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FOREWORD

This report constitutes the Final Report prepared by Dr. F. S. Galasso,
Dr. G. K. Layden, and Dr. D, E, Tlinchbaugh in the United Aircraft Corporation
Research Laboratories working under Contract Nonr-46C6{00) snd covers the
period from August 1, 196k through July 31, 1965. This report was administered
under the direction of Dr. Van 0, Nicolai of the Physics Branch of the O0ffice of
Naval Research,

The materials preparation studies conducted by W. Darby and J. Pinto, the
electron paramagnetic resonance studies by A, Shuskus, and the X-ray investiga-
tions by A. Paton are appreciated and gratefully acknowledged.
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SUMMARY

During this contract period, powders of perovskite-type compounds having the
general formula Ba(E6.5Tb0.5)03, where B’ is a trivalent rare earth cation, In3+,
Y3+, or Sc3+, were doped with trivalent laser activating ions and the fluorescent
lifetimes were measured, The values obtained, i.e, 850 «itsec for Na3* doped
Ba(Lugy, 5Tag, 5)03, 800 s« sec for Nd3* doped Ba(Gdg, 5Tagp, 5)03, and the long life-
times obtained for other rare carth doped phases of this type indicate that some
of them may make promising laser materials, In addition, the optical properties
of a number of other complex perovskite phases and some ncw-perovskite phases were -
measured,

Studies involving flux growth crystals also have been made during this period, -
In the first investigaiuions, small, discolored crystals of Ba(Lao.sTaO.5)03,
Ba(Gdo.sTao.5)03, Ba(Luo.5Tbo_5)O3, Ba(Sc0.5Tao.5)O3 and Ba(Yp,sTeg, 5)03 were grown
from a BaF, flux, After detailed phase diagram studies of the BaO‘YTaOu-BQO3 and
Ba0-LulaOy-BpO3 systems, clear single crystals or coped Ba(Yp,slap,s)03 and
Ba(Luo.5Tao.5)O3 were grown from a BpO3 flux by slow cooling. In addition, a
larger single crystal of Ba(YO.STaO.5)03 was grown by a modified Czochralski
technique,
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INTRODUCTION

The recent emphasis on laser research hes brought about a concentrated search
for new and improved materials which can be used as hosts for transition and rare
earth doping ions. An important part of this effort has been directed toward the
production of laser muaterials having fluorescing energy states with long lifetimes
=0 that they will emit high energy pulses and will require low threshold pumping
energies. Theoreticians calculate that these long 1ifetimes should be obtained
in materials whose crystal lattices have thc doping ions as centers of symmetry
in cubic crystallographic sites. This has bec. substantiatedby experimental results
which have shown that the decay time of Fr3+ fluorescence increased from 3 msec
in an aluminum oxide structure to 46 msec in the nearly cubic LaAlO3 perovskite
structure (Ref. 1).

Under the present coentract, a series of A(B 0. Ta ordered p-rovskite-
type compounds were investigated as laser host mauer1a1s Zlﬂée it was found from the
Research Laboratories' previous studies that some of them had structures which
contained cubic centrosymmetric lattice sites ideally suited for trivalent lascr
activating ions. The more promising compounds were doped so that the fluorescing
iines could be recorded, identified, and the lifetimes of these fluorescing states
could be measured. In addition, some experiments were directed toward preparing
these compounds as doped single crystals.

SELECTION OF LASER HOST MATERIALS

A survey was made of the various oxides in search of host materials with
structures which contain cubic ~entrosymmetric crystallographic sites. In the
celection of hcst materials, considcration was given to the stability of the oxides
and doping iong which would bs mosi suitable for substitution into the oxide strucrture.

Of the simple oxides, those with the sodium chloride and calcium fluoride
structures have cubic centrosymmetcic cation sites which will accept divalent and
tetravalent ions respectively (Figs. la and 1b). While several of these oxides,
such as MgO wit!. the sodium chloride structure and ThQ, and CeO2 with the calcium
fluoride structure,are quite suitable as laser host lectices, the availability of
only a few relatively unstable divalent and tetravalent laser activating ions make
them less desirable for the purpose. of this study than host materials which will
accept trivalent ions without the audition of other compensating ions.
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The more complex spinel and rerovskite structures contain centrosymmetric sites
which can accommodate trivalent cations of oxide materials. However, cxides with the
spine! structure were not selected as the best candidates for this investigation
because of the difficulty of introducing ions in the octahedrally coordinated cation
positiuns without any substitution in the tetrahedrally coordinated cat.on sites as
well {(Fig. l¢). Substitution of doping ions irn two different cation sites was felt
to be less probable in ABO_-type oxides with the perovskite structure because the A
ion is usually much larger than the B ion (Fig. ;d). In LaAl0., for example, large
rare carth ions have heen substituted for the Laj+ ions and the smaller Cr3+ i has
been substituted for'Afﬁ(Ref. 2). The long lifetimes of the prominent fiuorescing
states in the Cr3+ doped LaAlO_ Indicate that this material may be nearly the ideal
hos oxide for this study excepl that its structure is slightly distorted. Other
possible host materials have become available as a result of the vork reported
in Refs. 3 and 4 which demonstrated that two ions which are different in size and
charge could te placed in the B position of the perovskite structure. A recent
compilation of these compounds with the general formuls A(B;Bg)o , where B’ and B
are two different clements with different charges, revezl that over 200 of them have
been prepared in various laboratories (Ref. 5, Appendix I).

When the ratio ¢” the B” iuns to B’ ions is two, as indicated by the formula

A(Bé ng )0 _, and the B’ and B” ions are ordered, the structure cktained is one in
which the cublé centrosymmetric B site is not preserved (F¥igs. 2a, Refs. 6 - 9).

However, when the B’ and B” ions are present in equal amounts, as indicated by the
formula A(B6 38” )03, & common ordered structure may be adopted in which the B
ions alternaté ?Réfs. 10,11); “hus the symmetry about the B site is retained (Fig &)
Tn these ordered A(Bé 5B” r)03--type compounds it is most desirable for laser applica-
tions to have barium as gﬁé A ion since ccmpounds containing barium are least
distorted, and tantalum V as the BY ion btecause of its resistance to reciction. The
B/ ion shoull 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, trivalent
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(la_ T

Ba(Gd. .Ta_ )0,, Ba(Y. .Ta. _)0., Ba(L )0, Ba(I 0.5.a0_5)03,
a(Gdy o aO'5 3’ a Y95 aO.S 3 a(Lua 32 a(In

)03, and
Ba(SC0o5Tao.5)O3'

0.5% 5 0.5%%.5

In searching for other host materials, similar multiple subst_iutions were
considered in the sodium chloride, calcium fluoride, and spinel structures as

N>
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imcthods of obtaining new ordered structurcs containing cubic centrosymmetric sitos.
However, a survey ©f the limited amount of literaturc on oxides reportea to have
ordered sodiws chloride, calciwn fluoride, and spinel siructures showed that the
cations were distributed in such & way that the cubic center of symmetry about th
cation sites was not retained. BSeveral of these struccures are shown in Figs. 3 - 7
{Refs. 12 - 15).

In summary, the compounds selected for initial studies had nhe genardl formula
Ta )O where b’ is Laj+, bdj+, y3*, s 3+, 3" ana Lu3t.  Arter consider-
ing the 1on§c Fadii of the B’ ions, these compounds were aelected as being most
suitable for rare earth doping ions. Other promising complex perovsikite compounds
were seleeted from the list given in Appendix I, for both rare earth and transition
metal ion d ing. The last group of compounds were selected specifically for Cr 3
doping only.

Ba

’\

B/
C
th

Preparation of Ba(Eo 50 ) SO)O3 Perovskite-T've Phases

Powder samples of these perovskite-type compounds were prepared following the
dry technique of reacting solids at high temperatures. In *hese preparations reagent
grade BaCO., and Tag0-, and high purity (99.9%) rare earth oxides, Sc203, Y203 and
In0_ vere used. For cach sample, BaCO  was mixed with the trivalent metal oxide
1na 8%» “a,0_ in & molar ratio of 4:1:17 The mixture was ground in an agatc mortar
and fired on"alumina trays in a box furnace heated by Kanthal molbdenum disilicige
elements. During the firing cycle the samples were taken from the furnace and
reground to insure thorough mixing. It was found that the ordered perovskite phases
could pe optained by firing the powders at 1100 - 1200° C, hcwever, at these firing
temperatires the samples also contained trivalent metal oxides o Bafld 0 impurities

415
)03, Ba(Luo 51 5) 3’ Ba(Y Ta )o ana Ba(Sc

C.5 o 0.5 0.5, 5)0+
have been prepared by f-rlng at 1560°C. The Lompouna coptainlrg 1nd1*m is an exception,
howWever, requiring a firing temperature of only 1400%. All othe: compounds have

been obtained sufficiently pure so that lattice parameters for the perovskitz phases

ould be determinea.

Single phases of Ba(Lao CL&

X-ray Analysis of ba(Bg 5oTa }O Perovskite-Type Phases

0.50
All camples were examined by powder X-ray difiraction methods using a Pallips

114.6 mm diameter camera and copper <~ radiation. The lattice parameters were

determin:d and diffracticn line intensities were visually estimated for each compound
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Tt was found that compounds contasining the larger trivalert cations were distorted
from cubic symmetry, The X-rav pattern cf Ba(Lao'sTaogg)O3 had an orthorhombic
unit cell and the X-ray pattern of Ea(GansTaO’5)03 was indexed on a tetragoral
cell, These data are given in Table I, The samples containing trivalent cations
with sizes between those of LaS’ and Gd3+ have not been obtained pure enough to
identify their unit cell distortions. Perovskites containing ions smaller than
gedolinium exhibit cubic symmetry (see Table II),

The d-spacings and line intensities were computed for the phases containing
La3+, Lu3+, In3+, Y3* and S¢3* using Smith's prc ram (Ref, 16) for the IBM 700"
computer, For this program, the cubic space group Fm3m and complecte ordering of the
B’ and B* cation positions were assumed, (Thus, the data obtained for the lanthanum
compound could no. be compared exactly with the cbserved data for the orthorhombic
cell, but could be used to study qualitatively the completeness of B ion ordering),
The data for each phase were computed using the lattice parameters determined from
powder diffraction films, Results showed that the intensities of the diffraction
lines ceused by ordering of the B cations (those for which h, k, and <« are odd
integers) decreased as the difference in scattering factor decreased, Also, these
iines for which (h + k + £ ) = Un were of nearly constant intensity throughout the
series whiie the intensities of the remaining lines varied. As can be seen in
Table III, experimental results agree well with these findings. The calculated
ordering line intencities are seen to decrease in the order ge3t > y3* = In3+;> Lad*>
Lu3+, Where the difference in scattering factor is zero or one (see Table IV) the
ordering lines were not seen on the films at normal exposure times, It is felt,
however, that ordering of the B lons does persist throughout the series. This
conclusion is based on a number of studies at the Research Laboratories which showed
that the difference in size of the B ions has to be very small before they will
distribute themselves randomly in the B position of the perovskite structure.

Using a plot of (volume)l/3 for Ba(Bé,STaO'5)03-type compounds vs ionic radii
of thz B icns as given by Anrens and obvained from a study of Ba(Bé,BNbO,5)03‘
type compounds (Ref, ll), the effective radii o1 the trivalent ions used in this
study we'e determined (see Fig. 8), Table V presents the radii as determined by
Ahrens, the radii as determined from unit cell data for Ba(BéasNbODS)O;-type
compounds and the radii found in this study for the B ions, Note that the agree-
ment between these values is quite good except for that determined for Sc3+,
Scendium ions appear to have a ruch smaller effective ionic radii in these ordered
perovskite-type compounds,
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Preparation of Doped Phases

Powder samples, doped with various triva.ent or divalent cations, wer. prepared
for study of tuaeir optical properties. St01ch10metrlc mixtures of the reactants were
fired at temperatures between 1580 - 1650 C, except in the cases of the samples

containing indium where a firing temperature of 1400° was sufficient. In these
mixtures reagent grade chemicals were used except for TeO and WO_ which were purified
grade and the rare eartn oxides, 50203, Y203 ln20 and Mgo which™were high purity
oxides. Gince many phases were prepafed in this s@rvey-iype experiment not all
samples were worked until they were obtained as the purest single phase passible.
The complex perovskite-type phases, with the general formula Ba(B T
vere studied most extensively and with a greater variety of dopants‘ 8hgse compounds
are listed on Table VI. Not only were other complex perovskites studied but also

spinel and cther non-perovskite-type phases as well; these are also listed in Table VI.

CRYSTAL GROWTH EXPERIMENTS

Melting Behavior of Ba(Y, _Ta

Before attempting to grow crystals of Ba(B type compounds from a
liguid pnase, it was necessary to obtain 1nformat?on og én melting behavior of these
compounds in order %o determine which of the several crystal growing techniques
would be most applicable and which container materials could be used.

Initial melting studies were conducted on Ba(Y This compound was
prepared by reacting BaCO3 Y 0. and Ta O for bewerai hours g 1600°C. An X-ray
powder diffraction pattern was gbtaln=d fgr the material, and no extraneoua 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 oun the sample with an optical pyrometer. No melting
of the sample was observed at the temperature at which the platinum strip fused.

An iridium strip (MP = 2454°C) 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 was 2200°C.

A piece of sintered Ba(YO T 5 was then broken so that a sharp corner wazs
obtained. This corner was heatéd wi h a propsne-oxygen torch and obecerved with an
optical pyrometer. OSome liquid formation was observed at a nominal temperature
abcut 2200°C. When the materia) had cooled to room teumperature, the fused corner
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was broken off and X-rayed. The pattern of the recrystallized material indics*ed

the presence of perovskite and & second phase which was recognized to be an isomorph
£ BaTa,0g (see Appendix II). The presence of the second phase in *he recrystalliized

material cannot be taken as an indication of incongruent melting of the perovskite,

and later phase equilibrium studies in the systcm BaO- YT&OA -B O3 (Appendix IT)

indicate cecngruent melting behavior for Ba(Y O JO,. It may be assumed, however,

that the stoichiometry of the melt is lost because of incongruent vaporization.

From the above observations and preliminary experiments on other compounds of
this type it was concluded that laboratcry techniques involving congruent crystalliza-
tion from the melt were impractical for tnese materials. The standard Czochralski
technique was elimirated becaur: of the unavailability of a suitable container, and
the Verneuil technique also was eliminated because of the difficulty of maintaining
correct stoichiometry. For these reasons the flux-g-owth technique, using slow
cooling or a modified Czochralski technique, was selected as the most practical
method to pursue.

Preiiminary Flux-Growth Experiments

Initial attempts to grow crystals of perovskite-type compounds of the general
formuls Ba(B* Ta )03 were made by the slow cooling technique using a number of
fused salt fluxes, since this was found by workers at the UAC Research Lavoratories
to be a satisfectory technique for producing crystals of similar compounds of tu:
type (Refs. 17, 18).

Compositions were prepared from C.P. grade BaCO TaEOS, and the appropriate
rare earth oxides. The batches were prefired to readt the starting materials, ard
then mixed with various amounts of flux, placed in platinum crucibles, and subjected
to a given temperature cycle in a resistance furnace contrclled by a Thermovolt

model AZR-2L78 cam controller.

