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I SUMMARY

The objective of this program was to explore the possibility of growing high
optical quality LaA O; by the Czochralski method. The techniques developed for
ruby growth were found to be directly translatable to LaAlO; with no apparent limi-
tations imposed by the use of a crucible. Undoped and doped (Cr3+, Eu"’) crystals

of various orientations were grown.

Two major defects were encountered: color centers and twinring. Color
centers were eliminated by using high purity starting materials in combination with
selected growth and post-growth treatmert. Twoc mechaniams for forming color
centers are proposed and their relation to LaAlO, defect chemistry is discussed.
The dominant twin planes have been identified to be those of the (100) system. Their
relation to the crystal structure of LaAlO, has been elucidated.

Isolated attempts were made to grow BiAlOg and PrAlQg to determine if
twinning might be a problem in these potential host compositions; other growth
problems were encountered indicating that an answer could be obtained only by an

extensive effort beyond the bounds of the present program.

1I. INTRODUCTION

Of the many known II-III perovskites (ABOj), omy one {LaAl{Q;) has been
found to exist in the ideal cubic phase; however, the cubic nhase exists only at ele-
vated temperatures. At room temperature, LaAlO; is rhombohedral, having a
rhombohedral angle of 60°6' referring to the primitive rhombohedral cell or 90°5

referring to the face centered rhomboheiral cell.

Because the departure of the unit cell from the cubic is so slight, it has been
hoped that such a material would provide an attractive laser host for substitutional
dopir g of trivalent ions in either the A or B sites. LaAlO; has been shown {o be an
attractive host in that fluorescence data from Cr’" doped LaAlO; is reported to be




251) - 342) mililisecoads at room temperature as compared to 3 milliseconds for

cr’*: Al,0;, while for Nd** doped LaAlO,, the lifetime of the dopant is enhanced by
2

a factor of two relative ‘o that in CaWO, and Y,0; ) .

However, LaAlO; heretofore available was unaitractive optically because of
a twinning defect. The material on which fluorescence data were obtained was
Verneuil grown. The present work was undertaken to explore whether Czochralski-
grown material suffered the same defect or whether, by virtue of reduced stresses
during growth, twinning would be avoided. In the course of tuis program it became
apparent that the structural basis for twinning needed elucidation. Hence this aspect

of the problem received attention.

Ol CRYSTALLOGRAPHIC DATA

A. Structure

Geller and Balaa) have done an extensive survey of rare-earth alumi-
nates :nd in particular LaAlO;. They reported that LaAlO, is rhombohedral belong-
ing to the space group R3m and having unit cell dimensions of a = 5. 3574 o= 60°6
at room temperature. The above symbols mean that the unit cell has a 3 fold inver-
sion axis along the body diagonal and a mirror plane paralle! to this axis as symmetry

elements.

The Al** occupy the eight corners of the rhombohedron and its center
(Figure 1). In addition to being on the 3 fold axis, they occupy the inversicn center
of the unit cell. The La**, however, do not occupy an inversion center, but are ap-

proximately 0. 01} froam it along the body diagonai, as indicated by arrows in Figure 1.

[}
) F. Forrat, R. Jansen and P. Trevoux, Comptes Rendus Acad. Sci. t 256
1271 (1963).
2) Laser Materials Final Report - Korad Corporation No. AD 439901,
3)

S. Geller and V. B. Bala, Acta Cryst., 9 1019 (1956).



Derighetti, et al. 4), however, report the most probable space group
to be R3c on the basis of electron paramagnetic measurements. In this space group,
the mirror plane is replaced by a glide plane; however, the Al** positions remain the
same as in R3m. The structure would thus have equivalent La** sites and AI*" sites.
In either space group, the Al*" are the only atoms located on an inversion center and
long fluorescence lifetimes can onlv be predicted for atoms substituted on the B site.
This, in fact, seems to be the case for Cr’" ar.d not for rare-earth dopants on the A

site.

B. Phase Charnge

In addition to the room temperature data on LaAlQ;, Geller and Bala
took high temperature x-ray powder patterns of LaAlO;. Here they found a gradual
change from the rhombohedral to the cubic cell with increasing temperature. They
were unable to detect any additional change above 350°C. Woodl), however, observ-
ed a phase change at 435°C + 25°C. DTA showed no indication of a phase change im-
plying that there is no appreciable heat of transition. Such results would probably

indicate a second order transition.

