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SUMMARY

During the first six moaths of the contract period, the Research Labcratories
have been actively engaged in research directed toward obtaining laser host
materials with structures having cubic centrosymmetric sites in which trivalent
laser activating ions can be substituted, In this pericd, powders of perovskite-
tvge compounds having the general formula Ba(B3+O.5TaO'5)O3 with B3t. rare earth
Y3 " Se3* and In3* ions were prepared and their structures analyzed by means of
X-ray diffraction. The studies showed that the most suitable host materials for
this program were Ba(Yy slag, 5)03, Ba(Lug,sTag, 5)03, Ba(Sco,sTag,s)03 and

(Ir0_5Tao_5)O3 because they had cubic unit cells and contained ions with
appropriate electronic configurations. These compounds have been prepared with
Cr3* and Nd3* doping, and the fluorescence spectra of the Na3* doped phases have
been recorded and analyzed,

Studies involving flux growth of crystals also have been made during this
reriod. In the first investigations, small, discolored crystals of Ea(LaO_STa0'5)03,
Ba(Gdc, sTag,5)03, Ba(lug,sTep,5)03, Ba(Scp,sTap,s5)03 and Ba(Yy,sTap,5)03 were grown
from & BaFp flux. More detailed studies of the Ba0-YTaOj-BoO3 system showed thet
smail, clear single crystals of Ba(Yo.STao.5)03 could e grown from a BpO3 flux by
slow cocling and that larger crystals could probably be grown using a modified
Czocnralski technique, The furnace and puller necessary to grow these larger
crystals have been designed and are presently being fabricated.
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INTRODUZSTION

From theoretical calculations and the observation thrat the decay time of
Cr3+ fluorescence increased from 3 msec when it is present n the sluminum-oxide
structure to L6 msec in the nearly cubic LadlO3 perovskite structure (Ref, 1),
it was concluded that fl aorescing energy states with long lifetimes should be
obtained in materials whose structures contain the doping ions as centers of
symmetry in cubic crystallographic sites. More specifically, & laser host
material should contain ions which are difficult to reduce, should have a
structure with only one sel of equivalent cubic centrosymmetric cation sites
about the same size as the doping ion, and should contain an ion ia these sites
of the same valence state as the doping ion to be used so that no valence compen-
sating ions have to be added. If an additional stipulation is made that trivalent
rare earth or transition metal ions be used as the laser activating ions because
of their stabiiity, no laser host materials satisfying all cf' these requirement:
were available prior to the Research Laboratories aiscovery of ordering in a series
of A(B3+O_5Tao.5)03 perovs!-ite-type compounds., It should be recognized, however,
that these studies were preliminary in nature.

Under the present contract,work wac initiated to prepare and re-e¢ mine these
corpounds by means of X-ray diffraction., The more preuising compounds were doped
with Cr3% and Na3% so that the fluorescing lines could be recorded, identified,
and the lifetimes of these fluorescing states could be measured. In addition,
some preliminary experiments were directed toward learning how to prepare these
compounds &s doped single crystals so that more refined optical measurements could
be made.

SFLECTION OF LASER HOST MATERIALS

A survey was made of the various oxides in search of host materials with
structures which ccntain cubic centrosymmetriec crystallographic sites, In the
selection of host materials, consideration was given to the stability of the
oxides and doping ions which would be most suivable for substitution into the
oxide structure.

Of the simple oxides, those with the sodium chloride and calcium fluoride
structures have cubic centrosymmetric cation sites which will accept divalent and
tetravalent ions respectively (Figs. la and 1b). While several of these oxides,
such a5 MgO ~ith the sodium chloride stiucture and ThOp and CeOp with the calcium
fluoride structure are quite suitable as laser host iattices, the availability of
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only a few relatively unstable divalent and tetravalent laser activating ions
make them less desirable for the purposes of this study than host materials which
will accept trivalent ions without the addition of other compensating ions.

The more complex spinel arnd perovskite structures contain cubic centro-
symmetric sites which can accommodate trivalent cations of oxide materials, How-
ever, oxides with the spinel structure were nct selected for this investigation
because of the difficulty of introducing the trivaleat doping ions in the
octahedrally coordinated cation positions without any substitution in the tetra-
hedrally coordinated cation site as well (Fig. lc). Substitution of dopiug ions
in two different cation sites was felt to be less probable in ALO3-type oxides
with the perovskite structure because the A ion is usually much large:r than the
B ion (Fig. 1d). In LaAlO,, for example, large rare earth ions have been cub-
stituted for the La3* ions and the smaller Cr3* ion has been substituted for Al
{Ref. 2), The long lifetimes of the prominent fluorescing states in the cr
doped LaAl03 indicate that this material may be nearly the ideal host oxide for
this study except that its structure is slightly distorted.

Other pnssible host materials have become uvailable as a result of the work
reported in Refs. 3 and 4 which demonstrated that two ions which are different in
size and charge could be placed in the B position of the perovskite structure.

A recent compilation of these compounds with the general formula A(B;B;)O3, where
B’ and B” are two different elements with different charges, reveal that over

200 of them have been prepared in various laboratories (Ref. 5). When the ratic
of the B” ions to B’ ions is two, as indicated by the formula A(B6.33B0:é7)03,

and the B’ and B” ions are ordeied, the structure obtained is one in which the
cubic centrosymmetric B site is not preserved (Fig., 2a, Refs. 6 - 9), However,
when the B’ and B” ions are present in equal amounts, as indicated by the

formula A(Bé.5B6:5)03, a common ordered structure may be adopted in which the B
ions alternate (Refs. 10, 11); thus the symmetry about cthe B site is retained
(Fig. 2b), 1In these ordered A(B6.5B6'.5)03-type compounds it is most desirable
for laser applications to have barium as the A ion since compounds containing
barium are least distorted, and tantalum v as the B” ion because of its resistance
to reduction, The B’ ion should be a trivalent ion and should not produce energy
levels which would interfere with those of the doping ions. Therefore, B’

should be trivalent scandium, yttrium, or lanthanum which have rare gas electronic
configurations, trivaler® gadolinium with half filled f shells, trivalent lutecium
with completely filled f shells, or trivalent indium with completely filled 4
shells, On this basis, the compounds selected for initial studies under this
contract were Ba(LaO.5T30.5)03, Ba((\}dO’STao'S)O:a, Ba(YO’5T80.5)03, Ba(ScO,STaO.S)O3,
Ba(InO'STao.5)03, and Ba(Luo.STaO‘S)Oy

In searching for other host materials, similar multiple substitutions were
considered in the sodium chloride, calcium fluoride, and spinel structures as
methods of obtaining new ordered structures containing cubic centrosymmetric sites,
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However, a survey of the limited amount of literature on oxides reporued to hav-
zier>a sodium chloride and spinel structures showed that the cations were distribu-
ed in such a wey that the center of symmetry about the cation sites was not retained

(Refs, 12, 13; Figs. 3, 4),

O

/"\ f+

PREPARATION AND X-RAY ANALYSIS OF POWDER SAMPLES

Initial studies were conducted on Ba(B3+O 51 5)03 ordered perovskite compounds
containing various rare earth ions in addition fo &%trium, scandium and indium as
the B3* ion, so that structural information and relative ionic radii could be ob-
tained, The main emphasis, however, was placed on compounds contrining La3+, Gd3+
Y3* Lu3*, 1n3+* and Sc3*, since these ions have appropriate electron configurations
as discussed in the previous section,

Preparation of Perovskite-Type Phases

Powder samples of these perovskite-type compounds were prepared following the
dry technique of reacting solids at high temperatures. In these preparations, the
following chemicals were used: certified grade BaCO3 from Fisher Scientific,
reagent grade TapOs, high purity Lep0O3, Gd203, Lup03, Scz03, Y203 and Inp03 from
A. D, McKay, and high purity Nd203, Smp03, DypOs, HepOsz, Erp0s, TmpOz, YbpO3 from
Research Chemicals,

For each sample, BaCO3 was mixed with the trivalent metal oxide and the
tantalum pentoxide in a molar retioc of 2:1:1. The mixture was ground in an agate
mortar and fired on alumina trays in a box furnace heated by Kanthal molybdenum
disilicide elements. During the firing cycle the samples were taken from the
furnace and reground to insure thorough mixing, It was found that the ordered
percvskite phases could be obtained by firing the powders at 1100 - lQOOOb, how-
ever, at these firing temperatures the samples also contained trivalent metal

oxides or BacTa) 0y impurities, Single phases of Ba(Lag 5‘1‘80 5)03, Ba(Buy sTag 5)0s,
Bal(Yy, sTag, 5?03 and Ba(Scq, 5Tao 5)03 have been prepared by urmg at 156000 The
compound containing indium is an exception, however, requiring a firing tempersture
of only 1400°C., All other compounds have been obtained sufficiently pure so that
lattic: parameters for the perovskitc phases could be determined,
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X-ray Analysis of Percvskite-T -re Phases

All samples were examined by powder X-ray diffrasction methods using a Philips
11%.6 mm diameter camera and copper k= radiation, The lattice parameters were
determined and diffraction line intensities were visually estimated for each
cempound &s chown in Tables I snd II. It was found that compounds contairing the
larger trivalent cations were distorted from cubic cymmetry., The X.ray pattern of
Ba(LaC;sTao.5)03 had an orthorhombic unit cell and the X-ray partern of
Ba(Gdo.STaO.é)O3 was indexed on a tetragonal cell, These data are given in Table I,
The samples containing trivaient cations with cizes between those of La3* and Ga3*
havz not been obtained pure encugh to identify their unit cell distcorticns.,
Perovskites contairing ions smaller than gadolinium exhibit cubic symmetry (see
Table II),

From Tables I, II and III it can be seen that the intensities of the ordering
lines {wheu h, k and £ are odd integers) in the X-ray patterns of the perovskite
phases correlate well with the differences in atomic scattering factors for the
trivalent cations and Ta?*, As this difference decreases, il becomes mcre difficult
to observe ordering lines in the ¥-ray patterns, and where this difference is only
1 or O the ordering lines wire not seen on the films at normal exposure times. It
is felt, however, that ordering of the B ions does persist throughout the series,
This r-nclusion is based on a number of studies at the Research Laboratories which
showed that the difference in size ot the B ions ha: to be very small before they
will distrivute themselves randomly in the B position of the percvskite structure,

Using a plot of (volume)l/3 vs ionic radii of the B3* ions as given by Ahrens
and obtained from a study of Ba(B3+O.5NbO.5)O3-tyOe compounds (Ref, 11), the
effective radii of the trivalent ions used in thic study wer . determined (see
Fig. 5). Table IV presents the radii as determined by Ahrens, the radii as deter-
mined from nnit cell data for Ba(B3+O.5NbO.5)O3-type compounds and the radii found
in this study for the B3+ ions, Note that the agreement letween these values are
quite good except for +*hat determined for Sr3+. Scandium ions appear to have a
much smaller effective ionic radii in these ordered perovskite-type compounds.