The batch composition, various heat treatments, and observationz are given
in Table VII. The best results were obtained using BaF, flux, from which smali
crystals of Ba(LaO s a _)O Ba(GdO a ao )03, Ba(LuO ; O f)oﬂ, Ba(oc 5Ta YO 3,
and Ba(Y 5 were grown A phofogvaph of Ba(Y )0 Lrystals is :hogn
in Fig. 9. A915of the crystals were strongly dlscolo*eé, préb 1y as the result
of the incorporation of platinum, wbizh is known to have an appreciasblie solubility
in BaFe. The crystals were geaerally found in the lower region of the crucible,
primarily near the crucible walls, in a matrix of Cine-grained polycrystalline
perovskite phase and flux. Moreover, close examination of the crystals disclosed
that the great majority of them were twinned. While some of these crystals were
satisfactory for X-ray studies, they were not suitable for opticsl measurements.
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Since it was suspected that platinum from the crucibles was the source of
discoloration of the crystals precipitated irom the BaFp flux, compatibility experi-
ments were performed using boron nitride crucioles. It was found that BN wus
not visibly attacked by molten BaFs, but that when Ba(Yo,ST&o,5)O3 was alded to the
melt, a reaction took place that precipitated TaB crystals, thus making BN also
unsuitable as a container.

Before searching further for a suitable container, it was felt that a thorough
evaluation cf the BaF, system for growing crystals of Ba(Yo.STao_5)03 should be
made. T~ solubilify of Ba(YO.STaO.S)OB was determined experimentally with the
hope that crystal size and quality could be improved if proper attention were given
to liquidus equilibria. These data are presented in Appendix II, and the solubility
curve is shown in Fig. 10. Attempts were made to nucleate and grow Ba(YO.STaO.5)03
by slowly coolirg batches in covered 100 ml platinum crucibl.s from temperatures above
the liquidus curve, but in several attempts no crystals larger than fractions of a

illimeter were obtained. There appeared to be a severe nucleation probiem in this
system, prcbably connented with the very steep solubility curve and low critical
undercooling so that a great number of crystals, rather than a requisite few,
precipitated on cooling.

Because of the nuclcation and contamination problems encountered using BaF,,
iv was necessary to find a more suitable flux for Ba(YO_STao_5)03. Oxide fluxes
were considered since it was assumed that the solubility would be higher and
nucleation problems would be less severe.

Crystal Growth Experiments Using a 3203 Flux

Of the low melting oxiues, B03 was deemed to be the most suitable since it
would have the least tendency to enter the perovskite structure because of the
greater size disparity between the B3+ ion and the cations in the perovskites.
Studies were undertaken to delineate phase equilibrium in the systems BaO—YTaOu-B203,
BaO-LuTaOh-BQO3 and BaO-LaTal) - 5203. These are reported fully in Appendix II.

The perovskite fields in the first two of these systems were mapped iu sufficient
detail to permit the selection of proper crystal growth conditions. The perovskite
field in the latter system was not found in the analogous area of the diagram. &s
time did not permit further Iinvestigation of the BaO-LaTaOu-B203 system, crystal
growth experiments were cow.fined to Ba(YO.STaO.5)03 and Ba(Luo.sTao.5)03.

The phase diagrams (Figs. 11, 12) were used to select batch compositions and
temperature cooling renges. oJ.1ce, as can be seen from the above figures, the
slope of the liquidus surfaces, ds/af, is approximately 0.08 weight percent perovskite
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per OC in the vegion of iunterest, the empirical observation of Laudise {Ref. 19)
that satisfactory nucleation and growth requires 0.02 <ds4p °@ht<0-2 predicates
cooling ratecs d8/4: in the order of less than 2.5°C/hr. This in turn necessitates
temperature control considerably better than + 19C. Because phases other than
perovekite crystallize wihen the liquid composition reaches the boundaries of the
perovskite field, extraction of perovskite crystals from a melt that had been
permitted to cool to room temperature would be extremely difficult. For this
reason it was desirable to decant the liquid from the growing crystals at elevated
temperature before thiec condition was reached.

Since no furnaces that satisfied the above requirements of temperature control
were on hand, two special decanting furnaces were built. The decanting arrangement
for the 50 ml crucible furnace is shown in Fig. 13. This arrangement permits the cru-
cible holder teo be rotated and the liquid poured off into a sump at any desired
temperature during the coolirng cycle. 1In the case ¢f the 50 ml crucible furnace,
the sump consisted of a standard low form 100 ml platinum crucible placed below
the growth crucible. The second furnace was similar in design, but was made to
accommcdate a 250 ml crucible. 1In this case a firebrick tray filled with ground
firebrick grain served as the sump. A photograph of the 250 ml furnace, chowing
the crucible in the decanted position,is shown in Fig. 14. The furnsces were
each heated by eight Morganite silicon carbide elements and were controlled by
Leeds and Northrup Speedomax Type G program controllers Series 60 proportional
control units and Finzor FDG 1 saturable reactors. The program controllers vere
fitted with 5 mm range cards, and adapted with thermocouple bucking circuits in
order to adjust the zero of the scale. The thermocouple bucking circuits are shown
in Fig. 15. The temperature sensing thermocouples were 20 mil platinum-platinum,
10% rhodium without protection tubes placed in the vicinity of the crucible. 1In
addition, auxiliary read-out thermocouples were placed in contact with the crucibles
at various positions. The degree of temperature control and smoothness of cooling
~ate attained in these furnaces is shown in Fig. 16, in which a section of a recorde-
strip chart from a typical run is reproduced.

The various compositions were prepared from the following reagents:

Ba003 - Fisher Certified Reagent
Tago5 - A. D. Mackay, Inc. 99.9%
Y~0 - A. D. Mackay, Inc. 99.9%
Lu283 - Allied Chemicel 99.9%
Gd203 - A. D. Mackay, Inc. 99.9%
To,03 - Research Chemical, Inc, 99.9%
Nd203 - Research Themical, Inc. 99.9%
B203 - J. T. Bsker Co., purified, anhydrous

8
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The major constituents of & batch (i.e. BaCOa, Tep0s, Bo03, Yo03 or Lup03) were
blended together and slowly fired to about 90CPC. The loosely sintered products
were then broken up and melted into platinum crucibles using induction heating,

the crucioles serving as susceptors. In instances where crystals were to be doped
with Gd 03, Ybg03, or ngOB, the desired amounts of the latter oxides were added to
the crucibles prior to placing in the crystal growth furnaces.

During the process of melting the chargec into the crucibles a signigicant

effect was observed: when the cherges were heated to temperature considerably above
the liquidus, a clear melt was not obtained; rather, second phase particles could
be observed at the surface. Liquids above the perovskite field cannot be cooled to
glasses. Since it would be instructive to observe these second phase particles in
glasses, compositions in the BaTapsOg and the BaSTah015 primary fields, closely

ad jacent to the perovskite field but which can be cooled to glasses, were prepared

in 50 gram batches and similarly melted into platinum crucibles, and their melts
observed. The surfaces of these melts also appeared two-phase well above the

liquidus temperature. When the melt was rapidly cooled tne particles would appear

to be redissolved in the cooling liquid, while a few would settle to the bottom of
tne crucible and be i1etained in the resulting glass. Due to the very small volume
raction and small size of the particles it was not possible to obtain X-ray diffraction
patterns to positively identify them. However, microscopic examination under polarized
light indicated them to be cubic-- presumably perovskite, since this is the only cubic
phase enountered in the phase diagram. When samples of these glasses were sealed

in platinum tubes and quenched from high temperature;, no trace of crystalline material
could be found above the previously determined liquidus temperature, and electron
microscopy of fragments of the quenched glass gave no indication of inhomogeneity.

It was concluded from these observations that the surface of the melt in an
open crucible is in a labile (supersaturated) state although the bulk may be
considerably above liquidus temperature, and that crystals are being continuously
nucleated at or near the surface, which redissolve when convection carries them intc
the bulk of the melt. The reason for tbe labile condition of the surfs is assumed
.0 be a depletion of B203 and local cooling caused by evaporation.

Although the desirability of performing the crystal growth runs in completely
sealed crucibles in order to prevent B203 loss was recognized, this was not praztizeal
considering the necessity of decanting the liquid. After the crucibles had been
charged, the perforated platinum lids crimped in place, and the crucibles wired
into place on the rotating crucible holders, the furnace was taken rapidly to sosk
temperatr're, held for various times, and slowly cooled. When the desired temperature
was re. . the liquid was decanted, the furnace cooled to room temperature, and
the crystals extracted. The doped crystals were spectrochemically analyzed to
determine the dopant c¢oncentration.
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Table VIII is a summary of the slow cooling runs. Crystals of BB(YO,SWaO, )
undoped, and doped with three different levels of Gd3*, and one level of NA'™,
crystals of Ba(LuO.STaO.S)Oj doped with one level each of GA3% and YbS't were obtained.
Also, crystals of BaTapOg and BagTay01s were obtained when the melts were p mitted

to conl to their respective boundary curves, as explained below.
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The first run composition, sample 65-059, was selected to lie directly betwecn
the perovskite composition and the low melting four-phase equilibrium composition.
This run was inadvertently permitted to crol to 955°C bvefors being decanted, and the
resulting crystal yield consisted primarily of hexagonal plates of BaSTauOl5*, some
of which are shown jin Fig. 17. The second run, sample 65~080, somewhat richer in
YTa0),, and decanted at 1040°C resulted in about 80% of the original charge having
crystallized, and the crystals appeared to consist primarily of BaSTauOlSO

This unexpected result suggested that loss of B203 from the melt by
vaporization was sufficient to alter the melt composition considerably. Weigh*t lo=s
measuremsnts were made (see Appendix III) which indicated a loss from the 50 ml
melts of about one gram per day in the temperature region where the crystal growth
runs were made. How such a Bo03 loss affected the crystallization path of sample
65-080 is indicated graphically in Fig. 18. The actual crystallization path
(locus of liquid compositions) bends away from the B203 apex and interacts the
Ba(Yp,5Ta0,5)03-BasTal015 boundary curve somewhat above 1100°C, at which point
the latter p!ise begins to grew. The crystallization path after the liquid compo-ition
reaches the aforementioned boundary curve has not been determined; since the
system Ba0-YTaOy-Bp03 is not a true ternary, the phase compositions are not con-
stralned *o this join. However, the amount of BasTa,0)5 that crystallized in run
65-080 suggests that the increase in concentration of the BBSTau015 phase with
decreasing temperature is great; and that if perovskite crystals are to be easily
recovered, the liquid composition must not be permitted to reach the BaSTau015-
Ba(Yo_sTao.5)O: “ windary curve.

In all subsequent slow cooling runs the B203 loss was compensated by using
starting compositions to the right of the line between BB(YO,5T30.5)03 and the four-
phase equilibrium point on Figs. 11 and 12, and/or by decanting &t higher temperaturec.
These runs yielded crystals of the desired perovskite phase only, with one excepticn
that will be mentioned later.

*Spectrochemical analyses of these crystals gave a compositicn about BasTa3Bl;5Y.lTOlsa
indicating that scme boron and yttrium can go into solution at the expense of
tantalum. The formula Ba;TahOls will be used for convenience.

7
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The crystals that were recovered appeared to be of two types: 1) those that
had nucieated and grown on the crucibls walls and 2) those which had apparent ly
nucles ed at the surface or in the bulk and had grown to suffizient size to sink
to the bottom where they continued to grow. Figure 19 is a photograph of sample
©5-114 shoring the two types of crystals obtained after the liquid had been decanted.

Figure 24 is a photograph of some of the extracted perovskite crystals from
this run which show more clearly the size and habit orf the crystals. Spectrochemical
analyses of these crystals showed no lines for voron, indicating that the boron con-
centra.ion is below that which can be detected by routine spectrochemical analyses,
i.e. less than about 0.05 weight percent.

In some of the runs the weight of perovskite crystais recovered was less than
that predicted by the phase diagram. From this it is inferred that many small
crystals were suspended in the liguid and were poured off with it. In run 65-135
when the crucible was inverted, the holes in the crucible cover became clogged,
presumably with such suspended crystals, preventing some of the liquid from being
poured off.

There was relatively lower loss cof B.O_ from the larger crucibles due to the
lower surface to bulk ratio. In run 65-20L; the furnace was coonled too far before
decanting, so that the llquld composition reached the BaTa2O6-Ba( 0. 5 )O
boundary curves, and BaTa 06 solid solution crystals as well as perovskLge crystals
were recovered. The habit of the BaTa2O6 crystals is seen in Fig. 21.

The largest crystals were obtained from the 250 ml runs at the slowest cooling
rates in which crystals of Ba(Y )O doped with ca3* (sample 65-245) and na3*
\ sampie 65-24L7) were grown up fo ﬂe-hglf centimeter on edge. Some Nast doped crystals,
polished for optical absorption measurements, are shown in Fig. 22.

The difficulties in obtaining large single crystals of these compounds are
inherent in the phase systems, namely the steep slope of the liquidus surface and
the apparently very narrow range of undercooling above the perovskite field, and
the tendency for loss of B2O from the melts which causec changes in melt composition
and possibly permits the melf surfuce to become labile. These conditions make con-
trol of nucleation difficult with the result that in all the slow cooling runs many
nuclei formed. These problems however do not appear insurmountable. It is probable

*Spectrochemical analyses of these crystals gave the apprcoximate composition

BaTa; ggYo,2080.06%:
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that in crucibles sealed to prevent BQO loss, using siower cooling rates and finer
temperature control than were avallable in the present study, thet larger high
quality crystals could be grown by this technique.

Gradient Growth Experiuaents

Growth of oxide crystals from a flux in a temperature gradient have been dermorn
strated by Laudise, Linar-s, and Dearborn (Ref. 20) who grew YerBO 5 from a Bal-Bj 504
flux on a seed crystal suspended helcw the melt surface, and by Linare {Ref. 21)
who grew Y Fe O12 from a similar flux system by slowly withdrawing a rotating ceed
placed in contact with “hr saturated melt surface. The latter technique offcrs the
advantage that larger crystals can be obtained than in the case for other flux
techniques.

On both of the above methods, an excess of nutrient materizl (i.e. material of
the composition to be grown) is available in the bottom of the crucible, which is
maintained at a higher temperature than the curface of the melt. When the seed
erystal is placed in the cooler region of the ~rucible, some of the nutrient dissolves,
is transported by diffusion through the flux, and deposits on tle seed.

These techniques appear to be appropriate for the growth of perovskite crystals
fromn a B 0_ flux. A crystal pulling mechanism, capeble of pulling speeds continuously
variable b§+ween 0.01 cm per hour and 10 cn per hour and rotation speeds between
O and 600 rpm was built. A photograph of the crystal puller and gradient furnace
is shown in Fig. 23. Furnaece control unicts were similar to those described earlier
for the decanting furnaces. Earlier failure to obtain suitable seed rrystals delayed
gradient growth experimencs until the final months of work on the contract.

Strontium titanate seed crystals were used in the first experiments. A S50 ml
crucible, previously charged with ebout 200 grams ©f composition BaO:YTaOh:B O?
2.2:35.3:12.5 weight percent, was positioned in the furnace s¢ as to maintain tke
surface about 40°C cooler than the bottom of the crucible. {The temperature precf le
down the center of the crucible was obtained by probing the melt with a Pt-Pt, 10 R-
thermoccuple. )

The strontium titanate seeds were introduced into the melt surface after the
melt had been at temperature for progressively longer pericds of time. It wag
found that even after & soak period of ninety-six hours the seed crystals dissolved
in the melt. From thie it was concluded that strontium titanate has a considerable
aglubility in the melt, even though the latter is saturated with Ba(\o 5 a8y 5) 3
and was therefore unsuitavle as a seed material.