Visible observations of the phase change of crvstals from 1/2-inch
to 2-inches in length in the present work showed it to be a gradual change as re-
ported by Geller and Bala; however, the rhombohedral phase could be seen ap to

512°C + 3°C. This value is 77°C above that of Celler and Bala, 65°C above that re-
ported by Granecker and Mallers)

Vinogradovae) .

and 22°C above that reported by Bondar and

C. Density

The theoretical x-ray density for LaAlO; using the cell conatants as
reported by Geller and Bala was calculated i~ this work to be 6.51 g/cc while the

9 B. Derighetti, J. E. Drumheller, F. Laves, K. A. Muller and F. Waldner,
Acta Cryst. 18 557 (1965).

%) H. Granicher and K. A. Muller, Nuova Cim., Suppl. 6 Serx. X 1216 (1957),

6)

I.A. Bondar and N. V. Vinogradova, Izr. Akad. Nauk. SSSR, Sev. Khim.
5 785 (1964).




measured density of the sclid crystal boules was found to be 6. 16 g/cc. This

agreement confirms the doubly primitive (two molecules per unit cell) rhombohkedral
unit cell chosen by Geller and Bala. Bondar and Vinogradova report a density of
5.84 g’/cc, probably applying to powder samples.

IV, EXPERIMENTAL

A, Crystal Growth

The crystal growth chamber used for pulling ruby was found to be
directly applicable to LaAlOg without change of design or materials., The chamber
provides for atmosphere control (neutral or H,-containing atmospheres were used
for LaAlC; growth) and temperature control. The crucible was charged with La,O,
powder and crystalline Al,03 (Verneuil crackle) in stoichiometric ratio. The melt-
ing point of pure LaAlO3 was read to be 2075~2080°C, uncorrected pyrometer values.
Several melts were checked for stoichiometry after having been held for 6-8 hours
abcve the melting point and were found to have maintained stoichiometry with no
detectable departure therefrom. There was no visible attack of the crucible and

no crucible contaminant was found in the frozen melt by #mission spectroscopy.

Crystals ranging from 8.5 to 43 grams and from 1/2-inch to 4-inch
length were grown. A total of five different boule axis orientations were obtained;
referred to the pseudo-cubic unit cell (transformations from cubic to rhombohedral
to hexagonal indices are given in Apvendix J) these were as follows: (111), 20°
from (111), (211), 10° from (211), and (311).

Several doped crystals were pulled in the '"10° from (211)" orienta-
tion. Two different dopants were used separately: cr** as a B site dopant and Eu’t
as an A site dopant, each introduced into the original charge as the sesquioxide.
The melting point of the Cr-doped charge was higher than that of pure LaAlO; and
increased with the Cr concentration in the range . 07-2.2 wt % Cry0;. The Eu-
doped charge (0. 1 to 1 wt % Euy0,) did not show a melting point differenc relative
to pure LaAlO;.

A AR
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The L: 9D, used initially for growth of LaAlO; was obtained from
American Potash and had a purity rating of 99. 99 and 99. 997% with respect to rare
earths (Code 528 and 529 respectively). Calcium, magnesium and silicon impuri-
ties were found to be present in concentrations of from 100 to 200 ppm each. All
crystals grown from this material were a dark yellow-brown in color. At the pre-
sent time a special grade of La,O; has been obtained which has a total non-rare
earth impurity level of about 60 ppm, the majority of this being silicon while the
calcium and magnesium total less than 15 ppm. Crystals grown with this material

are clear and colorless.

It was noted that during the initial heating of the unreacted oxides,
two characteristic "breaks' could be seen in the heating curve. The first break
occurred at about 1650° to 1660°C and was accompanied by a complete change in the
character of the charge. The material would "puff" to perhaps twice its original
volume. At about 1715°C, the exact reverse would occur, i.e., the "puffed"
material wouid collapse into a dense charge and thereafter no change was noted

until the melting point was reached.

The "puffed'" material was very plastic at that temperature and it
is believed the "puffing' is a result of a solid-solid reaction between the oxide
components of the charge. The collapse of the charge is believed due to the in-

crease in plasticity of the material with increasing temperature.

B. Crystal Quality

During the course of the first few tests, it became apparent that
the seed orientation strongly affected the overall quality of the crystal. In the
first few crystals pulled, a central defect could be seen which usually ran the
length of the crystal. This defect was then terminated at the growth interface by
a small depression. Figure 2 shows a photograph of such a depression. Examina-
tion of the figure will show that the depression is composed of many facets giving
it an overall appearance of hopper growth. These facets have been found to be the

(100) faces of the pseudo-cubic unit cell. It is believed that the central defect is a




result of an overgrowth of the "hopper' section of the growth interface.

