and A (the corrected chanze in
length per unit length) which is plotted ascainst the temperature at
vhich the particular fringe is observed,
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For reasons of convenience, the ﬁ@uso coefficient of
expansion is expressed in parts ner million, or, as platted as the
ordinate of Figure 3, in hundredths of & per cent (s /om)., Dus to
the discontinuous nature of ths expansion of CeAlOj and the slight
increass in coofficient with increasing temperature in the other two
compourds, & mean coefiicient would not be as meaningful as the
greph, hLowever, for purnoses of general comparison, the mean co-
efficient of tharmal expansion for LailO3 and 1idAl10y from room
temperature to 650°C is 10,66 and 9,70 times 10'6/°c, resnectively,
For the form of CeAlO; prevailing above 150°C, the coefficient is
9.10-x 10"/ °C between 150 ana 65,°.

Niscussion

Since the expansion of CeAlO3 was fmnd to be disoontinucus,
the sample was examined several times at lower heating rates. There
was no difference noted in any of the successive runs with respect
to the location or amplitude of the discontinuity,

In view of the attainability of temperatures involved, an
attempt wvaaz made to learn the nature of the high temperature form.
An electric heater coil was mounted to radiate directly on the
sample holdar of the previously mentioned X-ray unit, The
temperaturs of the sample holdor was adjusted by means of a
Fowerstat to remain at adout 95°C, The i-ray powder pattern obtained
did not vary from the room temperature pattern .ndicating that the
inversion was not sufficiently drastic to visidbly alter the
structure, .. more accurate camera would nprobably show the structure

chango, however,
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VIII, SPECTRAL TRANSMITTANCR

The compounds investigated display interesting differences
in color, That of lantharum is srange, cerium is green, and
neodymium, brown violet, In order to more closely describe the
colors of the crystals, plates were prepared and speotral trans-
mittance data obtained using a shectrophotometer, A Beckman Model
DO Photoslectric Quartz 8nhectrophotometer was used in this in-
vestigation in the spectral range fror: 380 to 770 millimicrons,
Transmittance readings were made every two millimicrons in the
region from 380 to 600 millimicrons, Fram 600 to 770 millimicrons,
obssrvations were made every five millimicrons, These relatively

small increments were fourd necessary in order that no absorption
bancs be overloocked,

A. Sample Preparation

The samples were prepared by lappinz suitable boule fragments
to two approximately planc snd parallel faces, This operation was
accouplished with the aid of the faceting device descrided pre-
viously in the sestion on "lefractive Index",

B, Procedure

The zample holder for transmission nmsasurements requires an
exposed sample area of approximatelv 1/ x 3/4 inches. Since it
would be extremely difficult to prepare samples of that sige in
suitable quality, an investigation was undertaken to compare
spectrial sensitivity with sample area,

A sample of AKLO# glass 7/32 in. thick, was observed, first
with the normal area exposed, and then with the area decreased to
7/32 x 5/16 in, The two curves were identical, the curve obtained

from the smaller area being approximately 1{ lower in transmittance

# Blue Ridge Glass Corp., Kingsport, Tennessee,
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0 (Piguro 4). When the normal area was employed but the glass
surfaces were roushened with 150 mesh SiC, the same shape of

:
h
1
|

transmittance curve was obtained, On obaorving this roughened
sampie with an exposed area of 1/16 x 1/16 in,, the curve showed
the same general form a3 with the clear sample using the normally
exposed area. 7The tranamittance was greatly deoreased, however,
In view of this sensitivity even with a small sample uei,
reasonably accurate data oould be expected on available crystal

T

plates, Consequently two like masks were prepared, one to be used
as the standard blank and the other to sunport ths sample, The

i
!

masks were clamped together and a 1/8 incn diameter hole was drilled
thru them, in that way, the monochromatic light bLeam would strike
both masks in a like mamer, ‘he sample was cemented to one »f the
@ masks, both of which were placed and spring held in the transmission
cell holder, Data were then obtained by following the standard
operating procedure for the instrument, The instrument was also
balanced for dark current between each reading,
c. Data
Pig, 5, shows the transmittance values for these single
crystal samples, The sample thicknesses wers ,0394, ,0243, snd
,O01LS inches, respectively, for the lanthamum, cerium, and neodymium
aluminates,

D, Discussion

Insofar as the color of the investigated compounds is concerned,

little can be said re;arding any rreliminary predictions, Color in
rare earth salts is due primarily to tle incomplete } £ sub-shell,
| ‘ causing characteristic absorptions, Such is the case with neodymium,
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where the absorption dands are markedly apparent over the visibdble

spectrum, Lanthanum and cerium have absorption bands, for the most
part, in the ultraviolet, This strong absorption of cerium in the
ultraviolet finds aspplication in the mamufaoture of eye-protective
glasses, In the visible range of the spectrum, however, cerium and
lantharmum display little of the typical absorption of neodymium, It
i3 interestinz to note that lanthanum has rarely, if ever, been
described as a colorant, It is poasible, as Weyl 19 points out,
that "certain impurities or accessory constituents often impart
intensive colours to minerals and synthetic crystals but not to
glasses,"” If lanthamum had been added in the ususl small amounts

as a colorant, nerhaps the orange color wauld not have developed in

glasses and therefore remain unreported,

X LLLCTRICAL IIOPRRTILS.