12
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An experiment was performed similar to the one describea above, with the exce
that Ba(Y _Ta_ )0 seed crystals were used. When the seed was introduced after
four-hour éaakoﬁérigd, it promptly dissolved, indicating thn* the melt surfarce was
not yet saturated. After an additionsl twenty hours of soak time, another seed was
introduced. Although it was difficult to distinguisi features of the melt surface,
there appearea to be an initial dendritic growth from the seed when it contacted the
melt surface. Once the seed came invo thermal equilibrium with the melt it was not
possivic to observe the details of th» melt-seed interface.

rvtion
a

Since there was ..ow evidence of supersaturation at the melt surface, the seed
was withdrawn at a rate of 1 mm per day with a rotation rate of about 60 rpm. After
five days, considerable growth on the seed was evident, but it appeared that the
crystal was no longer in contact with the melt. Also, it was observed that crystals
had nucleated on the crucible wall and grown out on the melt surface about one-haif
inch. The positioun of the melt surface within the crucible was two or three millimeters
below its original position, indicating loss of material not accounted for by material
withdrawn on the seed. This material loss is due to twe factors: 1) vaporization of
BZO from the melt as mentioned earlier, end 2) crawling of melt over tne lip and down
tue outside of the crucible.

Figure 24 shows two enlarged views of tke material withdrawn. The material is
polycrystalline, the crystallites becoming larger and clearer toward the circum-
ference. There was little growth downward into the melt, but mostly outward on
the melt surface resulting, as the seed was withdrawn, in the lens-lik= cavity on
the underside as shown in Fig. 24.

The above experiment demonstrated that Ba(Y Ta_ )0, could be grown on s
seed by transfer across a gradient, but that theoééadgégt across the melt may
have been too steep resulting in too high a supersaturation of the melt surface
which resulted in spontaneous nucleation on the crucible walls and possibly initial
dendritic or polycrystaliine deposition on the seed crystal. A second experiment
was rrrformed using a different crucible arrangement. In this case & 100 ml plat-
inum crucicle, fitted with a 1lid to reflect heat back to the melt surfuce was used.
A LOO gram charge of composition BaO:YTaOu:BZO = 52:35:13 was equilibrated ror 20
hours. The temperature difference across the melt was found to be 20°C. A
Ba(YO.STao 5)O seed crystal was then suspendea about one centimeter below the melt
surface and roéated about 200 rpm, but not withdrawn from the melt. Af:er three
days, an examination disclosed thal the seed had dissolved, while a poivcrystallire
deposit had grown on the platinum sced holder at the melt surface, indicating that
again the melt surface was supersaturated to the extent that spontaneous nucleation
could occur on a platinum surface.

13
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The crucible was then repositioned in the furnace so as to give a very s.all
gradient acrosc the melt, and the temperature profile was probed; the resulting
temperature profile is shown in Fig. 25, -~ aich shows that melt surface, on axis,
was 8 C cooler than the bottom of the crucible. Ancther seed crystal was mounted
on the puller and lowered into the melt surface. After one hour's time the seed
was withdrawn and examined; no polycrystalline growth was evident on the seed or the
platinum support wire. The seed was again lowered into the melt surface, rotated
at about 100 rpm and withdrawn at a rate of 0.0025 in./hr. After 18 hr the seed
was again withdrawn and examined. Single crystal growth had occurred on the seed
resulting in the faceted crystal shown in Fig. 26a. The crystal was returned to
the melt, and growth was continued under the same conditions for an additional fcur
days. At the end of that period the crystal had the appearance shown in Fig. 26b.
It was estimated on the basis of the increase in the size of the crystal during
the four day growth prericd that the linear growth rate under these conditions was
on the order of 0.025 mm/hr.

From these experiments it may be concluded that the technique of growth on a
seed by temperature gradient transport is applicable to the growth of Ba(YO Oq,
and probably to the other perovskite phases studied in this investigation as we915 A
very small thermal gradient across the melt must be employed. A temperature gradient
of 1.5°C/cm permits growth on the seed to proceed at about 0.025 mm/hr. A melt
surface 8°C cooler than the nutrient 1s not critically supersaturated and spontansous
uucleation does not occur. However, a melt surface 20°C cooler than the nutrient
will promote spontaneous nucleation and polycrystalline growth. A precise value of
the critical undercooling has not been determined and probably varies with compositicn.

OPTICAL MEASUREMENTS

This section describes the apparatus, techniques, and sone results of experi-
mental observations of optical measuremgnts taken on powders of doped Ba(B' Yo
type phases and a single crystal of doped Ba\YO . With the equlpg;u
presently available, optical absorption spectra and absorpf?on coefficients can be
obtained on clear singie crystals. Fluorescence emission spectra, the line width
of each prominent fluorescing line, and the lifetime of the prominent fluorescing
state can be obtained on either sirgle crystais or finely ground powders. All of
these measurements msy be carried out at both room temperature and liquid nitrogen
temperature.

1k
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Apparatus and Procedure

he UAC Research Laboratories' Caryv Model 14 spectrophotometer covers tne
1860 A to 2.65/L spectral range with automatic range change for sw.tching the higki-
intensity hydrogen lamp in the ultraviolet, a high-intensity tung:ien lamp in the
visible range, and a separate tungsten la%p for the infrared region. The resolving
power of the Modgl 14 is better than 1.0 A ir the ultraviolet-visib.e region and
better than 3.0 A iB much of the near irfrared. The wavelength scale i3z scou-ate
to better than 4.0 A with a reproducibility better than 0.5 A. The photometric
circuit and signal identification system is phototube shot-noise limited o give
optimum signal-to-noise ratio. This instrument employs a double monochrecmator
consisting of a 30° fused silica prism in series with a 600 line/mm echelette grating,
each with its own colliuating mirrors and slit system. This combination of dispersing
elements provides the high resolving power and low tempersture 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 monochromstor.
Both halves of the monochromator operate with an aperture ratio of f/8, the focal
lengths being 30 cm for the prism collimator and 40 cm for the grating collimator.
The monochromator has 2-cm long slits, leading to high light gathering power.

The spectrophotometer is utilized for performing transmission, absorptior, and
reflectivity investigations of crystals and dielectric reflecting coavings. Its
optical measurement capabilities have recently been greatly expanded. The Cary
spectrophotometer has been fitted with additional apparatus to allow continuous
recordirng of fluorescence emission spectra of crystal or powder samples. An RCA
7102 photomultiplier detector having an S-1 spectral response is used to provide
the recorder signal for this mode of operation. This detector is cooled near liquid
nitrogen temperature to reduce thermal noise when maxigom gain is requirec. This
allows observation of fluorescence emission from 2000 A to 1.2 microns wavelength.
A 200 watt mercury-xenon arc lamp is used as an excitation radiation source lamp. A
set of multiple-dielectric interference filters, in addition to glass and liquid
filters, is employcd 1o control the bend pass of the pump light.

An additional sourc: for use in determining average lifeiimes of excited states
of impurity ion electrons has been constructed. It consists of a high-pressure Xenon
flash lamp and power supply designed to give it peak light output for 6 microseconds
and decay tc¢ less than one-third that intensity in less than & microsecond. The
intensity decay of the source lamp and of the sample fluorescence line are displayed
on & dual-beam oscilloscope screen. Two special dewars to cool sample materials
have been designed and fabricated so that obptical absorption, fluorescence, and life-
time measurements can be made at temperatures down to 77°K.

15
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For optical absorption measurements the Cary can be used in its normal mode
of operation as a double monochromator. Single crystal samples with a diameter of
5 mm or wore end thickness from several millimeters to several centimeters
{depending on the impurity ion concentration) can be readily investigated. The unit
is calibrated to read directly in absorption units with four different scale ranges:
0-0.1, 0.1-0.2, 0-1, and 1-2. Absorption or density units are defined in terms ol
the transmission 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 photomultiplier. a
thermopile, and a lead sulfide cell scrve as detectors over different portions of
the spectruws. Thus the absorption bands and absorption coefficients of optical
quality crystals may be easily found in the near ultraviolet, visible, and near
infrared spectral regions.

Fluorescence emission spectra are obtained by front lighting the sample and
detecting he selected emitted light witk a cooled 7102 photomultiplier tube
connected to the Cary amplifier chain. The detector is also electrostatically and
magnetically shielded. The d-c excited Hdanovia source arc is imaged upon the sample
at angles severual degrees off axis to the Cary optics and the normal of the sample
face. This is accomplished by a front-surface spherical condensing mirror with a
central window. Fluorescence emission which leaves essentially noymal to the sample
face is then collected and analyzed in the instrument.

This system is ideally suited for the use of powvder samples because only the
front surface is illuminated and little transmission of excitation or emitted radiation
through the sample medium is required. These samples are prepared either as a com-
pressed tablet or as an opaque ccating on a glass microscope siide. A sample under
observation is held in contact with an arm of a stainless steel dewar with silicon
grease. Combinations of liquid, colored glass, and multiple dielectric interference
filters are used to select the pump light band pass. An alternative method of
selecting excitation wavelengths is to use a second monochromator system as Murphy
et al do {Ref. 2 ). Such an arrangement was tried but the 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 absorbers in the long wave-
length visible and infrared.

It was found that the Cary instrument lacked sensitivity in recording fluorescence
emission, and that large slit widths (up to 3 mm) were required to obtain some of
the data. A separate study revealed that the emission lines were often severely
broadeued due to instrumental eflects and that the resolution of fine structure was
poor. In order to obtain additional information about some of the samples, a Jarrel.-
Ash 0.5 meter grating wonocnromator with varisble curved slits was used. A selected
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low-noise EMl 9558 photomultiplier tube with 5-20 response served as the detector,

snd slit widths varied from 5 to 20 microns. Mor: nearly "true" line profiles were
recorded on an X-y recorder with this apparatus coupled optically to the fluorescence
attachment off of the Cary. Since neither photomultiplier detector responded to
radistion beyond 1.3 micron wavelength, a lead sulfide cell was substituted in the Cary
teo look for Er3+ and Ho * emission. The sensitivity of two such cells was found to

be too low for this application even with the addition of several higa gain signal
amplifiers.

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 35msec duration. However, even
this can be nezlected in view of the much greater excited state lifetimes. The
7102 signal is then fed directly to a Tektronix 551 oscilloscope and both the dzcay
2f the source light and the decay of the sample emission at a particular wavelength
setting are recorded on a Polsroid Land print. The average lifetime is then measured
as the sweep time required for an intensity fall of cne logarithmic decrement.

Adéitional data were obtained with the fluorescence attachment removed from the
Cary and the detector mounted in a light-tight enclosure at the exit window of the
attachment. With a suitable combination of short-wavelength pass filters at the
source and long-wavelength pass filters at the detector, only the pump light could
reach the sample and only the emitted radiation was seen by the detector. This
arraagement provided a much greater sign.l level and both the 7102 and PbS detectors
could be used to observe fluorescent decay.

Optical Measurement Data on Powders of Perovskite-Type Phases

Preliminary data were obtained initially to check out the accuracy and reliability
of the instrumentation and procecdures. A set of measurements of absorption coefficient,
spectral wavelength, line width, and lifetime for single crystal Al20 Cr3 was nade
and conmpared with published results. Additional measurements on a powder sample of
the same composition which was prepared here were made to make a comparison of the
fluorescing properties. Only small differences were noted between the single erystal
and powder samples. Similar data were taken with Nd3 doped barium crown glass and
torate glass and were also found to agree with other work (Refs. 2z .23 .24, and 25).

Figure 27 shows the optical absorption spectrum of a crystal of Ba(Y O 5)O3

over the wavelength range 0.30 to 1.20 x4 at both 77 and 300°K. This sample was
several millimeters square by about one millimeter thick. The difference in the
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nsorbance range between the two curves is e primarily to adjustment snd alignment
f the sample and reference apertures with the two sample holders used. The crys.al
as very lightly doped vith Na3* anc did not exhibit well-defined impurity ion
bsorption properties or fluorescence emission. Its absorption trace was observed to
ake on more structure at liquid nitrogen temperature than at room temperature.

The fluorescence emission data for Nd3+ in the first set of Jerovskite-type
wders are summarized in Table IX. In most instances the fluorescence lines are
road. When they overlap significantly no half-intensity point line widths are
isted. A reprecentative spectrophotometer tracing from which the numbers were
sken is illustrated in Fig. 28. powder sample of Ba(Sc LaNd o Ta 0)O shows the
~ansitions F3 o to I%é and to Ill/d appearing at O. 877 and 1. 060,u , respectively,
, room temperature. er trivalent neodymium doped perovskites exhibited slight
1ifts in the position of the dominant line and changes in fine structure and intensity.
.s0, the temperature dependence of these properties varied from one sample to another
, noted in Table IX. '

An example of another rare earth dopant is found in Fig. 29. Here Yb3+ produced
relatively intense line near its characteristic 1.0l & output and a second well-
>fined shorter wavelength line when the Ba(Y 2Ta )03 sample was cooled
0 77°K. At room temperature, however, the tota? intensity decreased considerably
1d the distinct lines merged together. Other rare earth ions (eg. Pr3+, Er3+, Ho3+;
n +, and Tm3+) in perovekite hosts were studied briefly with varying success.

A powder sample which fluoresces well with a Cr3+ impurity ion concentration
s illustrated in Fig. 30. It is readily noticed that the emitted lines vary in
:lative intensity with temperature, and the data compiled in Table IX for K (Al
1so show a shifting of line position and line width with decreasing temperature.
igure 31 illustrates the fluorescence emission lines of a Zn(All.9BCrO.02)Oh powder
ample at two different temperatures. The relative intensities and line widths
nanged slightly es a function of temperature. The overall intensity of the fluorescence
1creased with a drop in temperature and appeared to be quite strong, about one-third
{ the peak output intensity of a ruby rod sample. The complex structure of the
pectral output is summarized in Table IX but it has not been fully analyzed in
erms of crystal field splittings of the trivalent chromium R-lines. Samplecs doped
ith other transition metal ions, such as nickel and iron, did not show any well-
=2fined fluorescence.

The excited state lifetimes of the impurity ion electrons are summarized in Table
These represent approximately average spontaneous emission values as determined
rcm the decay rates of the dominant fluorescent lines. Some of these rate curves were
2st fit by a sum of exponential terms in place of a single, simple exponential functicn.

18

0.98°%6.027°.



mm
J
|

I

D910269-5

Discussion of Results

Although the fluorescence lines from many of these samples are relatively
broad, this fact alone does not detract from their potential use cs laser hosts. A
very important consideration in thils study is the energy storage capability of a
a given system, which is proportional to several factors:

Energy storage a v3 Av T

The frequency of the emitted rac .ation ¥, the line width Av, and the lifetime T,
must be considered together for system optinmization. The latter two factors have been
of primary interest in this study of new materials.