Preparation of Doped Perovskite-Type Phases

Of the various perovskite-type compounds with the general formula
Ba(B3+O 5Tao.5)03, and containing B3' with the apprnpriate electron configuration,
only Ba(YO.5T30.5)03) Ba(LuQ‘sTaU,5)03, Ba(Ino_5T80.5)03 and Ba(ScO,STaO.5)03
were found to have cubic unit cells. These phases were doped with cr3t and Na3*
jons and obtained as single phases by firing the stoichiometric mixtures at 1580 -
165000, except in the cases of the samples containing indium where a firing tempera-
ture of 1400°C was sufficient. Table V shows the phases prepared snd the firing
temperature used to prepare rhemn.
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CRYSTAL GROWTH FafERIMENTS

Melting Behavior of Ba(YQ.5T30,5)03

Initial crystal growing studies were conducted on Ba(YOJcTaO'5)03, However,
before attempting to grow .rystals from a liquid phase, it wac necessary to obtain
information on the melting behavior of the compound in order to determine which
of the several crystal growing technigues would be most applicable and which
container maizsrials could be used,

na(Yp,sTap,5)03 was prepared by reacting BaC03, /203 and TepO5 for several
hours at 1600°C, An X-ray powder diffraction pattern was obtained for the
material, and no extraneous lines were present, Attempts were made to measure the
melting point of this material by placing a small piece (average dimension, 1/16 in.)
on an electrically heated platinum strip, and sighting on the sample with en optical
pyrometer, No melting of the sample was observed at the temperature at which the
platinum strip fused, An iridium strip (MP = 245SLOC) was substituted for the
platinum and again the strip failed before any melting of the sample was observed.
The last temperature reading made on the sample before the strip failed vas 2200°C,

A piece of sintered Ba(Yo,5T80.5>03 was then broken so that a sharp corner was
obtained. This corner was heated with a propane-oxygen torch and cbserved with an
optical pyrometer., Some liquid formation was observed at a nominal temperature
about 2200°C., When the material had cooled to room temperature, the fused corner
was broken off and X-rayed. The pattern of the recrystallized material indicated
the presence of perovskite and a second phase which was recognized to be an isomorph
of BaTanOg {see Appeniix I), The presence of the secord phase in the recrystallized
material cannot be taken as an indication of incongruent melting of the perovokite,
and later phase equilibrium siudies in the system BaO-YTaO,-B,0; (Appendix I)
clearly indicate the congruent melting behavior of Ba(YO.STaO_5§O3. It may be
assumed, however, that the stoichiometry of the melt is lost because of incongruent
vaporization.

From the above observations it was concluded that laboratory technigues in-
volving crystallization from the melt were impractical for this material, The
standard Czochralski technique was eliminated because of the unavailability of a
suitable container, and the Verneuil technique also was eliminated because of the
dit'ficulty of maintaining correct stoichiometry, Fcr these reasons the flux-
growth technique, using siow cocling or a modified Czochralski technique, was
selected as the most practical method to pursue,
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Pre.iminary Flux-Growth Experiments

Ini ial?%ttempts to grow crystals of perovskite-type compounds of the general
fermula Ba(E5.5TaQ_5)O3 were made by the slow cooling technique using a number of
different iluxesz. Single crystals of similar materials were obtained using this
method just prior to the start of this contract. This information is presented
in Apperdix IT,

Compositions were prepared from C.P, grade BaCO3, Ta205, and the appropriate
rare earth oxides. The batches were prefired to react the starting materials,
and then mixed with various amounts of flux, placed in platirum crucibles, and
subjected to a given temperature cycle in a resistance Mrnace cuntrolled by a
‘hermovolt model AZR-2478 cam controller.

The batch composition, various heat treatments, and observations arec given
in Table VI. The best results were obtained using BaF, flux, from which smail
crystals of Ba(Leo.5Tao.5)O3, Ea(Gd0.5TaO.5)C3, B&(LuO‘FTaO.5}03, Ba(Scn.ST(o_5)O3,

and Ba(Yy 5Tag 5)03 yere grown. A photograph of Ba(Yqy, sTag,5)03 crystals is shown
in Fig. 6. All of the crystals were strongly discolored, prebaﬁly ue the result
of the incorporation of platinum, which is known to have ar eppreciable solubility
in BaFo. The crystals were generally found in the lower region of the crucible,
orimarily near the crucible walls, in a matrix fine-grained polycrystalline
pearovskite phase and flux. Moreover, close examination of the crystals disclicred
that the great wmajority of them were twinned, These observations suggest that =211
of the perovskite had not dissolved in the flux at the soak temperature. Prior

to the slow cooling portion of the temperature cycle, the condition prevailed
wherein the rolten BaFs was saturated with perovskite end in equilibrium with fine-
grained perovskite that contained a number of twins. During the cooling cycile,
presumably due to faster kinetics for deposition of dissolved perovskite on the
twinned seeds, the lstter grew at a considerably greater rate than the untwinned
seeds. However, because of the relatively large number of twinned seeds, and the
competition for material by the vastly larger number of untwinned seeds, none of
these crystals grew to a large size, While these crystals were satisfactor; for
X-ray studies, they were not suitable for optical measurements.

Crystal Growth Experiments Using a BaFo Flux

Solubility of Ba(Yy sTag 5)O3 in BaFp

The preliminary flux growvth experiments indicated that BaFp was saturated
congruently with Ba(YO_STaO.5)O3, but that apparently undissolvel perovskite was
present in the melts. The solubility of Ba(Yp, cTag,5)O3 was Jetermined experi-
mentally to confirm the avbove conclusion and to yield data to wsuide subsequent
crystal growth runs in this system,




A 25 ml platinum crucible wes filled with BaFo by charging and meiting in a
resistance furnace until the crucible was about J/h full. A sintered sample of
Ba{Y, sTag r\ﬂs was placed in the crucible for the final charginz. The crucible
785 then transferred to a vertical tube furnace, and Pt/Pt-10% Rh thermoccuple
was inserted into the melt, 7Tne melt was allowed to soak at constant temperature,
e=i stirred periodically with 1/8 in, 0.D. platinum tube. After various times of
soak at various tcmperatures, the platinum *ube was inserted about 1/L in. velow
the surface of the melt, and a sample withdrawn for spectrochemical analysic

The cherical anaiycis ror Y and Ta of samples withdrawn at various tempera-
vures are given in Table VII, The data indicate a reasonably constant ratio of
abcut 2.5 moles of Ta per mole of Y, Such a result is incounsistent with the
previcus observation of congruent saturation of EaF, with perovskite, and may be
due 10 the depletion of yttrium at the surface of the melt due to the higher
voiatility of YF3. On the assumption that the experimental solubility data for
Ta are a valid measure of the solubility of Ba(Y Tao 5)O in BaFé, the solubility
curve shown in Fig, 7 was drawn. The excellent agreemént between the data obtained
bty arproaching temperatures from above with the data obtained by approaching
temperatures from below is an indication that equilibrium had been sttained, It
can be seen from Fig. T that a. 1400°C Ba(Yg, 5Tag. 5)03 is soluble in Ba™s oaly to
the extent of 3.5 weight ; »rcent, thuc confirming that an excess was present in
the previous cry«tal growth runs,

Attempts to Nucleate Ba(Yp sTag 5)03 Crystals from & BaFs Flux

tsing the solubility data shown in Fig, 7 as a guide, attempts were made to
nucieate and grow Ba(Yg 5Tag, 5)03 crystels from & BaF, flux,

Siow_Cooling Method

Because of the steepness of the solubility curve, difficulty was anticipated
in nucleating only a few crystals from an undercooled melt, an essential condition
for obtaining large single crystals by this method. For this reason, a special
furnace was built in which very accurate temperature control could be obtained
during the cooling cycle, A Leeds and Northrup Speedomax type G program con-
troller, in conjunction with a L. & N. Series 60 proportional controi unit, ard &
& KVA General Electric saturabie reactor, Model 69-6217, was used to control
power %o a Globar heated furnace, Temperature up to about lSSOOC and conling
rates from 7 to 120°C/nr could be obrained,

A 100 ml platinum crucible was fiiled witn 239 g of BaF,, and 12.6 g (5 weigat
percent) of prereacted Ba(Yy sTag t)o3, and covered with a tight fitting 1id to
minimize vapor loss. The temperature profile of the furnace was determined, and the
crucible positioned so that the bottom was about 20°C cooler than the top, Tre

8
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furnace was then heated to 15307C, allcwed to scak at temperature for 8 hours and
. 0 . . . . -/

then cooled at 3°C/hr to 1300°C. The cooling rate was then increased to 120°¢/nr

and the furnace cocled to room temperature,

No crystals of sufficient size to be readily distinguished were found in the
crucible, X-ray diffraction patterns of material from the upper portion of the
crucible showed only BaFp, while patterns of material from the bottom of the
crucible showed BaF, and Ba(YO_STaO.;)O3. Several additional attempts were made
to mucleate and grow perovskite using this technique, but also without success.
There appears to be a severe nucleation prob’=m in this system, probably connected
with the very steep solubility curve and low critical undercooling so that a great
number of crystals, rather than a requisite few, precipitate on cooling at nearly
the same time,