Through the courtssy of Dr. a, E. De Sretteville, arrsngements
were made for the measurement of the electricel bhshavior of the
investigated crystals, In order to learn whether or not the crystals
are ferroelectric, the measurement of dielectric oconstant was under-

taken., Resistance measurements wera also made on the same samples,

A, P [

Suitadle samples were chosen and lapped to parallel plates

as previously described, In order to allow the calculation of the

dielectric constant, the area of the sannles was measured using a
projection microsacpe fitted with a miocrcmeter stage, The thickness
of the plates was measured by means of a vernier micrameter, Cold

electrodes were evanorated on to the orystal, the edgea having
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previously been lacquered, After the eleotrodes ware deposited,
the lacquer was disasolved away leaving the sides of the sample free
of conduciing material, Connecting wires were then soldered to the
conter of each electrode,

The sarple was mounted in an oven and dieleotric constant amd
loss factor determined at a froquency of ons megmoycle over the
temperature ran-o of 25° to 250°¢c. 1In makiny these neasuraments,

a Boonton \ meter# was used, corrections bdeinz applied for the
capacitance of the leads and edgec effects,

desistance was measured »n the same samples using e 20 million
legohicneter,#+ The area and thicimess of the samples havinz been
Freviously messured, the resistivity is easily calculated,

B, Data and Calculations
The data obaerved from the dielectric measurements are plotted

in Pigures 6, 7, and 8; resistance data and the calculated resist-
ivity eappear in Tavle [V,

Tadle IV

Lasl03 CeAlD3 IldA103
Area-cm,2 0.101 0,077 0.105
Thickness-am, 0,0470 0.0724 0.,0318
Resistance~olms h.?BxlOlo 2.1:107 2.02:1010
lesistivity-ohm-cm. 10,2x1010 2,25x107  6.67x101°

A sample caloculation follows, usin; the relation
R=o & (7)

#loonton itadio Corp,, Boonton, New Jeracy,
sellectronic Instruments, Ltd., Richmond, Surrey, England,

IR
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= presistance

5 . o where

S

= resistivity

1 = thickness
A = grea i
4 k.78 x 1010 = G *’f%p'} |
¢ =10,2 x 1010 ohm-ca,

C, Discussion

On a hHasis of the measurements of dielestric constant, it is
. apparent that the crystals, at least over the tomperature range
in7estigated, are not ferroelectric, A ferroelectric material is

3

s
one which posscsses a spontansous polarization, shows nonlinearity i
of dielcctric constant va. temperature, and has a Curie point,

Probably the best known ferroelectric is 3aTi0; in its tetragonal :
‘ modification, {g

The conditions for a ferroelectric are quantitatively
establishod for BA?!.OJ, On heating the tetragonal form through
: 120°C, 1,e, the Curie point, the dielectric constant increascs fraa
._ approximately 300 at 80°%, to 500 at 100, and to 10,000 at 120°c.2°
R - Above 120°C, the clelectric constant Ceclines slmust as stoeply.
The spontaneous polarization {displacemont of the Til* ion) shows |
a like nrecipitous change, deoreasing to zoro above 1209c. 2 1% '
is obvious that the spontaneocus polarirzation should be zerc abdove i
the Curie point, for the tetragonal BaTi03 then hecomes cubic. f
since LaAlO3 has been shown to be cubic, it would not be expected
to be ferroelectric, Tho similarity of dielectric. constant data
° indicates that the cerium and neodymium aluminates are also not

ferroeolectric,
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The choice of the method of crystal growth proved to be
suitable in all respects, Having prepared food materials embodying
optimum characteristics, single crystals of LaAll;, CerlO;, and i
NaA10; wore grown of size and quality suitadble for all the
moeasurements undertaken,

Results obtained from many of the measurements were roughly
predictable on a crystulliochomical basis, The compounds examined
arc of similar structure, differing only in the rare earth element
present, This difference is manifested by a decreasing interionic
distance in the corystal lattice with increasinz atomic rnumber of the
rare earth ion, Startinz with lanthamum of ionic radius 1,22 A,
tae crystal unit cell has an edge length of 3,774 A, Upon revlacing
lanthanum with cerium, (ionic radius of 1,18A), the cell edgo
decreasos to 3,746 4, a further repacement by noodymium of ionic

Id

. » Y
B e A e AT s~ slosectraas:
- - i : !

radius 1,15 A zives a cell edse of 3,733 A,

i

A8 a conseguence, tho density of the crystals increasod
successively from 6,53 for the LarlO3 to 6,72 and 7,02 for the
CeA103 and Hd:.103 respectively,

Similarly, by increasing the numbe> of highly refractivo
cxygen ions nmer unit volume, the ef{fect can be observad in the
rofractive index, Values of tho refractive index for the morcury
green line were ifound tc increase from 2,068 in lanthamum alunminate