While the lifetimes measured on powders of some of the a3t doped Ba(Bd(STao S)03-
type phases are longer than those reported for most other Nd3+ doped phases, the iife;
times were not as long as was expected for Nd * situated in a cubic centrosymmetric
crystallographic site. (See Table X). This may be due to the difficulty in obtaining
comp_.ete ordering of the B ions which is ne~essary for the B sites to remain centro-
symmeuric. While there is no X-ray evidence of disorder in the other phases of this
series, electron paramegnetic resonance, which is a much more sensitive measurement,
did indicate some disorder in Gd° doped crystals of Ba(YO. Ta, )O,. Therefore, it
is felt that if increased ordering can be obtalned by carefidl contrdl of crystal
growth conditions the lifetimes also can be increased. Since most of the crystals
were grown in the latter part of the contract, this hypothesis could not be tested.

Fl , 3+ 2+ 3+ .

uorescence was not detected in Cr” ', Ni~ and Fe~” doped samples of perovskite-
type phases,+ However, only preliminary studies were conducted. Since the ionic
radii of Cr” was not particularly suitable for substituting for the large trivalent
ions required in these yphases to cause ordering, it is not surprising that its
fluorescence was not observed.

Initial studies on non-perovskite phases indicate that compounds wigg the spinel
structure may be much more suitable for Cr3+ doping. The lifetime of Cr~ in ZnAlEOh

for example, was found to be 5200 4+ sec. The optical data obtained using powder samples

and the techniques described permit a relatively rapid survey of crystalline host
and impurity properties which are wseful in selecting potential laser materials.

19
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TAELE I

X-ray Data for Distorted, Ordered Perovskite-Type Compounds

Ba(Lag, 5Tag, 5)03

00=8.611, by=8.639, cgs8.76h X

hkl (obs.)

111
200, 020
220
311
222

Loo
420
422
333
Lou
440
260
LYy
326
o6k
Lé2
080
800
308
822
&40
508
805
Lo9
L84
4L
10,1,1
0,10,2
10,0,2
1,0,11
1,1,11
4,10,2
10, 4,2
0,11,0
11,0,0

2

d
obs.z

5.00
4,32
3.05
2,60
2.50

1/Io

L0
Lo
100
30
10
70
20
80
20
30
60
60
20
30
Lo
70
30
30
60
60
40
30
Lo
29
20
30
20
Lo
70
20
20
30
30
Lo
20

22

ao= 8,487, co= 8.513 A

Ba(Gdg, 5Tug, 5)03

hkl (obs,)

111
200
220
311
202
L9o0
L20
Loo
L7
620
LYy
6L2
800
822,660
Lo8
840
646
Lu8
8kl
2,0,10
10,2,0
L,2,10
10,2,L

. R

obs.z

1/1,

30
30
100
20
10
10
10
90
60
T0
50
TO
20
Lo
20
Lo
30
30
Lo
30
£0
50
80

e
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hkl

| —

111
200
220
311
022
Loo
331
L2o
ko2
511,333
LLo
531
600, 4L2
620
533
622
Lk
711,551
640
A2
731,553
800
733
82C, Gk
822,660
751.555
662
840
911,753
842
A6k
931
Blik
933,755,771
10,0,0
10,2,0;862
951,773
10,2,2
953
10,4,0;864

Ba(Dyo.STaO.5)03
8p = B.ASM A
o]
dobs A I/1o
L, 86 30
L,22 30
2,98 100
2,54k 10
2.4h4s5 10
2,113 80
1,887 20
1.725 90
1.495 60
1.337 70
1,220 50
1,130 80
1,057 39
0,998 50
0,945 Lo
0,901 Lo
0.863 50
00829 80

TAELE II

Ba(HOO.STBO,SgO3
8g = 8.&&2 A
Q
dobs A I/Io
4,88 Lo
4,22 30
2,98 100
2,54k 20
2,438 10
2,109 85
1.934 10
1,875 10
1.721 50
1,622 10
1,491 T0
1.,k26 Lo
1,09 30
1,335 70
1,219 30
1,183 10
1,127 80
1.054 30
J.9%4 70
0.9Lk 60
€.900 60
0.861 70
0,828 90
0,787 10

23

X-ray Data for Cubic, Ordered Perovexite-Type Compounds

Ba(YoﬂsTaQ.b)gB
8n = 8.&33 A
Q
dobs A I/Io
4,88 Lo
4,24 1¢
2,98 100
2,543 30
2,430 20
2,108 TO
1,930 10
1,88 <10
1,722 80
1,624 20
1.hk91 60
1,424 20
1.335 60
1.29 << 10
1,217 4o
1,18 <<10
1,127 70
1,10 << 10
1,053 20
1.03 << 10
0,994 50
0,942 50
0,926 << 10
0,899 40
0,885 << 10
0,850 50
C,8L8 << 10
0,827 70
0,815 << 10
0,787 << 10
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hkl

111
200
220
311
222
Loo
331
Lag
‘22
511,333
kLo
531
600, bh2
620
533
622
Ly
711,551
640
6h2
731,553
800
733
820,644
822,660
751,555
662
840
911,753
842
664
931
8Ll
933,755,771
10,0,0
10,2,0;862
951,773
10,z,2
§53
10,4,0;864

TABLE ITI (Contd,)

Ba(Ero.STaoosgo3
ap = 8,423 A
0
dops A I/Io
L,21 Lo
2,97 100
29103 ';’O
1.681 20
1 . 720 90
1.332 70
1.215 40
1.125 80
1,052 30
0.941 70
0.898 60
0.860 70
0.826 90

Ba(Tmo,sTao.5)83

ap = 8,406 A

0

dops A I/1,
k82 <10
2,97 100
2.C99 70
1,879 30
1,485 60
1.k2s5 20
1,399 20
1.329 60
1.212 LD
1.123 70
1,050 30
0,991 50
0.897 Lo
0,825 80
0.782 20

Ba(YbQ.5T80°5g03

8o = 8,390 A

o .
dops A I/1,
2,96 100
2,099 80
1.879 30
1.71k4 90
1.485 60
1.329 60
1.212 40
1.121 70
1.048 30
0.988 50
0.938 50
0,89k Lo
0,856 50
0.823 90
0,779 20
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TABLE II {Contd,)
)03 Ba(Lug, sTag, 5)03 Ba(Ing, sTag, 5)03 Ba(ScO.s?aQ’5)93
ao = 8.372 & ao = 8.280 & a0 = 8,200
/1o hxl dgpe A 1/1, dgps R 1/1, dobs A 1/1,
111 L, 76 30 b, 75 80
p0 200 4,20 50 .1k 30 k.12 210
PO 220 2,96 100 2,93 100 2,91 100
311 2,501 10 2,478 50
200 2,388 10 2,373 ko
50 400 2,095 70 2,071 80 2.058 80
331 1.90 <10 1,884 30
30 420 1.869 30 1.850 10
0 Lo 1.710 90 1.690 90 1,680 90
g 511,333 1.591 <10 1,582 30
PO ko 1,48 60 1.L464 70 1,455 70
| 531 1.399 <10 1.389 30
as 600, b2 1.396 20 1.378 <20
>0 620 1.32h 60 1.308 70 1,302 70
£33 <<10
622
#0 Lbk 1,209 ) 1.195 50 1,188 Lo
711,551 1.153 10
640
70 6l 1,120 70 1.105 80 1,099 80
| 731,553 1.070 10
30 800 1,046 30 1.035 40 1,029 20
| 733
| 820,64
b0 822,660 0.986 56 0.976 60 0,969 60
751,555 <<10
- €62
p0 8L40 0,936 50 0.926 60 0.919 50
911,753 <<1C
842
10 664 0.892 Lo 0,882 50 0.877 40
_ 931 << 10
b0 8lY 0.85k 50 0,845 60 0.839 60
933,755, TTL << 10
10,0,0
e 10,2,0;862 0,821 86 0,812 90 0,806 90
951,773 0.795 10
10,2,2
" 953
i 10,4,0;86k 0,777 10
25
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TABLE II {Contd,)

Ea(LuOi5Tao.5)03 Ba( I%°5T80.5)03 B&(SCO.ST&O.5)03 :
ap = 8,372 80 = 8,280 } aoA = 8022-2- » %
O o} ®) %
hkl dops A 1/1, dops A I/1, dopg A I/1, =
111 b, 76 30 4,75 60 =
200 4,20 50 b1k 30 b,12 210 E
220 2,96 100 2.93 100 2,91 100 =
311 2,501 10 2,478 50 =
222 2,388 10 2.373 Lo |
Loo 2.095 70 2,071 80 2,058 80 =
331 1.90 <10 1.884 30 =
420 1.869 30 1.850 10 =
Lo2 1,710 90 1.690 90 1.680 90 =
511,333 1.591 <10 1,582 30 ==
LLo 1., 48¢C 60 1,464 70 1,455 T0 =
531 1.399 <10 1.389 3¢ = =
600, 42 1.396 20 1.378 <10 T
620 1.324 60 1,308 70 1.302 70 %
533 <<10 =
622 =
Ly 1,209 ko 1,195 50 1.188 Lo -
71,551 1,153 10 -1
640 =
gLz 1,120 70 1,105 80 1.099 80 §
731,553 1.070 10 -
800 1,046 30 1,035 Lo 1,029 20 !
733 §§
820,64k |
822,560 0.986 50 0.976 60 0.969 60 : 2
751,555 <10 =
662 =
840 0,936 50 0,926 60 0.919 50 =
911,753 <<10 =
842 =
664 0,892 40 0.882 50 0.877 4o 2
931 << 10 |
8Ly 0,85k 50 0,845 60 0.839 60 =
33,755,771 << 10 §
10,0,0 E =
10,2,0;862 0,821 8¢ 0.812 90 0.806 90
951,773 0,795 10 =
10,2,2
953 2

L0, 4,0; 86k 0.777 10
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Observed and Calculated Intensities fo: Ba(B6°5T30°5)03 Compounds

hig
111
200
220
311
222
Loo
331
20
Lo
511,333
Lho
531
600,12
620
533
€22
Lyl
711,551
640
642

o So

TABLE TII

Y

In

La Lu

obs., calc, obs, csalec. obs, «calc, obs, calc, obs, calc.
60 17.7 40O 6.2 30 2.3 1.1 50 0,0
<10 0.,C 10 0.6 30 1.6 2.6 50 L,7
100 10¢.0 100 100,0 100 100.0 100,0 100  100,0
50 11,0 30 L,o 10 0.8 C.T 0.¢
40 3.6 20 1,4 10 0.7 0.3 0.0
80 30,3 70 29,6 80 28,7 29,2 70 28,0
30 5.0 10 1.9 <10 0,8 O,k 0.0
0,1 <10 0,2 10 0.6 1,1 20 2,0

g0 43,0 8C L1,5 90 “1.0 Lo,k 90 41,5
30 3.8 20 1L <10 0.7 2.3 0.0
70 18,4 60 18,2 70 17.7 18,3 60 17.b
30 3.8 20 1.k <10 0.7 C.3 0,0
0.0 0,1 <10 0.2 Ol 20 0.9

70 17.7 60 17.9 70 17.8 18,4 60 18,0
«10 1.k «10 0.5 0,2 0.1 Q,0
0.8 0.2 0,1 0,0 0.¢

40 6.2 Lo 6.1 50 5.9 6.1 Lo 5.9
10 2,2 &10 0,8 0.k 0,2 0.0
0.0 0.0 0.1 0,2 0.k

80 22,2 70 21,9 80 22,0 22,1 70 22,3

26
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TABLE IV
Structure Data for Ba(B"O.STh0.5)03-Type Compounds
Diff. in Atomic
C e Diff. in Ionic Scattering Factor
) Perovskite ttice Parameters, A Radii of B Ions, A of B Ions
3'.7 ¥ = 1 i
& Ba(Lag, 5Tag, 5)03 ap = 8.611 46 14
5 Lo = 8.639
:O co = 8.76k
> Ba(Ndg, sTag. 5)03 8o = 8.556"" .35 11
O BB.(&TAO.ST&O.5)03 g = 8. 519** .3 g
5
Ne} Ba(D’O.STaO.S)% 8g = 8. 506** .31 8
:h ~ -
cg = G.013
]
.0 ;
o Ba(Dyo.STao.5)03 ac = 8,454 .20 5
g Ba(Hog, 5Tag, 5)93 8, = 8,442 .25 4
:g Ba(Yy, sTag, 5)03 g, = 8,433 .25 32
L3 Ba(ErO.STaO.S)OB 8, = 8.4°3 .23 3
Ba('I‘Irlo.STao.S)O3 ao = 8.% .22 2
ba(YbO.STa'O.S)O_‘S a.o = 8.3% .20 1
Ba(Lug, 5Tag, 5)03 ay = 8.372 .18 0
Ba(Ing sTag, 5)03 8y = 8.280 .10 22
Ba(Seg, 5Tag, 5)03 a, = 8.236 .06 50

* Valucs for the B3' ion redii as obtained in the present study.
The radius used for Ta’t as determined by Ahrens,

A Sample not sufficiently pure to identify cell distertion,
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TABLE V
Radii for Trivalent Cations

§ Radius,g- From Previous This
g B3+ Ion Ahrens UAC Study Study
E‘ La 1,14 1.14
Nd 1.0k 1,04 1,0k

Sm 1,00 1,00 1,00
' Eu .98 .99 .99

Gd 97 .98 .98
: Dy .92 .92 9k
?%’g Y .92 .92
i Ho Jl 91 93
z Er .59 91 91
§_ Tm £7 .30 .90
% Yb .56 .86 .88
o 85 | .85 86
1n .81 .8 .18
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TABLE VI

Doped Compounds

/ _
Doped Ba(BC.SOTaO,SO)O3 Perovekite-Type Phases

Ng3* Doped Compounds
Pa(Lag, 4,8¥dg, 0,Tag, 50)03
Ba(Gdo, 480, 04lag, 50003
Ba(Yoah95Ndo,ooél’ao.?o)03
Ba(Yo,uNd0,02la0,50)03
Ba(Yq,4Ndo,10T80,50)03
Ba(Lug,L95¥do, 005780, 50)03
Ba(Lug, 4&¥dg,02Ta0, 50)03
Ba(Lug, 45, 05Tap, 50)03
Ba(Lug, LoNdg, 10780, 50)03
Ba(Ing,4a¥d0,02T20,50)03
Ba( Ing, 4Ndo,10Ta0, 5000
Ba(Sco, bgNdo,005Ta0, 0;03
Ba(Sco,4gNdg, 02 a0, 50)03
Ba(Sco,45Ndg, o5Tap, 50)03

Other B3* Doped Compounds

Ba(Sco,LeFeq,02Ta0, 50)03
Ba(Y0,48Pro,02Tag, 50)03
Ba(Yg,485m0, 02Tag, 50)03
Ba(Yg, 1 88up, 02Tag, 50)03
Ba( Yo, 48Ho0, 02 a0, 50)03
Ba(Yg,48Er0,02Tag, 50)03
Pa(Tbg, koErc, 1 9lag, 50)03
Ba(Lug, 4gEro,02Tap, 50)03
Ba(Yg,18Tno, 02Tag, 50)03
Ba( Yo, 481b0,02Tag, 50103
Ba(Yo,48B10,02Ta0, 50)03

cri3t Doped Compounds

Ba( Yg ,495Cr0,005Ta0, )03
Ba(Yo,L9Cr0,01.T80, 50 §83
Ba(¥g, 48Cr0,02Tag, 50)03
Ba(Yo,40Cro,10T80,50)03
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Cr3+

Other Doped

TABLE VI (Contd.)