Such defects as described above have been found on all undoped crystals

of LaAlO, that were grown along a low index direction. The crystrls which have been

grown along a high index direction did not show this defect and had few, if any, bubblss.

Such resulis as described above would suggest that growth along a high index direction
is desirable.

Another factor which strongly cffected the crvstal quality was the
type of dopant used. When Cr®* w.s placed in the melt, two things becare apparent.
First, as mentioned before, the melting point of the material was raised and more
important the crystal quality of the boule dropped coasiderably. The addition of Cr**
to the melt enhanced the faceting tenuency of LaAlO, to euch an extent that the (100)
face was formed on the growth interface even though growth was in a high index direc-
tion. This faceting again led to the formation of oriented voids and buhbles thr-ugh-
out the entire crystal. A photograph of the growth interface of a Cr* doped crystal

is shown in Figure 3.

One ¢pproach which can be taken is to grow at much slower rates,
Several attempts at slow growth rates yielded promising results and crystals of Cr**
doped LaAlQO; have been grown with cnly a few bubbles and voids; however, examina-

tion of these crystals still showed twinring to about the same extent as in t:e undoped
crystals.

Doping on the ""A" site is an entirely different matter. Good quality
Eu®* doped crystals of LaAlO; have been pulled with no evidence of facets as were
seen in the Cr’" doped samples, though both were grown off the same secd rod.
Examination of ionic sizes of En*" and Cr** as compared to La** and AI** respective-
ly shows a much better "fit" for Eu®* than for Cr®". This fit could be part of the

reason for the ease at which Eu** doped LaAlO, can be grown.

A third parameter which strongly affects crystal quality is the pulling
rate. Crystals of undoped LaAlO; have been pulled at rates from 1/16 to 1 1/2-inches
per hour. The crystals pulled at a rate of greater than 0. 60-inches per hour showed

it e i
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a slight lineage structure in the center and as the pulling rate was increased so cid
the lineage increase until a point was reached where the entire crystal becomes

opaque due to lineage. Figure 4 shows the effect of pulling rate on crystal quality.

C. Crystal Cefects in LaAlO;

Two defects exist in LaAlOy which would be detrimental to its use as
a laser ost. These defects are color centers and twinning. Both of these must be

eliminated before single crystals of LaAlO; can be used for a laser host material.

1. Color Centers

The first of these defects which must be eliminated are color
centers which give the crystal a yellow-brown color. Forrat, Jausen and Trévouxl)
veport that these color centers are due to vacancies on the La®*" site and can be re-

moved by substituting on the vacant site mono-, bi-, or trivalent ions. Furthermore,

they state that these are V color centers which impliee a positive ion vacancy-hole

combination. In addition to the La** ion vacancy, it has been found that the purity of
the starting materials strongly affects the color of the final boule. As has been found
in other crystal growth problems, e. g., Al,O3 and YAG, the presence of alkaline

earths such as calcium or magnesium greatly affects crystal clarity.

The problem then becomes one of (1) climinating the impurity
atoms which cause the discoloration of the crystal or (2) permanent '"hleaching" of
the color from the crystal. Of the two choices, the first is by far the best. As al-
ready mentioned ahove, the first objective has been accomplished by use of a 3pc~ial

grade La,0;.

"Bleaching ' of the color from the boules has also been accom-
plished by growth in a hydrogen atmosphere or by heating the boules under vacuum
to 1800°C for about 1 1/2 hours. The vacuum heated crystais, when removed, from
the furnace were colorless; however, exposure tc UV light caused them to again re-

turn to their original color.
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The hydrogen '"bleached" crystals were col ™ess as grown;
however, as in the vacuum heated case, UV light caused them to turn to the charac-
teristic yellow-brown color. Unlike the vacuum heated crystals, however, the color
was not permarent and the crystals gradually became colorless after several hours.
It wae also found that prolonged heating in air at 450°C caused both the vacuum heat-

ed and hydrngen ""bleached' to become permanently discolored. It should be pointed

out that these dark crystais were grown from Code 528 or 529 La,0;.