Because of the nucl tion preblem encow. ered in the normal slow cooling
method, attempts were made to grow Ba(YO.5TaO_5)O3 from a BaFp flux by cocling a
properly shaped crucible in a temperature gradient, Boron nitr. crucibles were
seiected because long-term compalipility tests showed that BaF, could be contained
in BN crucibles without any visible attack, and because of the eese with which it
can be machined to shape. A BN crucible of the geometry shown in Fig. 8 was made
and filled with 25 g BaFp and 1.25 g Ba(Yp, s5Tag,5)03. It was inserted in &
specially constructed chamber that permitted the crucible top to be screwed in
place under vacuum. The crucible was held in & previously determined position
inside a vertical tube furnace such that a temperature gradient of about 10°¢C per
inch would exist across the crucible at elevated temperature, The furnace wacs
neated so that the lower tip of the crucible attained a temperature of 158700,
and after a scak pericd of 15 hours was ccoled at a rate of 3°C/hr to 13OOOC,
and then cooled rapidly to room temperature,

Examination of the crucible and contents disclosed thet no large oxide crystals
had been greown, The flux contained many small metallic fiakes, and on the fl
surface similar flakes were found about = to 3 mm across., X-ray analyses showed
these flakes to be TaB, indicating a reduction of the Ta”t ions in the melt by
the BN, No¢ ettempts have been made to repeat this experiment using other crucible

materials,

Crystal Growth Experiments Using & bp0O; Fiux
Because of the nuclcation provlems encountered using BaF, as a fiux, it was

necessary to find a more suitable flux for Ba(Y, sTag 5)03. Oxide fluxes were
considered since it was assumed that the solubility would be higher and nucleation

9
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problems would be less severe, Of the low melting oxides, PO, EiQOg_ Vzﬂs, and
B~0y, the first three have cations that would enter the perovskite structure, and
tor this resson were eliminated. Studies were undertaken to delineate phase
equilibrium in the system BaO-YTaOu-B203 and the resulis are reported fully In
Appendix I,

Siow Cooling Experiments

Quench data for the join Ba(YO,STaO’5)O3-8203 were used to select crystal
growth conditions. A mixture of 37,82g BaCO3, 21.152g Tay0g, 10.82g Y03, and
8.,752g BQOS (12.5 weight percent BgOg on a fired basis) was mixed, pressed into
pellets and fired slowly to 1000°C, The fired product was reground and meited into
a 15 ml platinum crucibl., The crucible was then placed in a vertical T-bar tube
furnace, the power to which was controlled by a Leeds and Northrup Speedcmax
Type G program controller, Series 60 proportional controlier, and Fincor FDGI
saturable reactcer, The furnace was heated to 1633°C, soaked for 10 hours, then
cooled at 2°C/hr to 1410°C., At the latter temperatu’e an attempt was made to
withdraw the crucible from the furnace in order to decant the remsining liguid,
but some material from the crucible had apparently been spilled onto, and reacted
with, the furnace muffie and crucible support so that the crucible could not be
withdrawn, The furnace was cooled to room temperature and the muffle was removed
and sawed apart to remove the crucible,

Examination of the crucible and contents disclosed some colorless cubic
crystals about 2 mm on edge adhering tc the crucible walls above the level of the
remaining charge, The crucible was immersed in beiling water io see if the matrix
material was water-soluble; it was not. The crucible was then immersed in hot
dilute nitric acid to see if the charge could be freed, but this treatment severly
etcned the cubic crystals, as well as the charge., The crystals were then broken
from the crucible wall, and in the process were fractured., However, a fragrent
was X-rayed and proved ‘o be Ba(Yy,5Tap,5)03. The charge was further etched in
nitric acid to break down the matrix material, This trea*ment disclosed several
lsrge crystals but they were so badly etched that their morphology was no longer
arparent, Furthermcore, they could not be removed from the matrix by mechanical
means without being fractured,

Although crystals could not be extracted from the matrix, it is apparent from
this run that perovskite crystals can e rucleated and grown from the 5203 flux,
The X-ray data obtained from the flux grown crystal indicate that the latter has
the same cell size ac material reacted in the solid state from the components, and
that no distortion is introduced., Also, the crystals grown from 8205 in platinum
crucibles are clear rather than discolored as was the case for crystals grown from
the BaF, flux,
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Iransfer Acrosce a Temperature Gradient

planned to attempt to gr
tne modified pulling technique erploye

i n this technigque, nutrient di
and diffuses down & temperature gradient maintalned acrcss the solvent medium,

deposits on a seed at the cooler surface of the soivent, The seed is rotated

and siowliy withdrawn as growth occurs. In tnis technique the temperature profils
across the solvent is critical. If the surface temperature is too low, so that
the solvent there becomes critically supersaturated, spontaneous nucleation will
oceur resulting in polyecrystalline deposition., The proper temperature difference

tween surface and nutrient must be determined experimertally, Scme preliminsty
experiments involving gradient transport have been performed,
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In this study, & solvent medium of composition 20 weight percent KpOg was
prepared, and 100 g of this was melted into a 50 ml platinum crucible uaiﬁg )
Tocco Model P-10-328 induction unit; the crucible served as the suscepior. To
this was added pieces of prefired Ba(Yo.5Ta0.5)O3 totaling 100 g. Thus, the gross
composition was 10 weight percent BpO3. It can be seen from Fig. 20 (Appendix . )
that in the temperature range 1350 to about 1700°C, an excess of perovskite will
be in equilibrium with liquid ol ~ompositions ranging between about 10 and 1k
weight percent Bp03. The crucit.e was heated to about 1L90°C and the temperature
profil.= measured. The vertical gradient was determined by inserting a P%t/Pt-10% Rh
tnermocouple down the axis of the crucible to various depths in the 1iquid, and
the surface temperature profile was obtained with an optical pyromcter. From tnese
measurements it could be inferred that the temperature distributior in the crucible
was approximately as shown in Fig. 9a. A similar temperature profi.e was cbtained
with the crucible at a tempsrature of about 1L445°C as shown in Fig. 9b. Convec-
tion currents could be seen on the surface of the liquid that indicated the lines
of flow shown on the above figures, Crystallites could be observed apparently
forming at the surface and building up a polycrystalline island about the axis of
the crucible, A thermocouple bead was held just in the surface cof the liquid, and
crystaliites ailowed to deposit on it; these were X-rayed and determined to be

A platinum cover with a i-in. hcle in the center to permit entry of the thermo-
couple was fitted to the crucible to serve as a radiation shield, and the vertical
temperature gradient was again measured., The surface profile could not te measured,
out the temperature dictribution in the crucible was inferred to be as stown in
Fig. 9c. The thermocouple bead was again left just below the surface of the melt.
Affer ore hour, no material had deposited on the bead. One hour later, a small
deposit had been collected,
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When the surface of the melt was about 80°C cooler than the bottom of the
crucible, apparently spontaneous nucleation occurred indicating that the surface
. was critically undercooled. When the cover was placed on the crucible, the
difference in temperature between bottom and surface was reduced to about 3008.
Although a visual observation of the surface was then impossible, the long time
necessary to pick up a deposit on the thermocouple beads suggests that the sur-
face layer was not critically undercooled,

OPTICAL MEFASUREMENTS

This section describes the apparatus; techniques, and some results of experi-
mental observations of optical measurements taken on powders of doped Ea(38+5TaO 5)03-
type phases, With the equipment presently available, optical absorption spéctra'
and absorption coefficients can be obtained on clear single crystals. Fluorescence
emission spectra, the line width of each prominent fluorescing line, and the life-
time of the prominent fluorescing state can be obtained on either single crystals
or finely ground powders. All of these measurements may be carried out at both
room temperature and liquid nitrogen temperature,

Apparatus and Procedure

e UAC Research Laboratories' Cary Model 1k spectrophotometer covers the

1860 A to 2.654 spectral range with automatic range change for switching the
high-intensity hydrogen lemp in the ultraviolet, a high-intensity tungsten lamp
in the visible range, and a separate tungsten lamp for the infrared region. The
resolving power of the Model 14 is better than 1.0 X in the ultraviolet-visible
region and better than 3.0 X in much of the near infrared, The wavelenglh scale
is accurate to better than 4.0 X with a reproducibility better than 0.5 A, The
photometric circuit and signal identification system is phototube shot-nroise
limited to give optimum signal-to-noise ratio, This instrument employs a Jouble
monochremator consisting of a 30° fused silica prrism in series with a 600 Line/mm
echelette grating, each with its own collimating mirrors and ¢lit system. This
combination of dispersing elements provides the high resolving power and low
temperature coefficient which are available with the grating at long wavelengths

. and at the same time retains the high optical efficiency and low scattered light
characteristic of the prism monochromator. Both halves of the monochromator
operate with an aperture ratio of f/8, the focal lengths being 30 cm for the prisu
collimator and 40 em for the grating collimator. The monochromator has 2-cm long
slits, leading to high light gathering power.

12




The spectropnotometer is utili
and refiectivity investigations of crystals and dielectric refiecting coatings,
I1ts optical measuremernt capabiiities have recently been greatly nvPanded. The
Cary spectrophotometer has been fitted with additional apparatus tn allow
continuous recording of flucrescence emission specira of crystal or powder
sampies. An RCA 7102 photomultiplier detector having an 5-1 spectral response
is used to procvide the recorder signal for this mode of operazion. This detector
is cocled near liquid nitrogen temperature to reduce thermal ncise when maximunm
gain is required. This allows Cbsprvatior of fluorescence amission from 2000
t¢ 1.2 micrcns wavelength., A 200 waiti mercury-xenon arc lamp is used as an
excitation radiaticn source lamp., A cset of multipie-dielectric interference
filters, in addition to glass and ligquid lilters, is employed to control the
band pass of the pump light,

zed for performing tranamission, absoryt_Lh,
Y

Ar. additional source for use in determining average lifetiues of excited
states of impurity ion electrcns has been constructed. %t consists of a high-
pressure xenon flash lamp and power supply designed to give it peak lignt output
for 6 microseconds and decay to less than one-third that intensity in less than a
micrusecond, The intensity decay of the source lamp and of the sample flucrescence
iine are displayed on a dusl-beam oscilloscope screen. Two special dewars to cool
sampie materials have been designed and fabricated so that opticzal absorption,
flucrescence, and lifetime measurements can b= made at temperatures down tc TT9K.