Doped Compounds (contd,)

Ba( Yo, 30CT0, 2080, 50003
Ba(Lug, 4,8Crq, 00780, 50)03
Ba(Lug, 30Crg, 2080, 50)03
Ba(Ing,48Crg, 0o 80, 50)03
Ba(InoahOCro’loTaOOSO)O
Ba(Scg,u95Cr0, 005 A, o§03
Ba(sco.hBCro.ozTao.so?°3
Ba(Scq,45Cr0,05 80, 5003

Complex Perovskite-Type Phases

LH R

HHEIT R

Ba(Yo,48Ndg, 02100, 50)03
Ba(Sco,48Cro,02Nb0,56)03
Ba(Sco,kgsNdo,0055b0,50)03

Ba(Mgo, 48Ni0,02Te0,50)03
Ba(Mgo,48N10,02%0,50)03
(Bap,98Nap,02)(Cag,48Ndp,02%0, 50)03
(Bag,08Nay,02)(2no, 48Cro,02%0,50)03

Doped Non-Perovskite-Type Phases

K(Alp,98Cro,02)02 - cubic
Ca(All.98CrO.02)Oh - orthorhombic or monociinic

Zn

s

Sr?(All .98CI‘0,02)OC - cubic
A11.98Cfo.o2)0h - cubic spinel structure

30
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TABLE VII

Preliminary Crystal Growth Runs

Composition in Weight % Souk Cooling Rate
Perovskite Flux T °  Hour °¢/hour
25 Ba(Yy, sTag 5)03  BaFp 1400 1.5 9
25 Ba(YO.STaO.S)o3 KF*2H,0 900 2.5 6
16.5 Ba(Yq, sTag 5)03  BaFp k00 7 12
13.1 Ba(Gdg,sTag,5)03 BaFp 1400 5 T
L Ba(GdC.STaO.S)O3 BEFE lhls 15 3.5
8  Ba(Lug, oTeg )O3 BaFp k60 18 k.5
13 Ba(lay sTag, )03 BaFj 1432 15 b
15  Ba(Scy oTag, )03 Bafy 1385 20 7
93 Ba(Lug cTag )O3 BaFp 1385 . 3.5 4
13 Ba(Ing cTag, 5)03 BaFp 1385 5 L.s
7 Ba(InO_qTaO.S)O3 BaF,-BaCl, 1230 L 4.5
5 Ba(Yy sTag 5)03  BaFy 1385 20 b
9.5 Ba(Ing sTagp 5)0; BaFj 1452 15 L
50 Ba(YO.5TaO_5)O3 PbC-PbF, 1020 13 L,y
3a(Gdg,sTag,5)03 GdF3 1335 13 L
kil

no

no

Observations

crystals

crystals

yellow to orange cubic
crrstals <~§ mm - Xx-ray,
ordered perovskite

few very small crystals

black crystals < + mm -
x-ray, ordered perovskite
(distorted)

1

thin biue plates < 5 mm
on ed-e

black, irregular shaped
crystals up to 1 mm

1

yellow cryr-tals < 5 mm

no

no

no

no

no

no

crystalc
crystals
crystals
crystals
crystals

crystals-perovskite

powder has smaller ccil
size due to Pb substitution

no

crystals

e m—_—
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TABLE IX
Fluorescent Fmission Data for Selected Samples
Trominent Helt Power Relative
Compound Line Peaks Width Intensity Temperature
0
Ba(Scq 48Ny, goTeg 50)03 0.877 500 A 3.6% 300°K
1.060 350 2.7
0.877 180 8.2 77°
1.060 7.6
0.985 9.6
Ba(xb_g95NdO.005Tao.500)03 0.8% 375 1.8 300°
0.93% .8
0.952 e
1.260 375 1.6
0.8% 2.4 77°
1,066 2,2
0.980 3.k
Ba(Lug_ ,8Ndg . 02T80, 50)03 0.893 510 3.4 300°
1,066 430 3.0
0.98k 8.5 7r°
1.072 2.6
(¢]
Ba(Yo, 48P0, 02780, 50)03 oo 300
1.0
0.972 2.0 77°
1.007 150 3.7
K(Alg, 98Crg. 02)0s 0.695 50 k.5 300°
0.707 150 IR
0.721 2.0
0.730 1.6
0.694 30 4.8 77°
0.705 90 7.8
0.719 2.0
0.735 1.6
0.6(6 20 2.7 300°
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TABLE IX (Contd.)

LRI

Prominent Half Power Relative
Compcund Line Peaks Width Intensity Temperature

Zn(ALy ggCro 02) 04 0.688 20 A 300°%
0.699 60
0.710
0.666
0.677
0,688 15
0.699 L5
0.710
0.719
0.730

0.738
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77°

100

-

H 0w R wWwWw &
MWW NN KHFDW®DO

MRt TR R

gt

e

i

I

34

|




DJ1G269-5
TABLE X
Fluorescent Lifetime Data
Doped
Ba( BO . STSC . 5)03
Phases Emission Lifetime at Lifetime at
__ M boped Line (/1) 3009K (s TTOK (pes)

Ba(Lag,! 8Ndg,02Ta0, 50)03 1,06 500 650
Ba(GdO.IifiNdO.O"T"O.SO)O:% 700 800
Ba( Yo, ,8Ndg, 0oTag, 50)03 200 250
Ba(Yg,u495Mdg, 005T80, 500)03 375 375
Ba(LuO.hBNdO.OQTaO. 50)03 Loo 850
Ba(Lug, 4g5Ndp, 005 80, 500703 650 700
Ba( Ing ),8Ndg, goTag 50;03 150 250
Ba( Ing,4Ndg 1 T, 5)03 20 22
Ba(Scq, 48Ndg, goTag, 50)03 200 220

pr3* Doped
Ba(Y0,48Pro,02Ta0,50)03 1,00 No fluorescence detected

Tm3+ Doped
Ba(YO.h8TmO.02TaO.SO)O3 1,10 No fluorescence detected

Sm3* Doped

yp3* Doped
BB(YO.LFBYbO.OQTaO.SO)O:ﬁ 1,01 1800

Cr3+ Doped
Ba( Yo, 48Cro,02Ta0, 50)03 No fluorescence detacted
Ba(Luo,L8Cro,ogTao,5o)O3 No fluorescence detectel
Ba( Ing,48Cro,02Ta0, 50)03 No fluorescence detected
Ba(Sco,hBCro.ogTaQ.5o)O3 No fluorescence detec:ed
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TARLE X (Contd.)

Cther Doped Complex
Perovskite Phases Emission Lifetime at Lifetime at

Nd3* Doped Line () 300K {4z ) 779K (4 s)

Ba( Y, ,8Ndg ?2Nbo ,50)03 1,06 300 380
Bag, 98lag, oo( Cag, 48Ndg, 0o%0, 50093 275 250

Rl

Doped Non-Perovskite-
Type Fhures

cr3t Doped
K(Al0,98Cr0,02)02 0,70 2100 2700
s Zn(Al1,98Cro,02)04 5200 5

il

I
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STRUCTURE

b) CaFz

PEROVSKITE STRUCTURE

ABO3

d)

O=8
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b

STRUCTURE DIAGRAMS
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a) NaCl
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c) SPINEL STRUCTURE
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FIG. 3
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D910269-5 FIG. &
ORDERED SODIUM CHLORIDE STRUCTURE

PSEUDO-TCTRAGONAL DISTORTION, LixTaOg4

O:=ti @Q=Ta O=o

CATION POSITIONS AT ONE-EIGHTH LEVELS IN UNIT CELL
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0910269-5 FIG. 6
ORDERED ANTIFLUORITE STRUCTURE

TETRAGONAL DISTORTICN, LigGaOg4 AND LigAlIOQ4
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(CELL VOLUME)”®> VS. IONIC RADII FOR Ba(Bjyg Ta )05 COMPOUNDS

IONIC RADIUS, A

Bi

O AHRENS RADIl USED

O B' RADII AS DETERMINED FROM STUDIES
ON Ba(Bo NbogOs COMPOUNDS

FIG. 8
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BoYo'sTao. 03 CRYSTALS

GROWN FROM BoF, FLUX (85 %)
BY CCOLING FROM 1400°C AT 12°C/hr.

MAGNIFICATION: 10 X

FIG. 9




D910269-5 FIG. 10

SOLUBILITY OF Ba(Y5gTags)03 IN BaFa
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FIG. 11

0910269-5

. 10

- Y00LA O/M

S o’ S o o
RIS »00 A 5ot msonron, 004»%40“540‘4040 DA ISE 0”’ )\ /V/Au/ \
Ao Tt e e N AN o
A AT ATV ATA VAV ATATATAVATANA VAT .‘0»“&0»)’ A% A Y
N R S SN
8 AN R K A N
o SR e SN SRR
o RO LN S K
S ANEBAXRE WAX .:«ﬁh%wﬁ»&»o”»”ob >0>>¢0>00w0$& K OIREPR Y XX
0 AR N iarae S Savavavata dvara atavaYS g . moo%«ko fetoeny
RRAANER e R g e e s e Chabil
< AYAVAVAVAY A VAVAUVAVAVAVAY .G 00000 o.ﬁ\ﬁ ﬁli»«b‘«»ﬁ.ﬁxm&dm \ .04»».. 4%
/ P AVAY A AVAVAV AV 7AVAVAVAVAVAWA %»«b«««%&.ﬂwﬁ«»}ﬁ \VaVAVAv S -B-8
N S o AT Vet A,
SS “0O¢oiog

KR A AN KA IR A LG 7
R
SRR X KKK RGN O /1
A, LRI 0 z&.?

o RN R ISR LIS R

AV,
AKD

X KR

—

FAVAN

- P (v
0 TS, i 0
o \OOO_ T e — e

0°8 - 0DLA-0P8 W3ILSAS AHVYNYIL-0GN3ISd 3IHL




FIG. 12
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FIG. 13
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250 mm DECANTING FURNACE
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FIG. 16

D210269-5
TYPICAL STRIP CHART RECORD
OF SLOW COOLING RUN
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D910269-5 FIG. i7

BasTo,0,5  CRYSTALS, SAMPLE 65-059

SCALE DIS™LAYS | mm DIVISIONS
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" 0910269-5 FIG. 19
CRUCIBLE AFTER DECANTING, RUN 65 -114
APPARENYT SURFACE -
NUCLEATED CRYSTALS
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Ba(Y, ,Ta, 4)03 CRYSTALS, SAMPLE 65-i14

SCALE OISPLAYS ( mm DIVISIONS
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9020206

CRYSTALY, SAMPLE 65-204
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Nd DOPED Ba (Y, Ta,,) Oy CRYSTALS, SAMPLE 65—247

FLAT POLISHED FOR OPTICAL ABSORPTION MEASUREMENT

TOP SCALE DISPLAY, | mm DIVISIONS
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CRYSTAL PULLER AND GRADIENT FURNACE




D9i0269-5 FIG. 24

POLYCRYSTALLINE DEPOSIT ON SEED CRYSTAL

a) TOP VIEW

b) BOTTOM VIEW




DS10263-5 FIG. 25

TEMPERATURE PROFILE OF MELT FOR
SINGLE CRYSTAL GROWTH AT SURFACE
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Ba(Yo.5Tap5)03 CRYSTAL CROWN BY GRADIENT
TRANSPORT

5 . . 9 e
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.:.Arf-r&r[.r;;r,'.r,‘: e nmgpey vy 7

a) AFTER 24 HOURS OF GRCWTH

b) AFTER 120 HOURS OF GROWTH

FIG.

26




L 9102695 FIG. 27
OPTICAL ABSORPTION SPECTRLM

OF Nd*>* DOPED Ba(YysTags)03 CRYSTAL
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D9102€9-5 FIG 28

FLUORESCENCE EMISSION OF BCl(Y0495 d0005 0500)03 POWDER
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FIG. 29

FLUORESCENCE EMISSION OF Ba(Y4gYbo02T0050) 03 POWDER
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FLUORESCENCE EMISSION OF Zn (Al
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09102695
APPENDIX I

. 1
Tabuiation of A(B¥B§)O3-Type Compounds

The percvoxite structure can be described by & cublc unit cell with an A ion
in the center, small B ions at tLe corners, and oxy. 1 ions at the edges. Wusk
in Refs. 1 and 2 demonstrated that it is possible to place two ions which are
different in size and charge in the B position of the perovskite structure. Since
these papers were published, over two Lundred of these compounds with the general
formula, A(ﬁiﬁ;)O., where B’ and B" are the two different elements with differeut
charges in the pe;ovskite B position, have been prepared in varicas laboratories
throughout the world (Refs. 1-36). The purpose of this report is to tabulate these
compounnds and their X-ray data in a systematic manner in order to provide a
reference for future work in taois fieid.

This report presents the cell sizes and the references for A(BKIE 0,-type
compocunds. Data for a few oxygen-leficient compounds are also given. Ig should be
noted that compounds with large differences in the charges of the B ions appear
to have ordered structures. When the B ions are ordered, the compounds with
x = 0.5, y = 0.5 often have the (NI, ) FeFg-trpe structure (Ref 21), wh*le those
with x = 0.33, y = 0.67 can either haVe the (NHu)aFeFé or the Ba( Sr 0.6
type structure (Ref. 6). The compounds with x = 6.33, v = 0.67, whicg form Zhe
hexagonal barivm-titanate structure, are also included for the purposes of this
tabulation even though it cannot te considered that the hexagonal barium-titanate
structure is an ordered perovskite type.