2. Twinning

The other major defect in LaAlQg is twinning of the crystals
which is a direct result of th. phase change from the ideal, cubic perovskite

AR S

structure to the rhombo’. \drai structure. This phase change is accompanied by a
gradual shift of t _a* ion along the body di- -»nal of the pseudo-cubic unit cell
and a shift in the opposite direction of the adjacent ""body diagonal" La’* ion. Such
shifts as described above are accompanied Ly a distortion of the cubic cell. The
rhombohedral- cubic-transformation and the direction of the La'* ion shift are
shown in Figure 1. The twins result when the initial shift of the La*" ions at
various parts of the crystal are along different, cquivalent cube body diagonals.

It should be pointed out that the twins formed have identical structures and the only

difference lies in the orientation of one part of the cryst.” —ith respect to another

part.

To determine the sets of twins present, disks of three different
orientations were cut from a boulw: (100), (11¢), (111), these indices defining the
planes parallel to the disk surface. The (1€0) disk, shown in Figure 5b, showed two
distinct sets of twin planes. These sets are at right angles to each other and are
perpendicular to the disk surface. The (110) disk, shown in Figure 5a, showed two
sets of twin planes. One set is perpendicular to the disk surface while the other set

R e T T R e e G

is inclined from the surface. A difference in the extinction angle between the two

parts of the crystal separated by the perpendicular twin plane was found to be 30 + 10 i
arc minutes. Figure 5c¢ shows the (11!) disk which has three separate sets of twin i
planes present. All these sets are inclined with respect to the disk surface, i.e. g
(111) ~lane.

hilp:




Several attempts have been nade to remove the twinning by
annealing. Although heat treatment does not remove the twinning, it does tend to
produce large areas where only one direction of twin planes are pr« sent and reduce

the twinning to some extent.

D. Spectroscopy of Doped Samples

The fluorescent spectra of both the Cr** and Eu®" doped samples of
LaAlO, were taken using an ARL Guantograph and agreed closely with that report-
ed by Korad Corporation. The cr’t doped sample of LaAlO; showed a line at 1350}
and had a line width of approximately 8} at room temperature. No low temperature

data was taken nor were lifetimes measured.

The Eu** doped sample showed four strong lines which are: 4462},
5175.&, 5930} and 61755; however no line widths were measured. As in the case of

the crt sample, no low temperature data was taken nor lifetimes measured.

E. Growth of Related Hosts

1, BiAlO;

At the start of this program, a search of the literature re-
vealed numerous references to rare-earth aluminates. It was found that all these
were of rhombohedral or lower symmetry, but as the rare-earth ionic radius in-
creased, the material tended toward the cubic phase as shown in Figure 6 which

shows the pseudo-cubic angle as a fun~tion of the ""A" ionic radius.

If the curve can be extrapolated, an ionic radius of 1. 204
of a 3 plus ion could yieid a cubic II - III perovskite at room temperature. Such
an ion is Bi*" which is reported to have an ionic radius of 1.20 in some litera-

0

ture. Furthermore a reference ' was found in which BiAlO; was reported. With

these facts in mind, an attempt was made to form BiAlO;.

N Naray-Szubo, Publ. Univ. Tech. Sc. Budapest 1 30 (1947).




One to one mole ratios of Bi;O3 and Al,0; were mixed together
and heated in a platinum crucible for 1 to 5 hours and at temperatures of from 800 to
1200°C. Examination of the frozen melt did show small hexagona. crystals, however,
these were found to be a - Al;0; only. Further attempts to produce BiAlO, gave only
the o - Al,0O3 crystals.

_2; PI‘AlO;

PrAlQ; is reported to have the same space group as LaAlOy;
however, the distortion from the cubic is slightly more, the rhombohedral angle
being 90°17' as compared to arc 90°5' for LaAlO, . The symmetry of the Al’* site
remains the same as in LaAlO;, and therefore Cr** doped PrAlO; should exhibit

the same f'uorescence characteristics as Cr®* doped LaAlO;.

Furthermore, it was reported that the rhombohedral angle
at 950°C was 90°9'1). It was thought that a way to avoid the twinning problem in
LaAlOg was to grow Cr¥t doped PralOQ; if the material melted while still in the
rhombohedral phase. This value weuld be about 1950°C. The melting point of
PrAlO, was-found to be 2050°C or very close tc the melting point of LaAlOy., The
material was much harder to grow than LaAlO; and had an emerald green colox.
whose origin was not identified, The sample that was pulled was of insufficient
optical quality to determine if twinning was present or not. Because of the diffi-
culty of growth, no additional attempts were made to grow PrAlQ;.