Y

to 2,079 in tho neodynium aluminate, the morc dense orystal,

.q({'

~ shortening of distances in ionic crystals produces an

inoreaso in the stadbility of the crystal, Therofare, any pronerty

A

CUHRTIAY NaneR

W A
™

LA

which 12 dopondont upon the stability of the crystal (molting point,
for oxample) is directly influenced by tho silzo and valence of thu
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lattios ions, Since the valenco of the rarc carth ions remains

constant, any change in tho above mentionod property is due

basically to tho changing ion size, The oxperimontal results

desoribed in the sections on Melting Foint and Thermal Ixnansion
may bo cited as supnorting these statoments, The melting point
of LaAl03, 1.0, involving tho largest rare earth ion is 1917°C; upon
substituting tho smaller cerium ion for lanthamum, the melting voint

was incroased to 2017°c. A still further substitution of neodymium

for lanthanum produccd an inereas¢ in the melting voint io 2055°C,

Similar concepts to the above ocould be employed in part in

exanining the thermal oxpansion da%a, As mentioned previously, the

stadility of the crystal is increased by replacing the larger

ianthanum ion with neodywmium, As a result, the mean coefficient

of thermsl expansion of LailOj (10,7 x 10'6/°c) is greater than
that of the MNdAlO; (9.7 x 10’6/°C). The break in the thermal

exnansion curve of CealO3, evidently & second order transition,

merits further discussion,

A differential thermal anal:sis examinstion had besen made in

an effort to learn more about the nature of the change, There was

no heat effect evident indicating that if a new form came into
existonce its thermal properties were the smme as those of the room

temperature form, The -ray result s, previously desoribed, obtained

ut the hisher temperature worc also such that no differentiation

could bo made bstwoen the two fcorms, The -ray anparatus employed,

however, was that which indicated that all thoe investigated crystals
were cublis, .. mors nrecise A-rsy unit working at the appropriats

tomperature would doubtless throw more light on tho situation,
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The well known specotral transmittance surve of neodymium-
bearing 3lass 1s contained in the sbsorption bands shown by NMIO;.
The transmittance of the lanthamum and cerium aluminates, on the
other hand does not possess the fine structuro and absorption bands
generally assoclated with rero earths, Nevertlwless, a fine
structure does exist, though much weaker and present to a lesser
extent than that of NclAlOB. This structuire appears in the
lanthanum compound in the red, while in CeAlO3 in the greon region
of the spectrum thero is an indication of tho rare earth nature
of the crystals,

'1".@ presence of the »nreviously mentioned second order
transition in CeAlO; was viewod with much interost, for the onset
¢f ferroelectricity is marked by just such a condition, Thouzh no
thermal offects could be observed by neans of thermal analysis,
the change in heat capacity at tha Curie point of 3&'1’103 is of the
crder of 3 x 1073 cal/g°C. This very small chango could easily
havo been overlooled or unresolved on tho differential cquipment
used, PFor these reasons, the results of dielectric moasurements
woro eagerly awaited, The dielectric constarts as reported, range
between 20 and 28, and arc of a magnitudo displayed by many
substancos, it would appeer, then, that the crystals are not
ferroeleotric, in spite of the marie d similaritisz to BaTiO3 with
respect to a secand-order transition (possible Curie point) and
tetragonality of its perowvskito structure,

- In the crystals examined, LaAlOB with tho hizhest resistivity
(10,2 x 1010 ohm-cm) has the lowost change in loss between 25 ani
250% (from 0,058 to 0,15). On the other hand, CeAl0; with a
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resietivity of 2.1 x 107 ohnm-om has & loss change of 0,30 to 41.5.
Neodymium aluminate has intermediatc wvaluos of 2,02 x 1010 chm-om
and a loss change of 0,035 to 0,25, Though the resistivity is
referred to D.C,, it appears that the conductivity mechanism is
closely linked to that »roducing tho loss with increasing

temperature, Loss and rosistivity data indicato some corrclation
of this sort,

al, CONCLUSIONS

1, Single corystals of LaAlO; R CoAlO; » and Nd2103 were grown
succecssfully using the Verneuil technique,

2, Substitution of cerium and neodymium for lanthamm
disturbed the cubic naturc of the lattor aluminate and produced
tetragonal structuros, which novorthocless retainoed the porovskite
form.

3. The molar volume of the aluminatea decreased upon
substituting cerium for lanthcrum or necdymium for cerium,

4. Density, rofractive index, and melting point of the
crystals incroased with increasing atomic number of the rare oarth

ion,

5. The thermal expansion of CeAl0; displays what appears to
to a second-order transition,

£, Snectral transmittance curves of the rare earth

aluminates possess, in varying degroe, fine structure typical of

rare earth spectra,

7. On tho basis of the electrical data, tho invostigated

compounds are apparontly not forroelectric,

8. The mechanism producin; loss in tho crystals appears to

be associated with condustivity,
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