For optical absorption measurements the Cary can be used in its normal mode
of operation as a double monochromator., Single crystal samplies with a diameter
cf 5 mm or more and thickness from several millineters to several centimeters
{derending on the imgurity ion concentration) can be readily invectigated. The
unit is calibrated to read directly in absorption units with fou. different scale
ranges: 0-0,1, 0,1-0,2, 0-1, and 1-2. Absorption or density units are defined
in terms of the transmissicn as the logarithm of the reciprocal transmission. The
sample is ground with reasonably flat and parallel ends and is positioned so that
one of the monochromator beams must pass entirely through it. An SP28 photo-
multiplier, a thermo;.iie, and a lead sulfide cell serve as detectors over different
portions of the spectrum. Thus the absorption bands and absorption coefficients
of cprical quality crystals may be easily found in the near ultraviolet, visible,
and near infrared spe<>tral regions,

Fluorescence emission spectra are obtained by front lighting the sammle and
detecting the seiected emitted light with a cooled 7102 photomultiplier tube
cornected te the Cary amplifier cnain. The detector is alsc electrostaticrlly
and magnetically snielded, The d-c excited Hanovia source arc is imaged upon the
sample at angles several degrees off sxis tc the Cary optlies and the normal of
the sample face, This is accomplished by a front-surface spherical condonsing
mirror with a central window, Fluorescence emission which leaves essentially
normal to the sample face is then collected and analyzed in the instrument,
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is system is ideally suived for the use of powder sampies because only
tpe front surface ic. iijuminated and little transmission of excitation or emitted
regdiation through the sample medium is required, These samples are preparved

ner as compressed tablet or as an opaque coating on a glass microscope slide,
A sampie under cbservation is held in contact with an arm of a stainless steel
dewar with siiicon grease, Combinations of liquid, colored glass, and multiple
disieciric interference filters are used to select the pump light band pass. An
aiternative methced of selecting excitation wavelengths is to use a second mono-
chromator system as Murchy et al do (Ref, 2), Such an arrangement wvas tried but
tn= Baush and Lomb instrument used was not optically fast enough to be efficient
in this application. Copper and nickel sulfate solutions have been found to be
useful abscrbers in the long wavelength visible and infrared.
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For lifetime measurements the sample is held the same way as above, but the
arc lamp is removed and an E.G. and G, FX-12 xenon flash tube is substituted in
its position., It is fired at 1000-2000 volts with 1.5-6 joules input. Its
output spike is very sharp, but the afterglow has about a 35 M sec duration. How-
ever, even this can be neglected in view of the much greater excited state life-
times. The 7102 signal is then fed directly to a Tektronix 551 oscilloscope and
both the decay of the source light ard the decay of the sample emission at &
particular wavelength setting are recorded on a Polarcid Land print. The
average lifetime is then measured as the sweep time required for an intensity
fall of onec logarithmic decrement.

Optical Measurement Data on Powders of Perovskite-Type Phases

Preliminary data were obtained initially to check out the accuracy and re- -
liabiiity of the instrumentation and procedures., A set of measurements witi:
single crystal A120350r%f was made and compared with published results. Similar
data were taken with Nd>¥ doped barium crown glass and were also found to agree
with other work (Refs. 15 16 and 17).

Tne fluorescence emission data for Nd3+ in the first set of perovskite-type
powders are summarized in Table VIII, 1In most instances the fluorescence lines
are broad., When they overlap significantly no half-intensity point line widths
are listed. The spectrophotometer tracings from which these numbers are taken
are illustratel in Figs. 1C - 15 and are discussed below,

4 powder sample of Ba(sc.hSNd?62T3,50)03 shows the transitions hF3/2 to
'19/2 and to Ill/" appearing at 0,877 and 1,060 microns, respectively, at
reom “emperature, fthese prominent peaks are displayed in Fig, 10, A third
peak which does not appear to belong with either of these is situated at 0.977
microns, This line grows as the sample is cooled and appears centered at 0.985

1k
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microns in Fig, 11, Although a source line is known to exist in this region, the
sensitivity and filtering are adjusted sc that a reference base line is obtained
with a block of compacted, finely ground magnesium carbonate powaer which has a
refiectivity of 90% here, N> reflected source Peak is obtained at either tempera-
ture at the settings which produced these traces, At the lower temperature the
previcusly mentioned transitions also appear more intense and more nearly equal

in magnitude, The lower energy transition appears to shift slightly, Both
figures were obtained with the same instrument settings.

In these plots of relative intensity vs wavelength, the vertical scale is
actually indicating decreasing density from bottom to top. This logarithmic
scale is converted to linear transmittance values in Table VIII under the heading
of relative intensity and for determining half-power widths,

Figures 12 and 13 show similar spectrophotometer traces for a Ba(Y.ugsNd?aos
Ta,5oo)03 pellet sample at room and liquid nitrogen temperatures. The intensity
of the 1.06 micron line for the sample with the smaller impurity ion concentration
is decidedly weaker than the others, ’

A pellet of Ba(Lu,u8Nd?82Ta.50)O3 produced the results in Figs., 14 and
15 which are plotted on an expanded scale, The peek near 0,89 micron at the
warmer temperature is practically lost in the broad line centered near 0,38
micron. The entrance slit settings were different for these two traces and
relative irtensities caninot be directly cempared. No fluorescence emission
dat. were obtained witn a sample of Ba(In.thd.nga.5o}O3 at either temperature.

This study will continue with the collection of more spectral data and the
determination of the dependence of lifetimes on the crystalline host character-
istics and on the temperature.

FUTURE WORK

During the next period, powder samples of Ba(YO,5T30.5)03, Ba(Luo.STaO,5)03
Ba(Scq, sTag,5)C3 and ba(Ing sTag, 5)03 will be doped with several different ’
concentrations of Na3* and Cr3* and their optical properties will be measured
with particular emphesis being placed+on obtaining lifetime data., 1In addition,
some measurements will he made on Fe” and other rare eerth ion doped materisls,
X-ray invest.gations will be conducted on these samples to determine which
crystallographic sites the doping ions enter.

15
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Attempts also will be made to grow single crystals of Ba(YO 5Tao 5)03 using
the data obtained from the phase studies in the BaO-YTaOh-BgO3 system as a guide,

These studies (Appendix 1I; show thnat optimum flux growth conditions for
BG(Y095T80'5)03 are obtained for composition lying on a line between the latter
composition and a point 59 weight percent Ba0, 20 weight percent YTaO)y and 21
weight percent BQO3. This composition will be used to nucleat~, grow anéd extract
Ba(YO.5T80°5)03 cerystals by the slow cooling techrique, A rotating crucitle hoider
has been built and installed in a program controlled glotar furnace so that the

liqui phase can be poured off the crystals at the end of the slow cooling cycle,

A diagram of this apparatus is shown in Fig. 16. The alumina tube extends through
the furnace wall and is rotated by inserting a keyed plug into the keyway of the
tube, The decanted liquid is collected in a 100 ml crucible placed below the holdur.
It is anticipated that .rystals will be obtained which are suitable both for optical
prorerty measurements, and as seeds for pulling large crystals from the flux in a
thermal gradient., For the latter process, a resistance heated gradient furnace has
been built to the design shown in Fig. 17. The fine brick plug in the botton of
the furnace can be accurately positioned so that a desired temperature profile in
the melt can be reproduced. The furnace is powered b, a 1.5 KVA saturable reactcr
controlled by a West Gardsman proporticnal controller, Measurements are currently
being conducted to determine the temperature profile 1n a melt for various
positions of the crucible,

A crystal puller capable of pulling speeds down to 0,001 cm per hour, and
rotation speeds between 60 and 600 rpm is in the design stage. In the event that
suitable seed crystals are not obtained by the slow cooling technique, strontium
titanite single crystals will be used.

Later studies wil: .clude attempts to grow crystals doped withk the more

promising laser activating ijons, which will be selected using optical data obtained
for powder samples.
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APFENDIX I
PHASE EQUILIBRILA IN THE TERNARY SYSTEM BaO-YTaO&-BQOj

reliminary evaluation of Baoj as a candidate flux for Ba(YO (*ao o,

indicated that the perovskite type compound has a primary puase Ir:zgion on the Join
Ba(Yq .5Tag 5 )0 Bzog existing at temperatures above approximately 1350° C, and indi-
ated that for some unknown compositions in the quaternary system BaO-Y.0 -fa205~B203,
the primary phase regiorn must extend as low as 1000° C. Because of the advantages
to be gained by crystal growth from a flux at the lower temperatures, systematic
studies of phase equilibria were undertaken to delineate the primary phase region

on the plane BaO-YTaOu-BQO3.

Preparation and Experimental Techniques

Compositions were prepared from reagent grade barium carbonate, yttrium and
tantalum oxides, and anhydrous BQO For each mixture, the calculated amounts of
the components were ground togethe¥ under acetone, dried, and pressed into pellets.
The pellets then were heated slowly and held for several hours below the melting
point of BEO ; the temperaiure wac then increased to a final temperature below
the solldus, in most cases about 900° ¢. For compositions along the join Ba0-YT=0y, ,
the pellets were heated rapidly to 1450° C and held 6 hours, then normally cooied
and X-rayed.

The furnace used in most of the quench runs was a Globar heatzd vertical tube
furnace. Temperature was maintained to within 2 degrees of the desired temperature
by a Honeywell Pyr-o-Vane controller. For quenches from temperatures above 1k00° ¢,
a cylindrical T bar heated furnace controlled by a saturable reactor power supply
and Leeds and Northrup program controller was used. The quenching apparatus cca-
_sisted of a length of four-hole aluminum thermocouple tubing: the leads of a
Pt/Pt—lO% Rh thermocouple passed through two of the holes, and lengths of 20-mil
Pt-10% Rh wire passed through the remaining hc'es. The upper ends of the latter
wires were connected across an auto-transformer, and a shcert length of 10-mil
platinum wire was affixed across lower ends and supported the quench envelcpe.

Wrhen it was desired to quench the sample, a current was sent through the 10-mii
platinum wire, which fused, letting the quen~h envelope fall into a beaker of water
or mercury.

One end cf a 5/8-1n length of 3 mm platinum tubing was crimped shut and

folded back. The desired prereacted composition was loaded into the tube, and
the top similarly crimped: a short length of Pt wire was crimped in place when
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the top was folded down, and fastened to a small aluminum grommet through which
pass=d the fuse of the quench apparatus. Thus the guench sample was within 0.25
inek of the read-out thermocouple.

In instances wherc there was considerable liguid formed at the guench
temperature, some leakage would freguently occur from the guench packet. For this
reason, in the higher temperature runs the packets were evacuated and welded sout
in an electron Leam welding apporatus.