A few compounds have been reported to be ferromagnetics, scme ferroelectrics
and some semiconductors. These are listed in this report together with pertinent data
Preliminary dielectric measurements also have been made at the Research Laboratories
on a number of them, but the prorerties of the majority of these compounds have not
been studied.
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Co

Rh

In

Sc

Lu

Er

Dy

Eu

Nd

La

I1, III _VI

A (B0-6730.33)°3

Bo.33_
W Re U Mo
(20)
LY ** +
5.75 H (22) R (17) 5.72 H (22)
1k.35 14,02
5.75 (20) H (35) 8.232 (17) 5.7k H (35)
14,07 14.08
5.7+ H (35)
1k.10
5.74 H (25)
1k.15

£.321 (20)
8.24 (15)(20)
(20)
(20)
8.386 (20)
8.374 (20)
8.366 (20)
8.411 (20)(35)
8.605 (20)
8.513 (20)

8.58 (35)

I-2

8.512 (17)

8.49 (17)

8.76 (17)
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D310269-5 I1,. 111 VI
A" (R 678D, 33003
II 111 VI
At B0.33
W Re U Mo
St Fe 3.945 (20£)(35) 7.8 (12)
3.951
Cr 8.01 (i2) £.00 (17)
In 8.297 (12)
Pb Fe (23)(27)
I, I1 .V
A (30,3330.67103
11 II v
A Bya3 By 67
Ta Nb Sb
Ba Mg 5782 R 5. 71
7.067 (3) 7.08 (5)(2¢)(37) 5.83 H (35)
14.26
Ni 5.758 5.82 H (35)
7.052 (3)(1c) Lotk (5)(1)(27) .25
Cu 8.0k (35t) 5.82 H (35)
8 Lo 14,22
Ce 5.776 5.84 H (35
7.082 (3)(1c) 4,09 (2) 14.35
Fe 4,10 {(2) k.085 (5)
Zn 5.782
7.097 (3)(2c) L.o9k (5)(2)(27)
Mn 5.819
7.127 (3) (20)
Cd 4,167 (3) 4.168 (5)
Ca 5.895 5.92 5.99 H (35)
7.284 (4)(6c) 7.25 {5) ik.8Y




D310260-5

II

Sr

Pb

Ca

Ni

Cu

Co

Fe

Zn

Cd

Ca

Ni

Co

11, 11 .V
AT (B 3380 67003
v
Bo.67 _
Ta Nb Sb
5.95
T.47 (6)(2¢)
k.25 (3) L,26 (5)
5,652 5.66 7.96 (35)
6.951 (3)(1c) 6.9% (3)
5,607 <, 6k
6.923 (3)(2c¢) 6.20 (5)(27)
7.84 (35t)
8.19
5.630 8.01 (35) 7.99 (35)
6.937 (3)(2c)
3.997
4.018 (5t)
5,664 5,66
6.951 (3)(2c) 6.95 (5)(2c)
(20) (20)
4.089 (5)
5. 76U 5.76 8.17 (35)
7.096 (3) 7.16 (5)
(20) (20)

k.02 (8)(27)
k.01 (8)(27)

L.o1 (8)

3.93 (1)

I-k4

h.ok1 (7)(27)
k.025 (7)(27)
h.ok (8)(27)

L.ou (8)

R e e
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II,.I1 VI
At (g5t BT o
ATl E<I)Is BX.IS
" - W Mo Te Re Os U
Ba Cr 8.2971(171)
Mg 8.099(1k)(15) 8.13(28) 8.082(12)(16) 8.08(12) 8.3681(17)
N1 8.066(15)(13) k,0225(13) 8.0k (12)(186) #(12) 8.336(17)
Cu 3.18
3,81
Co 8.098(15)(13) k,0k29(13) 8.086(12)(16) H(12) 8.37h(17)
Fe 8.133(15) 8,05 {12)(16) 7(12) 8.312(a1)
Zn 8.116(15) 8.106(12) (16) £8.095(12) 8.397(17)
Mn 8,18 (12)(16) H(12) 8.52 (11)
cd 8.322{12)(16) 8.325(12) 6.13
8.64(17-0)
6.07
Ca 8.39(15) (1h) 8.355(1k) 8.393(28) 8,356(12){16) 8.362(12) 8.67 (17)
Sr 8.5 (14) 8.60 8.43
82912006 g o(12) g an
Ba 8.6 (1h) 8.65 8.66
8.3512%) 8.1 g an
Sr Cr 8.02 (17)
Mg 7.9 (1h) 7.88 7.86
7.94{12%) 1.1 839 a7
M 1.8 3.9237 7.85,_..
7.91(15t)(13)(18) 3.9&71;(13")(18) 7.92(1“) 8.15 (17)
S
. .93 .88 86
© T¥asmanas  rTamas) T oal1ze) 12020 g0 am
Fe 7.96 {35) 7.86
7.89(128)(16) 7 ge(y2) 8.1 (17
@ T % (15¢)(28) T892t
Mn g.o1 (335) 8.01(12) 8.2 {.1)
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11, 11
A ()58, 5003
1T 1T VI
A %.5 By
W Mo Te R¢ Os [i]
Sr cd 5.73 6.03
8.16 (1c-0) 8.42 (17-0)
5.81 5.91
Ca 8.2 (A4) 5.76 8.21 {12} 6.06
8.21 (12-0) B.46 {17-0)
5.85 5.93
Sr 8.2 (14%) 8.k1 8.32 6.22
8.13 {(12t) 8.12 {12¢ 8.65 {17-0)
6,01
Ca M 7.7 (14) 5,48
7.77 (12-0)
5.56
Ni 5.45
7.67 {12-0)
5.55
Co 5.46 5.47
7.7 (12-0) 7.70 (12-0)
5.58 5.59
Fe 5.h1
7.69 (12-0)(16)
5.53
Mn 5.52
7.82 (12-0)
5.55
o 5.6k
7.99 (12-0)
5.77
Ca 8.0 (1) 5.67 5.73
8.05 (12-0) 7.87 (12-0)
5.78 5.80
Sr 8.1 (14%)
o Mg k.o (27)(23)
Ca (1)
1-9




DG10269-5
III, II IV
A (B, 5B5,5)03
111 1T v
A Bo.s Bo.5
T4 Ge Nb Ru Ir
La Mg 3.932 (1)(27)  3.90 (1) (20) (34)  (34)(35-0)
Ni 3.93 (1) (34)  (34)(35-0)
Cu (35-m)
Co (35-0)
Zn (34)
Mn () (3W)
N4 Mg 3.90 (1)
IITI II V
A (By,6780.33)03
11X II \/
A 50,67 Fo,33
Nb Sb
La Co 50 58 5057
5.58 (35-0)  5.57 (35-0)
7.8 7.87
II I VII
A (Bg 5Bg,5)03
1T I VII
A Bo,s Bo,5
Re Os I
Ba Li 8,118 (12) 8,100 (12)
Na 8.295 (12) 8,281 (12) 8.33 (12)(28)
Ag 8.46 (28)
Sr Li 787 (12) 7.86 (12)
Na 8.13 (12) 8,12 (12)
Ca Li 7.83 (12) 7.83 (12)
1-10
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Il

I:w

Sr

II

Ba

II

s | >
)

Sr
Ba

o

Ba
Sr
Fe

Compound

Pb(Cog, 33800, 67)03
Pb( 000.33'11&0.67)03
Pb( Zno. 33T80.67)03
Po(Mgg, 3380 57,03
Po(Mgg, 33Tag, 47)03
Po(Nig, 33Nbg 7)03

Po(Nig, 33Tag,67)03
Pb(Yog, 5Nbg, 5)03

R hat

II, IV
A" (By, ocBy, 75005
\Y
Bo, 75
Ta
(33)
(33)
II, III IV
A (Bo,5%,5)%, 75
IV
Uo.s
8.551 (17)
AII(BII sV )
0.52%0.,5'%, 75
v
TaQ‘5
8.6¢ (19)
8.34 (19)

Ferroelectric Compounds

Curie Temp °C

- 70
-140
140
- 10
- 98
=120
-180
112
280

I-11

v

Moo.5

8,08 (22)

Reference

ny
ONON O OO Co 0o Co o o

rn
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Compound Curie Temp °c Reference
Pu(Feq, 5Tag, 5)03 - 30 23
Pb(Scg, 5o, 5)03 90 36
Pb(Sco, 5Tag,5)03 26 36
Fb(Mgo sWo, 5)03 39 23
Pb(Feq, ¢7¥o,33)%3 - 90 o7

Ferromagnetic Compounds

Compound Curie Temp °C Reference

Ba( FeO.SMOO.5)03 6)4 22
Sr(Fe(, sMog, 5)03 146 22
Ca( FEO’ SMOO¢ 5)03 10k 22
SI"(CI‘O.SMOO. 5)03 200 22
Ca(Crq, gMog, 5)03 -125 22
Ca(&ro'sy_05)03 -130 22
Ba( r'eo. 51‘(80. 5)03 )43 16
SI‘( FeO.SReO.S)O3 128 16
CB(FEO.SRCO.S)O3 < " 16
ST(CI‘O.SREO'S)O3 * 1

Ca(Crg, sReg, 5)03 * 12

*Magnetic at room temperature

Semiconducting Compounds

L oound Reference
La( NiO.SRuO'S)O3 311
La(MgO'SRuO.S)O3 34
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VW,
¥ A(BxBy,03, a series of compounds in which x + y = 1 and v and w are the charges

on the ions,

** The nmbders for each compound are the cell sizes in angstroms, When a single

value of ~ L is given, it indicates that the compound either was of the cubic
perovskite type or that it was indexed on a pseudocubic cell because the real
cell was not knowu, When a single value of ~ 8 1is given, the compound is con-
sidered to be of the cubic (NHh)3FeF6-type and the B ilons are ordered, If two
values of ~ 8 are listed, then a "t" is vlaced after the reference indicating a
tetragonal distortion of the ordered cell, Three values (a, t, ¢) of - 5.5, 8,
and 5,5 are listed@ for orthorhombic distortions and an "o" follows the reference,
When two values are given, one of -6, the other ~ 7, the compound is considered
to have the hexagonal Ba(Sro.33Tao.67)O3 ordered perovskite-type structure and
these values are "a" and "c", respectivcly., If no cell size is given, the
compounéd was considered to be of the perovskite type by visual examinetion of
the X-ray patterns, An "H" indicates thai the compound is of the hexagonal
barium-titanate type and does not have a simple perovskite or an ordered-perovskit

structure,

t+ The reference closest to the cell size is the one from which the data was taken.
The second reference also contains the data for the compound, but if its X-ray
pattern was indexed on a different system, the first letter of the system
follows the reference,

I-13




D910269-5
LT ERENCES
1., =goy, R,: Multiple Ion Substitution in the Perovskite Lattice, Journsl
of the American Ceramlc Society, Vol, 37, No, 12, December 1954, p, 581,
2, Galasso, F,, L, Ketz, and R, Ward: Substitution in the Octahedrally

Coordinated Cation Positions in Compounds of the Perovskite Type.
Journal of the American Chemical Society, Vol, 81, 1959, p. 820,

a
, 3. Uslasso, F., and J, Pyle: Ordering in Compounds of the A(Bg,33Teg, g7)03
Cz' Type., Inorganic Chemistry, Vol., 2, 1963, p, 482,
e
4. Galasso, F.,, and J, Pyle: Ba(Cag, 33Tag,g7)03, An Ordered Perovskite of
the Ba(Srp, 33Tag, 67,05 Type. Journal of Physical Chemistry, Vol, 67, 1963,
P. 333.
skite 5. Galasso, F,, and J, Fyle: Preparation and Study of Ordering in A(B6.33Nb0.67)03
Perovskite-Type Compounds, Journal of Physical Chemistry, Vol, 67, 1053,
P' 15610
Re

6. Galasso, F,, J, R, Barrante, and L, Katz: Alkeline Earth.Tantalum-Oxygen
Phases Including the Crystal Structure of an Ordered Percvskite Compound,
Ba3SrTapOy., Journal of the American Chemical Society, 83, 1961, p. 2830,

T. Ismailzade, I, G,: An X-ray Study of the Pb3NiNboOg - Pb3MgNboOg System,
Soviet Ph;sics, Crystallography, Vol, 5, No. 2, Sept.-Oct, 1960, p. 292,

8. Bokov, V, A,, and I, E, Myl'nikova: Ferroelectric Properties of Mono-
crystals of New Perovskite Compounds, Soviet Physics, Solid State, Vol, 2,
No, 11, May 1961, p. 2428,

9. Galasso, F,, and W, Darby: Ordering c¢f the Octahedrally Coordinated Caticn
Position in the Perovskite Structure, Journal of Physical Chemistry,
Vol, 66, 1962, p, 131,

10, Filip'ev, V, S,, and E, G, Fesenko: Unit Cells of Some Compounds of
AQBIBIIO6 Types. Soviet Physics, Crystallography, Vol. 6, No. 5, March-
April 1962, p, 616,

11, Brixner, L,: Preparation and Crystallographic Study of Some New Rare
Earth Compounds. Jourrnal of Inorganic and Nuclear Chemistry, Vol. 15,
1960, p. 352,

I-14




D910269-5

12,

13.

1k,

16,

17,

18,

19.

20,

21,

22,

AEFLES (Contd,)

Sleight, A, W,, J, Longo and R, Ward: Compounds of Osmium and Rhepnium
with the Ordered Perovskite Structure. Inorganic Chemistry, Vol. 1,
No. 2, May 1662, p, 2u5s,

Brixner, L,: Preparation ana Structure Determination of Some New Cubic
and Tetragonally-Discorted Perovskites. Journal of Physical Chemistry,
Vol, 64, 1960, p. 165,

Steward, E, G,, and 4, P, Rooksby: Pseudo-Cubic Alkaline-Earth Tungstates
and Molybdates of tlie RiMXg Type. Acta Crystallographica, Vol, L, 1951,
. 502,

Fresia, F. J., L, Katz and R, Ward: Cation Subsvitution in Perovskite-
like Phases, Journal of the American Chemical Society, Vel, 81, 1959,
p. 4783,

Longo, J., sand R, Ward: Magnetic Compounds of Hexavalent Rhenium with the
Perovskite-type Structure, Journal of the American Chemical Society,
Vol, 83, 1961, p. 2816,

Sleight, A. W,, and R. Ward: Compounds of Hexavalent and Pentavalent
Uranium with the Ordered Perovskite Structure. Inorganic Chemistry,
VOl. l’ NO. ,4’ IqOV‘l 1962’ p. 7900

Kupriysnov, M, F,, snd E, G, Fesenko: X-ray Structursl Studies of Phase
Transitions in Ferovskite-type Compounds., Soviet Physics, Crystallography,
Vel., 7, Ne, 3, Nov,-Dec. 1962, p. 358,

Brixner, L,: Preparation and Structure of the Strontium and Barium
Tentalates Sr3Ta0g,5 and Ba3Talg,5, Journal of the American Chemical
Society, Vol. 30, 1958, p. 321k,

Prepared at ihe United Aircraft Corporation Research Laboratories,

Wyckoff, R, W, G.* The Structure of Crystals, 2nd Edition, 1931, New York,
Reinhold,

Patte{s?n, F, &,, C, W, Moeller, and K, Ward: Magnetic Oxides of Mo(v)
and W v with the Ordered Perovskite Structure. Inorganic Chemistry,
Vol., 2, No, 1, Feb. 1963,




DGLO269-5

25,

26,

27.

28,

30,

32,

EFERENCES (Contd,)

Smolenskii, G. A., A, I. Agranovskeya, and V, A, Isupov: New Ferroelectrics
of Complex Composition. III, FboMgWO6, PbiFeoWOg, and PbpoFeTaOg, Soviet
Physles, Solid State, Vol, 1, No, 1, 1959, p. 907-908,

Nemura, S, ard T, Kawakubo: Some Properties of Cemplex Oxides A(Bo.536.5)03
of Perovskite Type, Journal of the Physical Society of Japan, 16, 1961,
p. 1642,

Iemailzade, I, G.: The Results of a Preliminsry X-ray Examinaticn of Samples
of Pb(Nbg,55¢0,5)03 and Pb(Tag,55¢0,5)03. Soviet Physics, Crystariography,
VOl. l" 1960’ p' 389'

Smolenskii, G. A,, A, I, Agranovskaia, £, N, Popov, V, A, Isupov: New
Ferroelectrics of Complex Composition. II, PboFeNbCg FPooYbNbOg, Soviet
Physics, Technical Physics, Vol. 3, Sept.-Dec. 1958, p. 198L.

Agrsnovskaya, A, I,: Physical-Chemical Investigation of the Formation of
Complex Ferroelectrics with the Perovskite Structure., Bulletin of the
Acad, of Sciences of the USSR, Phys’cs Series, Vol, 24, 1960, p, 1271-127T7.