The wamples from the quench runs werce ground in an agate mortar, and examined
under the petrographic micrescope. The indices of refraction of glasses, and of
glesces in equilibrium with primary crystals, were measured by the oil immersion
technique. X-ray powder camers diffraction photographs also were obtained on
quench samplies for crystalline phase identification.

The phases present and indices of refraction of glasses for various mixtures
at various temperatures as determined by examination of quenclted samples are
recorded in Table IX.

Mixtures which contained less than sbout 15 percent BQO could not te
quenched to clear glasses because of rapid devitrification, but always showed ti~
presence of fine quenching crvstals, as shown in Fig. 18. A simiiar phenomena
was reported by Levin and McMurdie (Ref. 18) in the systen Ba0-BoV,. The presence
o:i quenching crystals in the glass makes the index measurements unreliable.
However, these quenching crystals are readily distinguished from primary crystals
in the glass as shown in Fig. 19.

The Primary Phases Bou.ading the Perovskite Field
ITaly,

Ferguson (Ref. 19) synthesized YTu0) by arc fusion at about 2100° €, and gave
the indexed X.-ray pattern shown in Table X. KTuOu prepared in this laboratory bty
solid state reactiorn at 1400 is similar to Ferguson's pattern, bit shows some
additional lines. Furthermore, YTaOh grown as primary crystals in a 8,0, Piux
at 1015° ¢ (sampie 64-331¢, in Table IX) and at 1368° ¢ (sample $5-015a) shows
the same X-ray pattern as that obtained from the 1400°C solid state reaction. For
this reasorn it is unlikely that the additional lines in the lower temperature
pattern are cdue to a second phase or to impurities, and it is tentatively con-
cluded that YTa0, exists in a high temperaturc and a low temperature mcdification,
with the louwer temperature form displaying a lower symmetry.
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BaTa 0 - Derived Solid Soiutions (dPhase

Galasso, Katz anu Ward (Ref. 20) prepared BaTafO by

g by reacting BalO, and Tax0
at 1100° ¢, and showed that it was 1som01 hous with the tetrggonal tungiten bronze
5 g g
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this compound could be prepared with a concidergble oxygen defi
cating a wroad homogeneity range for the structure

The X-ray data for compositiorngalong the join BaO- -YTa0y, (Tgble IX, camples
64-322, 323, 324, and 325) indicatcs that a phase icomorphous with BuTu 0 occurs
at cnmpositionsaround 83 v ‘ght percent YTaOu. It may be assumed that this com=-
position is simply a member ol a solid solutlion continuum extending from b"manOD
out into the ternary diagram BaO-YQO -Ta,0_- but as yet no attempt has been made
to accurately define the homogeneity regioft of colid solution in this ternary
system. The lattice parameters of the solid solution in equilibrium with perov-
skite and liquid at 1025° C calculated f”og the X-ray data for sampie 6L-365¢
were found to be a2 = 12.68 A and ¢ = 4.00 A, indicating that the ceil size is
increased with yttrium in solid solution.

BaETaEOlE (¢ Phase)

Gulasso and Katz (Ref. 22) prepared Ba.Ta 0l and found it %o bgTOng to the
trigonal system, the axes of the hexagonal unit céll being a = 5.79 A and ¢ = 11.75 A
Anion deficiency could be produced by preparing the compound with tetravalent
tantalum, thus indicating a considerable homogeneity range. A phase isomorphous
with BasTauOl5 was found to have a narrow primary field in the system BaQ-Y a0h~Bzoq.
The exact compositicn of this phase is not known, although it may be aosumed to -
be essentially Ba Tahol’ with perhaps some Ygo2 in solution. However, unlike the
bronze solid solution, the homogeneity region of che B phase does not extend to the
BaO-YTaOu Jjoin: 1its occurrence as a primary phase in the system BaO-YTaOh-BQOA
attests to the non-ternary behavior of this system.

BaB0¢

Levin and McMurdie (Ref. 18) show BayB,0 . to be the primary phase in the
system BaO-B203 in mixtures containing about 98 to 87 percent Ba0. According to
the above authors, Ba3Bn06 hydrates and carbonates rapidly when left in air: a
sample exposcd overnight to a relative humidity above 90% gave the X-ray pettern
of BaC0,. 1In the current experiments X-ray photograpns were taken promptly after
quenching the samples into mercury, and patterns for samples 65-016a, 016b, Ol7a,
and 028a. included the seven or eight strongest reflections for 3a. 2O as
reported by Levin and McMurdie, and no reflections that could be attributed to
either Ba(05 or Ba(OH)..
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The avidence Tor assigning Ba0 as an equilibrium crystalline phase in iwo of
the quench runs was indirect. Samples of composition 70 weight percent Bal, 20
welght percent YTa0) quernched from 1360 and 1300°%C (sample 65-016a and b respec-
tively) showsd X-ray patterns for perovskite and Ba 06 only. However, the
material had a strong lavender discoloration indicative of reaction of free
Ba0 with the platirum quench packet*, whereas samples c¢close in composition to
samples 65-016a and b (e.g. samples 65-017a and 65-028a) shcwed no such discolor-
ation.

Phase Equilibrium Diagram

Figures 20, 21 and 22 show the equilibrium diagrams, constructed from data
in Table IX, for portions of the perovskite -BQO , perovskite -B&BSOl , and perov-
sk*tP-BaBgo Jjoins respectively. Where i ossible; the data for the ingices of
refraction of glasses in equilibrium with primary crystals have been used in
drawing the liquidus curves. All three of the above Joins are non-binary, since
phases appear which cannot be expressed in terms of the two components. Figure 23
is a map shcwing the primary crystallization of all the guenched compositions.
Figure 24 is a projection of the liquidus surface for a portion of the system
Ba0-YTa0), -B 0 in the neighborhood of the perovskite field, constructed so as to be
consistent w1éh all the data of Table IX, using Figs. 20, 21, and 22 as guides to
drawing the isotherms. The diagram indicates non-ternary equilibrium.

The data are insufficient to definitely fix the boundary curve between the
fields off and Ba 6 which could be drawn either to the left or to the right
of the composition 35 weight percent BaQ, 20 weight percent YTa0, ; the boundary
curve was drawn to the left on the basis of a greater intensity of,5 X-ray reflec-
tions than of Ba33206 reflections from sample 65-017a.

The composition of eutectics indicated between Ba0 and perovskite, and
between perovskite and YTaOh, and consequently, the position of the btoundary curves
tetwesn the primary fields of Ba0 and perovskite and between perovskite and YTaQ,
were drawn arbitrarily, although with regard for the tracking of isotherms. '

The reaction of Ba0 with platinvm has been reported frequently in the literature,
see, for example, Ref. 18,
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An interesting feature of the diagram is the fact that the primary fisid of
the Baz33&6 solid solutior {ct Phase) pinches off pefore intersecting the Bal-
YTal), Join. This implies that ytitrium substitutea Ba?agor decomposes L0 pErov-
skite and fergusonite at some temperature above at least iﬂOdDC, but beiow ths

liquidus.

Optimum Conditions for ¥lux-Growth of Perovskite

accomplished in the region of a phase diagram wrere the primary crystals arc in
equilibrium with only liquid over the greatest possible practical temperature
range, and where the liquidus surface is not too steep. Since, as a welt of a
given composition is cooled and primary crystallization occurs, the composition
of the remaining liquid in equilibrium with crystals changes along a stralght

line drawn through the original composition directly away from the compositiorn
thet is crystallizing out of the liquid, the obvious choice of compositions in a
“errary diagrem will lie on a straight line drawn from the primary crystal
composition to the lowest melting four-phase equilibrium point. It can be seen
from ®ig. 23 that this condition is obtained for compositions along a line between
perovskite and the reaction point involving perovskite, o ,B , and liguid, which
has the approximate composition 59 weight percent Ba0, 20 weight percent YTaQ, ard

21 weight percent 8203.

In general, flux growth of single crystals of a given , ase 1s most easily
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APPENDIX II

PREPARATION CF SINGLE CRYSTALS OF COMPLEX
PEROVSKITE FERROELECTRIC AND SEMICONDUCTING COMPOUNDS

F. Galasso and W, Darby

(Published in Inorganic Chemistry, L, 71 (1965))
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Preparation of Single Crysials of Complex

Perovskite Ferroelectric and Semiconducting Compounds

Francis Galasso and Wilda Darby
United Aircraft Corporation
Research Laboratories
Fast Hartford, Connecticut

SUMMARY

Single crystals of ferroelectric perovskite-type compounds with the general
Tormula Pb(B6.536_5)03 where B’ is scandium or iron and BY is niobium or
tantalum, and single crystals of some new semiconducting perovskite-type compounds
with the general formula La(B6.5B6.5)03 where B’ is a divalent ion and B” is
ruthenium or iridium were prepared from a flux and characterized by means of
X-ray diffraction, Resistivity versus temperature measurements made on crystals
of two of the compounds, La(Nig, sRug,s5)03 and La(Mgo,sRuwy,5)03, showed that they
exhibited typical semiconductor behavior with conduction activation energies of
.120 ev and .046 ev, respectively.

INTRODUCTION

Several years ago a large number of new complex compounds which contained
two B elements of different valence states in the octahedrally cocordinated posi-
tion of the perovskite structure were prepared and studied by means of X-ray
diffraction (Refs. 3, 4). 1In Ref. 3, these compounds were reported as & new
group of structurally related materials with good potential electronic applica-
tion. A recent survey of compounds of this type, however, has revealed that al-
though over two hundred of them have been prepared to date, the electrical proper-
ties of only a few compounds have been investigated, In addition, most of these
studies were made on powder compacts whose properties often are dependent on the
conditions of preparation. As a consequence, investigations were initiated at
the United Aircraft Research Laboratories on the preparation of single crystals
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¢t compleX perovsk.te-type compounds with two ions in the B position, The studies,
whieh are reported in this paper, have resulted in the preparation of single
orystals ol complex ferrcelectric compounds prepared previously as powders and

aisc of single crystals of several low-resistance complex perovskite-type compounds.

EXPERIMENTAL STUDY

Ferroelectric Perovskite Compounds

The first investigations were directed towards ihe preparation of single
crystals of four complex perovskite-type compounds whose compositions can be
represented by the general formula Pb(Bd_5B6.5)03 where B' is scandium or iron
and B? is niobium or tantalum. These compounds were of particular interest be-
cause they were reported as having ferroelectric properties, Their Curie tempera-
tures, which were measured on powder compacts, are reported j- Table XI.

Th= techniques used for crystal growth were similar to either Remeika's lead
oxide fiux (Ref., 28)or Nielsen's lead ~xide-lead flucride flux (Ref. 27) methods.
The flux and all tne reactants, PbO, ScpO3, FepOs, NboOg and TapOg, used to grow
single crystals of Pb(Bé.§B6_5)O3-type compounds were all reagent grade chemicals.
The perovskite samples were prepared as powders and fired for several hours at
800°, mixed with the flux and then packed into platinum crucibles. Covers were
put on firmly to prevent excess vaporization of the flux, The filled crucibles
were placed in & platinum-13% rhodium wound furnace anrd held at a maximum tempera-
ture for two hours, Cooling was controlled by a Thermovolit Electronic Program
Controller.

Pb(SCO.SNbO.S)O3 crystals were nrepared {rom a flux-sample mixture containing
8 wt % lead oxide flux. The mixture was cooled from 1150 to 200°C at 30°/hr.

Pb(ScO_STaO'5)03 crystals were grown from & mixture containing 42.5 wt %
lead oxide and 42,5 wt % lead fluoride flux, These samples were cooled from
1325° to 1025° at 25°/nr.

Pb(FeO'5NbO.5)O3 and Pb(Feo.STa0.5)03 crystals were prepared following
Remeika's technique, These samgples were cooled et 5°/hr from 1230 to 90C°C,
For growing crystals of Pb(Feq,sNbg, 5)03 and Pb(Feg, sTag, 5)03, 64 wt % lead
oxide was mixed with the former compound and 54 wt % lead oxide mixed with the
latter, and the camples were cooled at 5°/hr from 1230 to 80C°C.

The Pb(Sco.SNbo.5)03, Pb(Feo.STao.5)03 and Pb(Sco.SThO.S)OB cerystals ob-
tained using thesc procedures were small cubes about 1 mm on edge, while the
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PL( Feg 5Nbo 5)03 crystals were slightly larger end more irregular in shape. A13
Pb{Bg. )zo 5)03 crystals were dark brown in color except for crystals of

DD(aco SNbO 5?03 which were dark blue to black. Crystal cubes of Pb{aCo.;TaG.;x ]
were joined together in flat sheets which seem to have grown in layers paraliecl to
the bottom of the crucible,

X-ray precession photographs were taken of a well-formed crystal of each
compound to insure that it was single. These photograpns showed patterns which
indicated that they had perovskite-type structures, Powder diffraction photo-
graphs of ground crystals taken using a 57.3 mm Philips X-ray camera with corper
radiation confirmed the single crystal diffraction data and showed no evidencs of
ordering of the B ions in the structure of any of the compounds., It should b
noted, however, that the back reflection lines in the X-ray powder pattern of
Pb(Sco.5Nbo.5)O3 were broad, which may mean that its unit cell is slightly
distorted from the one found in the ideal cubic perovskite structure, or that tns
crystal was not uniform in composition., The unit cell sizes for the Pb(BO :Eé :}J:~
type compourids are given in Table XI., These must be presumed to be cell parameter
of the cubic pseudocells, even though c¢he splittiing of back reflection lines couilo
not be detected because ferroelectric ecrystals cannot be perfectly cubic,

¥4

Semiconducting Perovskite Compounds

Attempts =#lso were made to prepare a number of new perovskite-type compound
with the general formula La(B6‘5HS-5)O3 where B’ is a divalent ion and B” is Ru
or Ir in a single crystal form. These black compounds were produced initially
as powders at the Research Laboratories by mixing reagent grade La203, a divaienr
metal oxide, and RuO2 or Ir0p in a 1:1:1 molar ratio and firing the mixture ir
air at 11500 for 24 hr, These materials were of interest btecause of their low
electrical resistances and stability in air,

Single crystals of four of the La(E6.5E6.5)03-type compounds were prepared
using either a lead oxide or o lead oxide-lead fluoride flux with enough Las0=
a divalent metal oxide, end RuOp or Ir0> to form the desired compound (Refs. >
27). The flux techniques employed were similar to those used to grow the
Pb(35.585.5)03-type crystals. The amount end composition of the fluxes, firirg
conditions, and cooling rates are given in Table X1I, The resulting black
crystsls were cubic in shape.

i

X-ray powder diffraction photographs, taken of the powders and ground
crysials, showed the typical p:zrovskite pattern with extra lines, However, th=
entire dlffraction pattern of these compounds still could be indexed on the
basis of a cubic unit cell with an edge twice the 1length of the simple perovszxits
cell "a" axis, A typical indexing, in tnis csse, for La(NiO.SRuO.S)O3J is given
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in Tabie XIII and the unit cell sizes for all of the La(B6.5E6 5)03-type compounds
prepared in this study are given in Table XIV. The cell sizes observed indicate
that magnesium and zinc both have larger effective ionic radii than nickel. The
fact that the magnesium ions appear to be larger than the nickel ions is consistent
with the results cbtained for ordered A(Eé.3qwbg.67)03 perovskite-type compounds
(Ref, 9). The much smaller cell size found for compounds which contain mangsanese,
however, probably means that the manganese is in the trivalent state, Tt should be
noted that the lattice type for these compounds is simple cubic and not face-
centered cubic as it is for the ordered Ba(E6.5Nbo_5)O3 perovskite-type compounds
rrepared in a previous study (Ref. 11). Precession X-ray photographs of the single
crystals showed diffraction symmetry to be m3m and a sys ematic absence or hOO
reflections when © is odd., Therefore, the crystals probably belong to the space
group Phs32,

Although the low resistances of all of these compounds were confirmed by
single measurements, only the single crystals of two of them, La(Nig,sRug, 5)03 and
La(Mgo.5Ruo,5)O3, were found to be sufficiently large and well-shaped so that
platinum paste electrodes could be applied to the faces and extensive electrical
resistivity measurements made. The former cubic crystals were 2 mm on an edge
while the latter were 1L mm on an edge. A constant current was applied and the
voltage drop was measured across a standard resistor in series with the crystal,
The plots of log resistivity versus 1000/T for La(Nig,sRup,s5)03 and La(Mgp, sRug,5)03
chown in T'ig. 25 are typical of semiconductors., Calculations from these plots show
that the conduction activation energies for these compounds are .,120 ev and ,0L6 ev,
respectively.

CONCLUSIONS

The growth of single crystals of several complex perovskite-type compounds,
although the crystals are not large, is a step toward obtaining many of these
raterials in a suitable form for good electrical measurements, Crystals of
La{Nig, sRup,5)03 and La(Mgo, 5Rug, 5)03, for instance, were large enough to make
meaningful resistivity measurements, It is realized that other techniques of
crystal growing besides the flux technique may produce larger crystals of complex
perovskite-type compounds., In this connec* on, in estigations of growing these
crystals by the Czochralski and Verneuil tochniques are presently being conducted
at the Research Laboratories,
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hkl
111
200
220
311
222
400
331
420
422
511,333
440
531
600, b2
620
622
N
711,551
640

233
6h2

731,553
800
733
820,6hk
822,660
751,555
662
8140
911,753
66k
931
8l
933,755,771
10,0,0
10,2,0;862
951,773
10,2,2
953
10,4 ,0;864

TABLE II

X-ray Data fcr Cubic, Crdered Percvskite-Type Ccmpounds

Ba(lyo, 5Teg, 5)05
ag = 8,454 A
dobs & 1/1,
4,88 30
4,22 30
2.98 100
2,544 10
2.445 10
2,113 30
1.887 20
1.725 90
1.495 60
1.337 70
1.220 50
1.130 80
1,057 30
0 998 =0
C.945 4o
0.901 4o
0.863 50
0.829 80

Ba(HoO_5Tao.5)O3

8o = 8,442 4
dobs A I/Io
L.88 40
4,22 30
2.98 100
2,544 20
2.438 10
2.109 80
1.934 10
1.721 90
1.622 10
1.491 70
1.426 L0
1.409 30
1.335 70
1,219 30
1.183 10
1.127 80
1.054 30
0.994 70
0.94k 60
0,900 60
0.861 70
0.828 90
0.757 10

31

Ba(Yy, siag, 5)03

8 = 8,433 A
dobs & /I
4,88 50
L, 24 20
2,93 100
2,543 30
2.5:30 20
2,108 0
1,722 80
1.624 20
1.491 50
1.424 20
1.335 60
1,217 L0
1,127 70
1.053 20
0.994 50
0.942 50
0,899 30
0,860 Lo
0.827 70
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TABLE II (cont'd)

Ba(Erg sTag 5)0q
ao = 8.423 i
d.ob S A I/IQ
L BE6 20
L, 21 40
2,97 100
2,103 70
1.831 20
1.720 90
1.491 70
1,404 10
1.332 70
1.215 60
1.125 80
1,052 30
0,992 70
0.9k1 70
G.898 60
C.860 70
L, 85:; 90
), 782 20

LA

dobs K /Io
4,82 < 10
4,18 10
2.97 100
2,099 80
1.879 10
1.711 90
1.48s5 60
1.329 70
1.212 hite)
1.123 8u
0,991 50
0.940 hite)
0.897 Lo
0,858 Lo
0.825 60

Mo

Ba(Ybo.5TaO.5)03
a0 = 8.390 &
dops & I/Io
L,20 50
2.96 100
2,099 8u
1.879 30
1.71k 90
1.485 T0
1.398 20
1.329 70
1.212 30
1,121 80
1.048 20
0.988 60
0.938 6C
C,894 50
0.856 60
0.823 90
0.779 20




TABLE II (cont'd)