Sleight, A, W, and R, Ward: Compounds of Post-Transition Eleacents with the
Ordered Perovskite Structure, Inorganic Chemistry, Vo'. 3, No. 2, Feb., 196k,

P. 292,

Kupriyanov, M, F, and E, G, Fusenko: An X-ray Study of the Phase Transition
in SrpFeNbOg, Scviet Physics, Cryetallography, Vol, 6, No, 5, 1961.1962,
p. 639,

Kupriyanov, M, F, and E, G, Fesenko: An X-ray Study of the Phase Transition
in SroFeTaO6., Soviet Physics, Crystallography, Vol, 7, No, 2, Sept,-Oct.,
1962, p. 246,

Keller, C.: Ternary and Polynary Oxide. ot Protactiniums with Perovskite
Structure, Journal of Inorganic and Nuclear Chemistry, Vol, 27, 1965,
. 321.

Nomura, Shoichiro, and Kawakuba, Tatsuyki: Phase Transition in Sr(NiW)g,503-

Ba(NiW)o,503 System, Journal of Physical Soclety of Japan, Vol. 17, No. 11,
Nov. 1952, p. 17TL.

1-16




D910269-5

33.

3k,

REFERENCES (Contd.)

Galasso, F., end J, Pinto: Preparation of Ba(Nag, osTag, 75)03 and
Sr(NaO.Q Tao.75)03 with “he Perovskite Structure, Inorganic Chemistry,
Ve, k, geb. 1965, p. 255.

Gelasso, F,, and W, Darby: Preparation of Single Crystals of Complex
Perovskite Ferroelectric and Semicenducting Compounds, Inorganic Chemistry,
VOlc ,4, No, l, Jan, 1965, P. Tl.

Blasse, G,: New Compounds with Perovskite-Like Structures, Journal of
Inorganic and Nuclear Chemistry, Vol. 27, (1965), p. 993-1003,

Smolenskii, G. A,, V, A, Isupov, A, I, Agranovskaya: New Ferroelectrics of
Complex Composition of the Type A5+(B§+é$})06 I. Soviet Physics, Solid
tate, Vol, 1, No, 1, Jan, 1959, p. 150-151,

,I.'
H
=2

————— * - i G S 4 §




Y

10263-5
APPENDIX II

PHASE EQUILIBRIUM STUDIES

The System Ba(Yy sTag, 5)03-BaFy

The binary behavior of this system was confirmed by quenching a sealed platinum
tuve filled with a mixture 20 weight percent Ba(Yo.5T80.5)03, 80 weight percent BaF,
from 1480°C after a one hour scak period. The quenched material was X-rayed and
found to consist only of the components; thus the molten BaF, must have been congru-
ently saturated with Ba(YO.sTaO.S)O3.

The solubility of Ba(Yo,5Tao,5)O3 in BaFp2 was measured in the following way.
A 25 ml platinum crucible was filled with BaF2 by charging and melting in a
resistance furnace until the crucible was about 3/ full. A sintered sample of
Ba(Yp,5T20,5)03 was placed in the crucible for the final charging. The crucitie
was then transferred to a vertical tube furnace, and Pt/Pt-10% Rh thermocouple
was inserted into the melt. The melt was allowed to soak at constant temperature,
and stirred periodicelly with 1/8 in., O.D. platinum tube., After various times of
soak at various temperatures, the platinum tube was inserted about l/k in, celow
the surface of the melt, and a sample withdrawn for spectrochemical snalysis,

The chemical analysis for Y and Ta of samples withdrawn at various tempera-
tures are given in Table XI , The data indicate a reasonably constant ratic of
about 2,5 moles of Ta per mole of Y, Such a result is inconsistent with the
previous observation of congruent saturation of BaF, with perovskite, and may be
due to the depletion of yttirium at the surface of the melt due to the higher
volatility of YF3. On the assumption that the experimental solubility data for
Ta are a valid measure of the solubility of Ba(Yy sTagp 5)O3 in BaFp, the solubility
curve shown in Fig. 10 was drawn., The excellent agreement between the data obtained
by approaching temperatures from above with the data obtained by approaching
te.peratures from below is an indicaticen thst equilibrium had been attained,

The Pseudo-Ternary System BaO-YTaOL-B203

Prepasration and Experimental Technigques

Compositions vere prepared from rezgent grade barium caroernate, ytitrium and
tantalum oxides, and anhydrous Bz03, For each mixture, the calculated amounts of
the compoaents were ground together under acetone, dried, and pressed into pelicis,
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The pellets then were heated slowly and held for several hours below the melting
point of 8203; the temperature was then increased to a [inal temperaturc Lelow

the golidus, in most cases about 200%, For compositions along the join BaO-YTw:0y ,
the perlets were heated rapidly to 1450 and held 6 hcurs, then normally cooled
and X-rayed,

The furnace used in most of the quench runs was a Glovar heated vertical cube
furnace, Temperature was maintained to within 2 degrees of the desired temperature
by a Honeywell Fyr-o-Vane controller, For quenches from temperatures above 1%0C C,
a cylindrical T-bar heated furnace controlled by a saturable reactor power supply
and Leeds and Nortnrup program controller was used, The quenching apparatus con-
sisted of a length of four-hole aluminum thermocouple tubing: +the leads of a
Pt/Pt-10% Rh thermocoupie passed through two of the holes, and lengths of 20-mil
Pt-10% Eh wire passed through the remaining holes, Tre upper ends of the latter
wires were connected across an auto-transformer, and 2 short length of 10-mil
platinum wire was affixed across lower ends and suppcrted the quench envelope.
When it was desired to guench the samp’e, a current was sent through the 10-mil
rlatinum wire, which fused, letting the juench envelope fall into a beaker of
water or mercury,

One end of a 5/8-in, length of 3 mm platinum tubing was crimped shut and
folded back, The desired prereacted compesition was loaded intc the tube, and
the top similarly crimped: a short length of Pt ~ire was crimped in place when
the top was folded down, and fastened to a cmall aluminum grommet through which
passed the fuse of the quench apparatus. Thus the quench sample was within 0,25
inch of the read-out thermocouple,

In instances where there was considerable liquid formed at the quench
temperature, some leakage would frequently occur from the quench packet, For this
reason, in the higher temperature runs the packets were evacuated and welded shut
in an electron beam welding apparatus,

The samples from the quench runs were ground in an agate mortar, and examined
under the petrographic microscope, The indices of refraction of glasces, and of
glesses in equilibrium with primary crystsls, were measured by the oil immersion
technigue, X-ray powder camera diffraction photographs also were obtained on
quench samples for crystalline phase identification.

The phases present and indices of refraction of glasses for various mixtures

at various temperatares as determined by examination of quenched samples are
recorded in Table XII,
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D910269-5

Mixtures which contained lecs than abrut 19 percent B203 could not be
quenched to clear glasses because of rapid devitrification, but always showed the
presence of fine quenching crystals, as shown in Fig.,32 , A similar phenomena
was reported by Levin and McMurdie (Ref. 1) in the system BaO-B203. The presence
of quenching crystals in the glass makes the index measurements unreiiable, However,
these quenching crystals are readily distinguished from primary crystals in the
glass as shown in Fig, 27,

Primary Phases Bounding the Perovskite Field

Ferguscn (Rer, 2) synthesized YTaOL by arc fusion at about 2100°C, and gave
the indexed X-ray pattern shown in Table XIII, The X-ray pattern of YTaO4 grown as
primary crystals in a Bp03 flux at 1015°C (sample 64-3312) and at 1368°C (semgle
65-015&), which is also shown in Table XIII 1s slightly different from Ferguson's
pattern, The flux grown YTaO4j pattern has been indexed on the basis of slightly
different cell dimer:ions, which may indicate some solution of BaO and/or B203
in the YTaO} crystals,

BaTap0g - Derived Solid Solutions (& Phase)

— emm ewm wmm Mem emm Gmm MR e Gmm e dmm Gem Ee v Gwm Gwm G wm e wm e ame

Galasso, Katz and Ward (Ref, 3) prepared BaTapOg by reacting BaCO3 and TapOs
at 1100°C, and showed that it was isogorphous with tge tetragonal tungsten bronzes
(Ref, 4), having parameter a = 12,60 A ind ¢ = 3,95 A, They also showed that
this compound could be prepared with a considerable oxygen deficiency, thus indi-
cating a broad homogeneity range for the structure, During the course of the present
investigation, the homogeneity renge of the "bronze" phase in the binary system
BaO-Tagos was determined; it was round to extend from the composition BaTapsOg to
at least the composition BaTagOjg , which had tetragonal pseudo-cell parameters
a = 12,49 R, ¢ = 3.88 &, Roth and Warirg (Ref, 5) have reported the analogous
phases in the system BaO-NbQOS to have a somewhat more narrow homogeneity range,
i.e., between BaBNbloogo and BaNbg0O;4; they have shown this solid solution series
to be interrupted by a morphotroric phase transformation.

The X-ray data for compositions along the Join BaO-YTaOl (TableXII, samples
6h-322, 323, 324, and 325) indicates thet a phase isomorphous with Balap0§ occurs
at compositions around 80 weight percent YTaOy. It may be assumed that this com-
position 1is simply & member of a solid solution continuum extending from the
BaO-Tagos Join out into the ternary diagram BaO-YEO3-T3205, but as yet no attempt
has been made to accurately define the homogeneity regic:. of solid solution in this
ternary system,
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The "bronze" crystals grown in equilibrium with BH(YO.5T30.5)03 described
on page 11 and shown in Fig, 2%, had = chempical composition BaTaj ,86Y0,20B0,03306
and cell dimensions a = 12,59 A, ¢ = 3,94 ; thus they were very close in composition
to the BaTan0g erd member, Tie indexed diffraction pattern of these crystals is
given in Table YIV,

BasTay015 ( & FPhase)

Galasso and Katz (Ref, 6) prepared BasTay0;5 and found it to belong to the
trigonal system, the axes of the hexagonal unit cell being a = 5,79 and ~ = 11,75 X.
Anion deficiency could be produced by preparing the compound with tetravalent
tantalum, thus indicating a considerable homogeneity range, A phase isomorphous
with BaSTauols was found to have a primary field in the system BaO-YTaOu-3203.
Crystals of this phase were grown as described on pages 7-10 and are shown in
Fig, 17. Chemical analyses of the crystals gave a composition about BasTa3Bl‘5Y.l7015
indicating that some yttrium and boron can go into the structure. The indexed dif-

Taction pattern of the BagTa)0;5 phase is given in Table XAV,

Levin and McMurdie (Ref, 1) show Ba3Bo06 to be the primary phase in the system
Ba0-B203 in mixtures containing about 78 to 87 percent BaO, According to the
above authors, Ba3Bp0§ hydrates and carbonates rapidly when left in air: a sample
exposed overnight to a relative humidity ahove 90% gave the X-ray pattern of BaCO3,
In the current experiments X-ray photographs were taken promptly after quenching the
samples into mercury, and petterns for samples 65-Ol6a, Ol6b, OlT7a, and 028a
included the seven or eight reflections that could be attributed to Ba3Bp0Og as
reported by Levin and McMurdie, and no reflections that could be attributed to
either BaCO3 or Ba(CH)2, However, in these quenched samples, large amounts cf glass
were present and powder photographs were faint: the essignment of these reflections
to Ba33206 must be considered as tentative,

Ba0

The evidence for assigning BaO as an equilibrium crystalline phase in two of
the quench runs was indirect, Samples of composition TO weight percent BaO, 20
weight percent YTaO), quenched from 1380 and 1300°C (sample 65-0l6a and b respec-
ively) showed X-ray patterns for perovskite and Ba33206 only, However, the
material had a strong lavender discgloration indicative oI reaction of free
Ba0 with the platinum quench packet , whereas samples close in composition to

*The resction of BaC with platinum has been reported fregquently in the literature,
see for example Refs, 1 and 5,
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samples 65-016a and b (e.r. samples 65-017a and “5-028a) showed no such discoloration,
Lack of direct evidence for BaO, however, renders this assignment tentstive also.,

Phese Equilibrium Diagram

Figures 3, 35 and 35 show the equilibrium diagrams, constructed from data
in Table XII, for portions of the perovskite -BpO3, perovskite -BaBg0y 3, and perov-
skite-BaByO) joins respectively., Where possible, the data for the indices of
refraction of glasses in equili rium 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 11
is a projection of the liquidus surface for a portion of the system BaO-YTaOh-B?O3
in the neighborhood of the perovskite field, constructed so as to be consistent with
all the data of Table XII, using Figs, 34, 35 and 36 as guides to drawing the isc-
therms., The diagram indicates non-ternary equilibrium,

The data are insufficient to defini“ely fix the boundary curve between the
fields of 4 and Ba3Bo0g, which could be drawn either to the left or to the right
of the composition 65 weight percent BaO, 20 weight percent YTaOl; the boundary
curve was drawn to the left on the basis of a greater intensity of /@ X-ray reflec-
tions than of Ba3BpOg reflections from semple 65-01Ta,

The composition of eutectics indicated between BaO and perovskite, and
between perovskite and YTaOL, and consequently, the position of the boundary curves
between the primary fields of BaO and perovskite and between perovskite and YTaOL
were drawn arbitrarily, although with regard for the tracking of isotherms.

The Pseudo-Ternery System BaO-LuTaOh-BQO3

The expe:rimental techniguesemployed in the investigation of the Ba0-LuTa0y, -
B203 system were the same as those described for the system BaO-YTaOh-BQO3. Quench
compositions were chosen by analogy with the latter system, on the assumption that
similar equilibria would be encountered, The quench run data for this system are
presented in Table XVI, The phase diagrams constructed from the quench data is
shown in Fig. 12, The data are not as extensive as in the case Ba0-YTa0), -Bo03
system, and only the Ba(LuO.STaO.5D3-BaTaEO6 boundary curve and the liquidus
isotherms in the neighborhood of this boundary curve were determined, since this
information is cufficient to permit selection of satisfactory conditions for the
growth of Ba(LuO.STaO.5)03 crystals.,

II-5
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The Pseudo-Ternary System BaO-LaTsOL4-Bp03

The experimertal techniques employed in the investigation of the BaO-LaTaOh-BEO3
system were the same as those described fcr the two previous systems, The quench iats
are presented in TableXVII, Figure 37 is a map of compositions investiguted showing
primary crystellization. Note that the perovskite field was not encountered in the
location analogous to its location in the BaO-YTaOh-B203 and BaO-LuTaOu-B203 systems,
Time did not permit further investigation of this system, but it can be assumed that
the boundary of the perovskite primary field lies closer to the Ba(LaO.sTaO.5)03
composition, In this case it can be anticipated that the liquidus surface above
this field will lie at correspondingly higher temperatures, and/or that the sicpe
of the liquidus surface will be steeper than in the BaO-YTaOu-B2’3 and BaO-LuTaOu—BQO3
systems,
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TARLE XI
Solubility Data for B°(10.5T80.5)03 in 3aF,
Heat Treatment Spectrochemical Analysis
w/o Ta w/o Y

heat up slowly from room temperature,
soak 1.5 hours at 1420°C 1.1 .21
heat up from 1420 to 1520°C, 1.5 hour
scak 2.1 .38
cooled from 1520 to 1350°C, soaked 18 hours,
then heated to 1610°C, soaked 1 hour 3.9 .78
cooled from 1610°C to room temperature,
reheated to 1535°C, 3/L-hour soak 2.3 .38
cooled from 1535 to 1405°C, l-hour soak 1.0 .19
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TABLE XII