Ba(Lu0.5T80.5)O3 B&(Ino_5T'80.5)03 Ba(SCO-STaO-S)O3
ao = 8.372 & ao = 8.280 & ao - 8.222 &
hicl dops & 1/I, dops A /1, dops A I/I,
111 4,76 30 L. 75 50
200 4,20 0 L. 1k 50 4,12 10
220 2.96 100 2.93 100 2,91 100
311 2,501 20 2,478 Iy
222 2,388 30 2.373 30
400 2,095 70 2.071 80 2.058 70
331 1.8¢ 20
420 1.869 4o 1.850 Lo
422 1.710 90 1.690 90 1.680 80
511,333 1,591 20 1,582 20
LLo 1.460 60 1.464 60 1,455 50
531 1.399 20 1.389 20
600, k2 1.396 20 1.378 20
620 1.324 60 1.308 70 1.302 50
622
Lk 1.209 Lo 1.195 50 1.188 30
711,551 1.153 10
640
533
642 1,120 70 1,105 80 1.099 70
732,553 1,070 10
800 1,046 30 1,035 Lo 1.029 20
733
820, 64k
822,660 0.¢86 50 0.976 70 0.969 50
751,555
662
840 0.936 50 0.926 70 0.919 Lo
911,753
A6L 0.892 40 0.882 40 0.877 4o
931
84l 0.854 50 0.845 50 0.839 50
933,755,771
10,0,0
10,2,0;862 0.821 80 0.812 80 0,806 80
951,773 0.795 10
10,2,2
953
10,4 ,0;864 0.777 10
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TABLE III
Structure Data for Ba(B3+O.5TaO_5)O3-Type Compounds

Diff, in Atonmic

o Diff, in Ionic Scattering Factor
Pero -skite Lattice Parameters, A Radii of B Ions, 2 of B Ion

3a(Lag, sTag, 5)03 ao = 8.611 16 1k

bo = 8.639

co = 8.76k
Ba(Ndy, 5Tag, 5)03 an = 8.55 .35 11
Ba(Smg, 5Tag, 5)03 8o = 8.519 .32 9
Ba(Eug, 5Tag, 5)03 8o = 8.506 .31 8

¢o = 8.513
B&(DYO. STaO. 5)03 85 = 8.1‘51‘* .26 5
Ba(HoO. 5T80.5)03 a5 = 8.4k42 .25 L
Ba(Y, sTag 5)03 a, = 8,433 B 5 32
Ba(Ero.STa0.5)03 8, = 8.423 .23 3
Ba(Tmg sTag, 5)03 a, = 8.406 .22 2
BE.(YbO. 5T&0.5)03 ao = 8. 390 .20 I
Ba(Lug 5Tag, 5)03 8, = 8.372 .18 0
Ba(Ing, sTag, 5)03 8, = 8.280 .10 22
Ba(Sc, 5Tag, 5)03 a, = 8.236 .06 50

% Values for th: B3' ion radii as obtained in the present study,
The radius used for Ta’’ as determined by Ahrens,
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5 Ste

Nd
Sm
Eu

Gd

Ho

Er

5

Lu

In

Se

TABLE IV

Radii for Trivalent Catiocns

0
Radius,A-
Ahrens

1.1k
1.0k
1.00

.98

97

Fram Previous
UAC Study

35

1,0k
1,00
.99

.98

91

91

This
Study

1.14




TABLE V

Na3* and cr3* Doped, Ordered Perovskite-Type Compounds

Nd3+ Doped Compounds

Ba(Y ),g5Nd .-"35‘05%.500)03
Ba(Lu ,85Ma352Ta 500)05

Ba(In.h80Nd?52Ta.SOO)05

+
Ba(Sc jgoNa3i Ta 500)05

cr3* Doped Compounds

Ba(Y ),80CT 352072 , 50003

Ba(L“.hSocr?520T3.500)03

Ba(In ,,Cr3o0Te, 50003

Ba(sc.hSOcr?620T8.500)03

36

Firing Temp °c

1600
1600
1400

”~

1600

Firing Temp °C

1580
1600
1600

1650




15

93

13

9.5

50

TABLE VI

Preliminary Crystal Growth Runs

Composition in Weight %

Perovskite
Ba(YO.STaO:5)O3
Ba(YO.sTaO.s)Og

Ba(YO.5TaO'5)O3

Ba(GdO.5TaO'5)O3

Ba(Gdo. 5Tao' 5)03

BB(LUO.sTBO.s)OB
Ba(Lag, sTag, 5)03

Ba(Scq, sTag, )04
Ba(Lug <Tag, 5)0g
Ba(InO'STaO.5)03
Ba(InO'sTao.5)03
Ba(Yy, sTag, 5)03
Ba(Ing, 5Tag,5)03

Ba(Yq oTag 5)03

Ba(Gdg, sTag, 5)03

BaF2
KF*2H,0

B&Fg

BaFg

B8F2

B8F2

B8F2

B8F2
B8F2

BaF2

BaF,-BaCl,

BBF2
BaF2

FbO-PbF,

GdF3

Secak Cooling Rete

T °C  Hour ¢ /hour
1400 1.5 9

900 2.5 6
1400 7 12
1400 5 7
1415 15 3.5
1460 18 4.5
1432 15 b
1385 20 1
1385 3¢5 b
1385 5 k.5
1330 b L.5
1385 20 b
1ks2 15 L
1020 13 bk
1335 13 4

37

Cbservations

no crystals

no crystals

yellow to orange cubic
crystals <% mm - Xx-ray,
ordered perovskite

few very small crystals
black crystals < % mm -
x-ray, ordered perovskite

(distorted)

mm

[0

thin blue plates <
on edge

black, irregular shaped
crystals up to 1 mm

yellow crystals <« % mm
no crystals
no crystals
no crystals
no crystals
rno crystals
no crystals-perovskite
pcwder has smaller cell

size due to Fb substitutior

no crystals




TABLE VII
Solubility Data for Ba(Y

0.520,5

Heat Treatment

heat up slowly from room temperature,
soak 1.5 hours at 1420°C

heat up from 1420 to 1520°C, 1.5 hour
soak

cooled from 1520 to 1350°C, soaked 18 hours,
then heated to 1610°C, soaked 1 hour

cooled from 1510°C to room tempersture,
reheated to 1535°C, 3/4-hour soak

cooled from 1535 to 1405°C, 1-hour soak

38

)o3 in BaF

2

Spectrochemical Analysis

w/o Ta

1.1

2.1

3.9

2.3

l.o

w/o Y

.21

o38

.78




TABLE VIII

Fluorescence FEmission Data for Nd3+ in Perovskite Hosts

Prominent Half Power  Relative
Compound Line Peaks Width Intensity Temperature
Ba(Sc.hBNd§62Ta,so)03 0.877 4 500 & 3.6% 300k
1,060 350 2.7
0.877 480 8.2 77°
1,060 7.6
0.985 9.6
Ba(Y 49585058 , 500)03 0.995 1.3 300°
1,060 1.7
0.896 2.k 77°
1,066 2,2
0.980 3.h
Ba(Lu ), a3 Ta 50703 0.893 510 3.4 300°
1.066 430 3.0
0.98k 8.5 7
1.072 2.6
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d

ample HNo,

bl-322
64323
6l - 324
£h-325

64-3311
64331k
oh-3313
6h-3314

6h-37La

6L4-35T¢
64-35Ta
6L-35Tb
6k-357d

6h-37ka

6h-427d
642427
ph-L27r
6h_LoTe
ph-L2Ta

£h-368¢g
6L-368h
6L-368b
64~ 368a
£l 368¢
64-368d
6L-368e
63681

TAELE IX

Quench Data for Semples in the System BaO-YT&OthQO3

Composition in Weight %

Bal

)

N L O
= o

}._l

0w

- [ ] L]
-J wown O

(VSIS IR USRS
[US IR LIS RS

e e e
B i =

YTaly
37.
68.
76.
8.

2

p)
p)
3

'8203

OO OO0

15

12,5
12.5
12.5
12.5
12,5

10
10
10
10
10
10
10
10

Lo

T ¢
1450
1450
1450
1450

1345
1240
1110
1015

1345

1390
1310
1235
1160

1420

1593
148¢

1432
1368
1315

1720
1557
1395
1305
1205
1172
1025

927

Phases Present

P + Ba0
F+a
P(tr) +a

a
gl n = 1.667
gl m = 1,669
gl m = 1,665
gl m = 1,632 + YTaQ)
gl T] = loT5O
glm = 1,770
gl 77 = 10770

+ gx
+qx
+qx
+

+

P(tr)

+
ael

+ P +a(tr)

0q
[}
<
Il
[
|
@
|
+

+ gx + P(tr)
+ gx + P
+qx + P
=1.787+ F +a
=1,753+ P +a
P +a

P +a

P+a +f3
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TABLE IX(cont'd)

Sample No. Composition in Weight % Fhases Present
Ba0 YTaOy Bp03 T °C

64-31Lb L 26 30 1150 gl

64-31he Ly 26 30 950 gL + a

Elho306 ks 30 25 1200 gl n = 1.737

6li-396a 45 30 25 1100 gl n = 1.725 +qo (ir)

Eh-396b s 30 25 1035 gl +a

64-396¢ Lsg 30 25 908 unidentified solid phases

6h-blle 45,5 34,5 20 1300 gl m = 1,762

64_ullb Ls.5 34,5 20 1215 gl m = 1,745 + a

64-L12c L6 39 15 1305 gL m=1,78

6L-412b L6 39 15 1210 gl m = 1,747 + @

6h-U17e Hird 43 10 1470 grm=1,797 + P

b _L1Tr g 43 10 1342 glm=1,778 + P

6L-41Tb 4 43 10 1315 glm =1.778 + P

6h-k17c L7 43 10 1300 gl + P +a

6h-4174d 47 43 10 1253 gl + P +a

6L-41Ta LT 43 10 1145 gl + P +a

65-01ka 60.5 19.5 20 1280 gln = 1.725

65-01he 60.5 19.5 20 1049 gln = 1.725

65-014p 60.5 19.5 20 1005 glm = 1,725 + 8 (tr)

65-002¢ 57 28 15 1480 gl m = 1,772 + gx

65-0024 57 28 1 1360 glm = 1,755 + P{tr)

65-002¢ 57 28 15 1280 glm =1,757T + P

65-002b 57 28 15 1193 glmn =1.743 + P

£5-002a 57 28 15 1100 glm = 1,738 + P

65-C01b 54 36 10 1106 glm = 1.735 + P

65-001a 5k 36 10 1083 gln =1.735 + P

65-00Le 54 36 10 1050 glm = 1,725 + P

£5-001d 54 36 10 1000 glm =1,725 + P

65-001 ] 5k 36 10 978 gl(tr) + P +8 (tr)

65-0011 Sl 36 10 ghs R + weak unidentified

65-001g 54 36 10 927 N + weak unidentified

1
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Sample No.
£5-052a
65-052b