Guencn Data for Samples in the System BaO-YTaOh-BQO:a

Sample Hc. Composition in Weight % Phases Present
BaO YTaOy, BpO3 T °C
6ls- 322 62.8 37.2 0 1450 P + Ba0*
64323 31.5 68.5 0 1450 P+a
Gli- 32k 23.5 76.5 0 1450 Pltr) + a
6l.225 18,7 81.3 0 1450 a
6L_-3311 33.4 36.6 30 1345 gln = ,667
6L-331k 33.4 36.6 30 1240 gl m = 1.669
64-331 4 33.4 36.6 30 1110 gL = 1,665
64-331 4 33.L 3.6 30 1015 gl 1 = 1,632 + YTa0y
64-371a 35.9 39.1 25 1345 gl mn=1.750
6h-357c 38.2 4,8 20 1390 glmn=1,T70
64-357a 38.2 b .8 20 1310 gln =1.770
6L-35TH 38.2 41.8 20 1235 glm = 1,743 + a
6k-3574 38,2 41,8 20 1160 gl m=1.7T40 + a
6h-37ha 50,7 LL4.3 15 1420 gl 7= 1.795
Gh-4274 41.8 ks,7 12,5 1593 gl T~ 1.82 + qx
Gh-h2To 41,8 45,7 12,5 1480 gl m~ 1.82 + qx + P(tr)
oh-L27f 41,8 45,7 12.5 1432 gl n..1.82 +gx + P
Dh-L27c 11,8 45,7 12,5 1366 gL 7 +qx + P
ch-L27a 41,8 45,7 12,5 1315 gL m = 1,787 + P +a(tr)
(b-368g L3 L 10 1720 gl ma~ 1,83 + gqx + P(tr)
ok-368h 43 W7 10 1557 gl i~ 1,83+ gx + P
vh-368b 43 L7 10 1395 gin~1,82+qgx + P
sl 368a 43 .7 10 1305 gl n=1,787+ P +a
o4-3608¢ 43 L7 1 1205 gl m = 1,753+ P +a
k- 3684 L3 L7 10 1172 gl + P +a
L\&—3686 ‘Lv3 )47 10 1025 gl + P +4Q
ol 3081 i L7 10 025 gl +P+a +f
11-3
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TARLE XII (Contd,)

Samrle No. Compositior in Weight % Phases Present
Ba0 YTaCy 3203 T OC

6L.31hb L 26 30 1150 gl

6. 31kbe Ly 26 30 950 gL+ a

62396 IS 30 25 1200 gl n = 1,737

64-396& Ls 30 25 1100 gl n =1,725 +a (tr)
6l - 396b 4s 30 25 1035 gl +a

Ek-396¢ Ls 30 25 gcf unidentified solid phases
6Lh.411a L5,5 34,5 20 1300 g n=1,762

ALy b 45.5 34.5 20 1215 gl M =1.T45 + @
6L-417c L6 39 15 1305 gl m=1,780

6L4-1412D 46 39 15 1210 gl.m=1,T47 + a
64-L1Te L7 L3 10 1470 gl " =1.797T + P

Sh byie L7 L3 3 1342 gl Mm=1.778 + P
64-L17b [ 43 10 1315 g1 =1,778 +P
6l.L1Tc L7 43 10 1300 gl + P +a

6k.417d Ly L3 10 1253 gL +P+aQ

6L.k1Ta L7 43 10 1145 &l + P +a

65-01ka 60,5 19.5 20 1280 glm = 1.725

65-01bc 60.5 15.5 20 1049 gl m = 1.725

65-014b 60.5 19.5 20 1005 gLmn =1.725 «+ B (tr)
£5.002e 57 28 15 1480 gl m = 1.778 + gx
£63-0024 57 28 15 1260 glm = 1,755 + P(tr)
05-002¢ 57 26 15 1280 gimn = 1,757 + P
05-002b 57 28 15 1193 glm=1,T43 + P
£5-002a 57 28 15 1100 gL M = 1,738 + P
©5-001b 54 36 10 1106 glm = 1.73% + P
(5-001a 5 36 10 1083 glm = 1,735 + F
05-001¢ 5k 36 10 1650 glm = 1.725 + P
05-001d 54 36 10 1000 gim =1.725 + P
55-001 3 5k 36 10 972 gl(tr) + P +0 (tr)
¢5-0011 sh 36 10 G5 3 + weak unidentificd
05-001g sk 36 10 Q27 r + weak unidentiiird

I1.10
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TARLE XII (Contd,)

Sample No, Composition in Weight % Phases Present
BaO YTaCl B203 T °C

65-052a 55 23 22 1055 gl +a {(tr)

65-052b 55 23 22 1011 gl +a

65-016b 70 20 10 1380 P+ Bao: + Ba3Ba0g

N, 65-016a 70 20 10 1300 P + BeO + Ba3By0¢

65-028a 63 27 10 1300 gl + P + BagB0g (tr)
65-017a 65 20 15 1005 g + 8 + Ba3B0g
65-018a 50 20 30 1010 gln =1,685,a +f3
65.01%a 30 60 10 1368 gl + YTaO}

65-015b 30 60 10 1295 3l + YTaQy + a
65-033a 35 50 15 1300 gl + YTa0, + a
65-051a 35 55 10 1356 gl + YTaO), +a (tr)
65-036a 39 50 11 1297 gl + P(tr) +a
65-116a 57 25 18 1005 gl + a ‘
65-116b 57 25 18 1035 gl, 7 = 1.725 + a
65-116¢ 57 25 18 1083 gl, " =1,73 + a
65.116d 57 o5 18 1145 gl n=1.73
65-0G2a 55 25 20 991 gl + a

65-092¢ 55 25 20 1133 gl

11.11
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TARLE XIT (Contd,

)

/

Quaternary Comrositions

Sample No, Composition in Weight %
BaO Y203 Ta20g BoC3
6k- 389 45,25  17.5 27.5 10
6“-391‘8 )'65.5 JB.L‘ 22'6 1305
64-394b 45,5 18,4 22,6 13.5
£4.398 k5,58 17.88 26,0k 10,5
gl = glass
? = index of refraction
F = Ba(YoasTaO.s)O3
= pnase isomcrphous with
BaTa»Cg
n = phase isomorphous with
B'\l«}'i"l}iols
(tr) = trace
gx = guencning crystals (see text)
II.12

Phases Present

1200 gl + P+ a

1200 gl + unidentified phases
1100 gl + a + urnidentified phases
120C gl + P + unidentified

¥the criterion for assigning Bal as a

crystalline phase is explained in
the text

&3
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TABLE XIII

X-ray Pattern of YTa(

Ferguson UAC
a= 5,34 X a= 5,28 X
b = 10,9t b = 10.87
e = 5,07 c = 5.10
8 = 95.30 B =95.30
hk ¢ a 1/1, d 1/1,
020 5,47 10 5445 35 :
001 5,08 4o =
100 h.T9 Lo j
120 .78 35 :
021 3.72 35
101 3,45
121 3.1k 130 3.15 100
130 3,02 5 3.0k
031,121 2,9k 100 2,92 100
0ko 2. Th Lo 2.72 Lo =
200,131 2.6L Lo 2,63 Lo %
02 2,52 30 2,537 Lo -
140 2,420 30
220,311 2,38 5 :
112,022 2,30 5 §
112,1 2,15 30 2,1k2 4o :
032,221 2,068 10 %
231,150 2,02 20
231,202 1.921 30 1.939 6]
212,2L0,151 1,901 50 1.892 ko
ok 1,846 60 1.859 50 :
Iko 1.798 10 :
202,310,241 L.7h1 30 1,732 35 :
301,160 3 AL 40 =
321,351 1,639 60 1.641 50 .
301,023 1,612 12 :
152,311 1,605 20 1,59k 20 i
330,230 1,578 15
251,342 1,570 60
152,033 1,549 30 1,537 35 |
0Tl 1,494 50 1,499 L5 £
062 1,477 20 %
213 1,467 20 ‘
II-13
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TABLE X1V

X-ray Diffraction Pattern for BaTanO¢ Crystals

5
Tetragonal cell Space group Dj,y-Ph/mbm

C C
a=12,59 A b=3944A
bk e d I/1,
310,001 3.94 20
320 3,48 30
211 3.23 Lo
4LOo 3015 5
L1o 3.05 L5
221,330 2.96 20
311,420 2.81 1.00
321 2,62 25
510 2,47 5
L11 2.43 <5
520 2,34 5
L21 2,30 <5
530 2,17 10
600 2,10 <5
”30 1.99 50
.02 1.946 <5
202 1,884 10
601,212 1.360 10
550,710, 302 1,785 40O
312 1,767 15
720 1,731 10
631 1,702 10
Loa 1,676 30
701 1,630 80

II-14
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TABLE XV

X-ray Diffrection Pattern for BaSTau015 Crystals

Trigonal cell Space group - P ml

o o)
a=>5"T9 A ¢ = 11,75 A

hk/ d
001 11,76
101 4,62
102 3,81
103 3.09
110 2,89
104 2.54
005 2,34
203 2,11
204 1,907
106 1.827
212 1,710
300 1.672
107 1,595
206 1,543
220 1,450
207 1.396
305 1,363
313 1.311
314 1.257
L4o3 1,194
T1.1S

I/1

10
20

100
100

10

20

ko
20
ko
Lo
20
Lo
Lo
10
Lo
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TARLE XVI

Quench Data for Samples in the System BaO-LuTaOu-B203

Sample Composition in Weight % Tenp

No, Ba0 LuTa0y B0y °c Phases Present
65-1h2a 38 52 10 1095 gL + P+ a
65-142b 38 52 10 1396 gl + P+ a
65-142¢ 33 52 10 998 P + a + unidentified
65-1424 38 52 10 1440 gl + P
65-142e 38 52 10 1040 gl + P+ a
65.142f 38 52 10 1020 P + a + unidentified
65-147a 34 L6 20 1442 gl,m = 1,765
65-147D 3k L6 20 1379 gl, m = 1,765
65-147c 34 L6 20 1306 gl, M = 1,753,+ a (tr)
65-1L8a 36 L9 15 1442 gl,n =1,793,+ a
05-148b 36 L9 15 1379 gl, 7 = 1.793,+ a (tr)
65-1L48c 36 L9 15 1306 gl, m =1,768,+ a
65-152a 49 37 1k 1103 gl,m =1,730,P + a
65-152b 49 37 1k 1173 gL P+a
65-152¢ L9 37 14 1246 gi,m =1,750, P +a (tr)
65-152e 49 37 1k 1355 gl,m =1,760,+ P
65-152¢ 49 37 1k 1430 gl,n = 1,770
65-153a 55.4 29.6 15 1103 gL+ P
65-153b 5544 29.6 15 1173 gl, 7 =1,730,+ P
65-153¢c, 554 29,5 1° 1138 gl,n = 1,727,+ P
65-153c, 5544 29.6 15 1246 gl, " = 1,735+ P
65-153d 55.4 29.6 15 1055 gl,m = 1,725,+ P
65-153e 554 29,6 15 1355 gl, n = 1,7hk5,+ P
65-153f 55.4 29,6 15 1430 gl,n =1,750,+ P (tr)
65-153g 5544 29.6 15 1500 g, n =1,75
65-189a 50.5 31.5 18 1215 g, n =1,740,+ a (tr)
65-.189b 50,5 31,5 18 1252 gl, 7 = 1,740

1I-16
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TABLE XVI {Contd.)

Sample Composition in Weight % Temp

No., Ba0 Bp03 Cg Phases Present
65-168a 57,5 .3 1215 gl, n =1.730
65-188b 5745 18 1100 gl, n =1,727,+ P (tr)
65-195a 59.5 20 1055 gl, n - 1.723
65-195b 59.5 20 1000 gl, 7 = 1.723,+ unidentified (tr)
65-196a 51.5 28.5 20 1055 gL, n =1.,725,+ ¢a
£5-196b 51.5 28.5 20 1200 gl, n =1.727
gl = glass
7 = index of refraction
P = Ba(Lug,sTap,5)03
a = phase isomorphous with BaTap0g
tr = trace

I1-17
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TABLE XVII
Quench Data for Samples in the System BaO-LaTa0j-By03
Sample Composition in Weight % Memp
No. Rad LaTa0, Bo03 °c
65-2058 39.1 L8,9 12,0 1345
65-20%b 39,1 48,9 12,0 1258
65-206a 38,k 48,1 13.5 13ks5
65-206b 38,4 48,1 13,5 1255
65-207a L7.9 37.1 15.0 1250
65-2070 L7,9 37.1 15,0 1150
65-207c 47,9 37.1 15,0 1075
65-203a 48,6 34,7 16,7 1250
6£5-208b u8,6 34,7 16.7 1150
65-2084 L8,6 3L, 16.7 1075
65-209a 55.k4 28,3 16,3 1250
65-209b 55.4 28,3 16,3 1145
65-210a 57.2 ok, 7 18.1 1050
65-210b 57.2 24,7 18,1 1075
65-223a 39.7 50.3 10,0 1300
65-223b 39.7 50.3 10,0 1469
65-223c 39.7 50,3 10,0 1510
65-22ka L7.0 Lo,7 12.3 1300
65-22un L7,0 Lo,7 12,3 1400
65-224¢ 47,0 Lo,7 12.3 1510
65-2258 53,5 33.5 13,0 1300
65-225b 53.5 33,5 13,0 1L00
65-225¢ 53.5 23,5 13,0 1510
gl = glass
7 = index ¢f refraction
a = BaTas0y polymorph
B = BESTahols polymorph
tr = trace
I71.18
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FIG. 32

SAMPLE 65-00 2e, 57 W/, BaO, 28 %/, vTaOgq, |15 %o B303

QUENCHED FROM 1480 °C
IMMERSED IN OIL OF INDEX 1.75
MAGNIFICATION. 200 X

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




09102869-5 FIG. 33

SAMPLE 64-427 f, 41.8 W/, BaO, 457 W/, YTaOg4, 12.5 W, B20

i

QUENCHED FROM 1432 °C
IMMERSED IN OIiL OF INDEX .75
MAGNIFICATION: 200 X

g AT
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il

CHIFS OF CLEAN GLASS MAY BE SEEN, AS
WELL AS GLASS CONTAINING QUENCHING CRYSTALS,
AND GLASS CONTAINING PRIMARY CRYSTALS
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TEMPERATURE, °C
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PORTION OF THE JOIN
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APPENDIX III

B203 Loss From Melts

Quantitative weight loss data for melts above the percvskite tield in the
system BaC-YTaOu-BpO2 were made necessary in order to permit the actual crystal-
lization peths to be predicted,

An analyticsl balance -as positioned sbove a furnace: the pan was removed
from one arm of the balance, and a plutinum wire which passed through holes in
the balance case and furna-e cover was hung in its place, A 50 ml platinum
crucible was afiixed to the support wire in such a way as to be freely suspended
in the hot zcne of the furnace, The crucible had been previously charged with
about 194 grams of composition 55 weight percent BaO, 31 weight percent YTaOL
and 1+ weight percent B203. The furnace was heated to 113500 and maintained at
that temperature (+2%) for approximately 120 hours while weighings were made
at various intervals, These data are presented in Fig. 38, Zero time was
arbitrarily selected as the time of the first recorded measurement, The weight
ioss was linear with time over the five dav durstion of the run, and amounted to
1.1 grars per day.
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D910269-5 FIG. 38

WEIGHT -LOSS FROM 194 GRAM BATCH
OF COMPOSITION 55 BaO, 31 YTaOg4, 14 B203
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