65-016b
©5-0168

65-028a
6£5-017a
6£5-018a

65-015a
65-015b

65-039a
65-051a

65-038a

TABLE IX{cont'd)

Composition in Weight %

B0

2%
55

TO
70

63
65
50

30
30

35
35

39

YTaO}

23
23

20
20

27

20

20

60
60

50

55

50

Bp03

22
22

30

10
10

15

10

11

L2

T

1055
1011

1380
1300

130C

1010

1348
1295

1300
1358

1297

Phases Present

gl + a (tr)
gl +a

*
P+ BaO* + Ba3BpOs5
P + BaO0 + BajBQ“U

gl + P + BagBy0g (tr)
gl + 3 + Ba3B206
gl m = 1.665, a +f3

gl + YTa0),
gl + YTaQ) + @

gl + YTaQy + a

gl + YTa0, + a (tr)
gl

+ P(tr) + Q
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TABLE IX{cont'd)

Queternary Compositions

Sample No, Composition in Weight % Phases Prezent
Ba0 Y203 Tap0s5 Bp03 T “C

64-389 45,25  17.5 27.5 10 1200 gL+ F+a

64-39ksg k5.5 18,4 22,6 13,5 1200 gl + unidentified phase:

6L -3940 k5,5 18,4 22.6 13.5 1100 gl +a + unidentified phases
64-398 45,58  17.88 26,04  10.5 1200 gl + P + unidentified

gl = glass ¥the criterion for assigning Bal as s

crystalline phase 1s explained in

i = jndex of refraction the text
P = Ba(Yp,sTag,5)03
u = phase Isomorphous with
BaTe 0g
(/= phase isomorphous with
Ba C:l‘-iif%ol 5
(tr) = trace
gx = quenching crystals (see text)

L3




TASLE X

X-ray Paticrns oi YTaOlL

Fergusorn uac**

hk. d 1/, d /1o

020 5.47 10 5.45 35

110 L,79 Lo 5.05 Lo

3.78 35

3.71 35

121 3.1h 100 3.16 100
130 3,02 5

031,121 2.94 100 2.92 100

oLo 2.7k Lo 2.72 Lo

200 2,64 Lo 2,63 Lo

002 2.52 30 2,54 Lo

2.451 10

2417 30

220,711 2.38 5 2,370 1

112,022 2.30 5 2,300 7

2.231 10

2,151 T

112,141 2,15 30 2,143 30

2,063 10

231,150,051 2,02 20 2,035 8

231,202 1.921 30 1.941 Lo

240 1.901 5C 1.897 Lo

o2 1,846 60 1.857 50

1,822 5

1,799 10

2¢2,310 1,741 30 1,733 35

1.710 Lo

321,251 1.639 60 1.6k42 50

152 1.605 20 1,611 12

1.595 20

251,242 1.570 60 1.581 15

152 1.549 3¢ 14539 35

071 1,494 50 1,500 L5

213 1,k87 2 1,474 20

Ly




TABLE ¥ (cont'd)

Ferguson* yac**
hkl d /1, d /1o
1,463 20
1.423 1C

plus many additional lines

*Sample prepared by arc fusion at apout 2100°C

* sample reacted in the solid state at abcut 1400°C;
also obtained as primary crystals from 3203 flux
at 1015°% and 1368°C,

L5



TABLE XI

Cell Sizes and Ferroelectric Data for Pb(Ba.SB‘6.5)03-Type Compounds

Compound Cell Size, & Curie Temp., °C
Pb(Scq, sNbg, 5)03 4,086 g0 (23)
Po(Scq, sTag, 5)03 4,080 o6 (23)
Pb(Feq, 5oy, 5)03 4,017 112 (24)
Pb(Feq, sTag, 5)03 4,011 -30 (25)

*
Pseudocubic cell size

L6




TABLE XII

4

Crystal Growing Data for La(B§ B 0.5)03-Type Compounds

Flux:
Sample Ratio Temp. Cooling Crystal Size
Compound Flux wt. % Range, °C Rate, °/hr mm edge
La(Ni_ ' Ru. _)O Pb0 85:15 1300-850 30 0.5 max.
O.S O.S 3
Pb0«PbF, 85:15 1300-1000 30 2
La(NiO.SIrO.s)OB PbO«FbF, 85:15 1300-1000 30 0.5
. . ye 1 - €
La(MgO' 5Ruo. 5)o3 Pb0+PbFn 85:15 1.320-10uv 30 1
s 2 _ 0O
La(ZnO.SRuO.5)03 Pb0 80:20 1300-25 50 0.1

b



hkl

111
200
210
220
221
311
222
320
Loo
410
L20
421
422
L30

432,520
LLo

522,411
531

600,442
610
620

621,540
622
630
Lih
632

641,720
6h2
722
650

TABLE XIII

¥X-ray Data for La(Ni

I/Io

10
Lo
10

100

A A ANA

<

10
10
50
10
80
30
Lo
Lo
90
10
20
60
10
10
10
10
TO0
20
10
20
50
10
10
80
10
10

L8

0.5%%.,5

dgbs K

La55

3,91

3,52

2,78

2,62

2.37

2.27

2,18

1,970
1,915
1,765
1,722
1,611
1.578
1.465
1.395
1,374
1.335
1,317
1,298
1,248
1,233
1,191
1,178
1,140
1,129
1,082
1,055
1,0L4
1,010

)0

3

Q
degl A

L,.56

3.95

3.53

2,78

2,63

2.38

2.28

2.19

1,975
1.916
1.767
1,72k
1,613
1,580
1,467
1,397
1.375
1.336
1,317
1,299
1,249
1,234
1,191
121?8
1,140
1.130
1,086
1,056
1,048
1.012



S e -—-——————————————————
TABLE X1V

Lattice Parameters for La(B; -E%, v)uj-Typt Compounds
9 2 ’ .

Compound _E?it“i§:§;_§
La(Nig sRug, 5)03 7,90 8
La(NiO’SIrO’S)O?) 7,90 8
La(Mng sRug, 5)03 .8y D
La(MnO.SIrO,S)O3 7.8 b
La(Mgg , sRug,5)03 1,91 8
La(Mgg, 5Irg,5)03 7.92 ©
La(znO,SRuO,S)Oj 797 ©

a) From X-ray .. *a for ground single crystsls
b) From single crystal X.ray dats

c) From X-ray data for powder samples
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D9i0269-3

ORDERED SPINEL STRUCTURE, ZnLiNbOg

‘=Zn

CATION POSITIONS AT ONE-EIGHTH LEVELS IN UNIT CELL
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Z =

1/8

O=ti  )=no Q-—-o
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O
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FIG. 5
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BaY,gT05 505 CRYSTALS

GROWN FROM BQF2 FLUX (85 "b)
BY COOLING FROM 1400°C AT i2°C/hr.
MAGNIFICATION: 10 X

- &

ol

,aoﬁ’ ‘.0
» e o

FIG. 6
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SOLUBILITY OF Ba(YgsTags)Oz IN BaFp
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0910269-3 FIG. 8
BORON NITRIDE CRUCIBLE FOR GROWING CRYSTALS
FROM A FLUX BY A MODIFIED BRIDGEMAN TECHNIQUE
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TEMPERATURE AND CONVECTION PROFILE OF MELT
IN INDUCTIVELY HEATED PLATINUM CRUCIBLE

A. OPEN CRUCIBLE
AT 1490 °C

B. OPEN CRUCIBLE
AT 1445 °C

\

\ ;‘ /
N\ / \ /
~’u445"/

1410
\/ 7
W
C. COVERED CRuUC!IBLE

AT 1440 °C

FIG. 9




DSi0269-3 FIG. 10

3+

FLUORESCENCE EMISSION OF Ba(Sc ,oNd"y,

Tobo)O3 POWDER

T = 300 °K
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0910269 -3 a4 FIG. I
FLUORESCENCE EMISSION OF Bo(Sc.qud'ozTo.se )O:,3 POWDER

T=77 °K
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0S10269-3 FIG. 12

i )O. POWDER

FLUORESCENCE EMISSION OF Bal(Y 0057930003

499 A

T = 300 °K
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D9102€9-3 FIG. 13

3+

FLUORESCENCF EMISSION OF Ba( Y, qx Nd

495 Nd gos T0sq )05 POWDER

T =77 °K
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FIG. 16
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I DS10269 -3 FIG. 17

GRADIENT  FURNACE

SCALE i ecm= |inch

NN N NN

NN

Q
L o o )
A) ZIRCONIA COVER F) K-30 FIREBRICK
B) TRANSITE-top and bottom G) CERAFELT ©
C) (/8" WALL ALUMINA MUFFLE H) ALUMINA SHELL
D) 032" pt/40rh WINDING - I} K-30 FIREBRICK PLUG

i0 tums per Inch

E) CASTABLE ALUMINA AND
ALUMINA BUBBLES K} POSITIONING SCALE

J CONTROL THERMOCOUPLE




D910269-3 FIG. 18

SAMPLE 65-00 2e, 57 W/, BaO, 28 W/, YTaOg, |5 We B203

QUENCHED FROM 1480 °C
IMMERSED IN OIL OF INDEX L.75
MAGNIFICATION. 200 X

T vawwmmmw
[ ;iqk‘..
St
1L
”
wk,,
o r
'~.n

" Y A
> 'l
-

GLASS HAS PARTIALLY DEVITRIFIED, RESULTING
IN THE INCLUSION OF VERY SMALL QUENCHING

CRYSTALS



| 0910269-3 FiG. 19
' SAMPLE 64-427 f, 4.8 W/, BaO, 457 W, YTaOs, 12.5 W, B203
QUENCHED FROM 1432 °C

IMMERSED IN OIL OF INDEX 175
MAGNIFICATIO! . 200 X

CHIPS OF CLEAN GLASS MAY BE SEEN, AS
WELL. AS GLASS CONTAINING QUENCHING CRYSTALS,
AND GLASS CONTAINING PRIMARY CRYSTALS




0910269~ 3 FIG 20
PORTION OF THE JOIN
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PORTION OF THE JOIN
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PORTION OF THE JOIN
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D910269-3 FiG. 25

LCG RESISTIVITY vs i000/T FOR
LO(N'O.s RUO.5 )03 AND LO(MQO.5RUO5 )03
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