V. DISCUSSION

A. Color Centers

As stated before, it was found that the problem of color centers in
LaAlOj; can be linked directly to the non-rare earth impurities in the starting
material, in other words, the higher the non-rare earth impurity concentration,
the more color centers preduced. As a result of this observation, the color
center problem in LaAlO; can be eliminated by careful selection of the starting
material, giving particular attention to the concentration of calcium, magnesium

and silicon.
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If an alkaline earth impurity, either calcium or magnesium, is
chosen as the color center producing agent, two possible mechanisms can be for-
mulated to explain the experimental results. The first proposed mechanism con-
sists of the diffusion of hydrogen into the crystal lattice and the association of the
hydrogen with the lattice defect (color center). This mechanism is very similar
fo that proposed by Forrat, Jansen and Trévoux and can be represented by the

following equations using the nomenclature of Krgger and Vinks).

H, & 2Hi (i = interstitial) (1)
Hi e (H:)' +e 2)
(Ca:}faaﬂ pu (Ca";j"aﬁ)' + e+ &V color center (3)
(Call a0’ + (H)" #(Call o H) )
e’ +e 2 ground state (5)

If such a mechanism existed, heating a "hydrogen containing crystal"
would tend to drive cff the hydrogen and produce color centers. Likewise, exposure
to UV light could supply enough energy to break up the complex formed in equation (4);
however, in this c.se, the hydr .zen would be retained and could again complex with
the calcium defect. This mechanism does not explain the disappearance of the color
centers when heated in a vacuum. n fact, one would predict on the basis of the above
mechanism an increase in the number of color centers in the crystal due to the evolu-

tion of hydrogen under vacuum.

The second mechanism results n the formation of oxygen vacancies
due to the reduction of the oxygen partial pressure by the hydrogen. These vacancies
wouid then tend to produce electrons in a similar manner as did the hydrogen, The
increase in the concentration of the electrons would tend to reduce the he” . :oncen-
tration and therefore the color center concentration. This mechanism can be r.pre-

sented as follows:

1
®  F.A. Kroger and H.J. Vink, Solid State Physics 3 307 (1956).
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(Vor)* # (Ve + 267 (V = vacancy) (6)

(Ca®* 44) @ (Ca?t )t + e 2V color center (N
La® s s

e e @ ground staie (8)

In a neutral atmosphere, the following equilibrium can be thought to
exist between the solid and gas:

O A AR

2+ ' 3 - +
(La“)l_zb (Cap o) 5 (AL H (07 +26e* 2

-

3 2+ 3 -2 e, b
(La+)1-_26 (Cap 3" (AT (07) (Viyd''+ 501 (@) (@)

PO

Any reduction of the equilibrium oxygen vapor pressure in the atmos-
phere wculd tend to drive the above reactios o the right producing more oxygen

vacancies in the lattice. Such a reduction can be accomplished by either vacuum
heating or growth in a reducing (hydrogen) atmosphere. If such a sample were heat-

ed in air, a decrease in oxygen vacancies would result with a corresponding increase
in the uumber of holes.

Of the two mechanisms proposed, the second appears more likely
thar the fizat since identical results can be accomplished by the use of CO as re-
ported by Forrat et al. b Also the second mechanism appears more probable when
compared to other perovskiies such as SrTiO; which are known to have an oxygen

vacancy-oxygen partial pressure equilibrium.

B, Twinning

The other major defect found in LaAlQg which ; reatly atfected the
optical properties of the boules was the twinning which resulted from the phase

12




9, 10
» 10) has shown that crystals

transformation from cubic to rhombohedral. Buerger
connected by a high-low phase transformation possess related symmetries, i.e. the
symmetry of the low temperature form is a subgroup of the symmetry of the high
temperature form. This implies that the symmetry of one form can he derived from
that of another form by the suppression of one or more symmetry element sets in the
unit cell. Furthermore, derivative structure theory can provide a basis for the pre-
diction of the twin boundaries formed by such a phase transition and the prediction
that the suppressed symmetry element can become the symmetry element of the

twin.

For the case of LaAlO;, the high temperature form is the cubic perov-
skite form which belongs to the point group m3m, space group Pm3m, while the lcw
temperature (rhombohedral) form belongs to the point group 3m and either the space
group R3m or R3c. The International Tables for x-ray Crystallography, Vol. 111)
shows that the point group 3mis a subgroup of the point group m3m and likewise for
the space group. Thus the suppressed symmetry set which results from the phase
transformation is the set of mirror planes (m) perpendicular to the cube axes. The
mirror planes perpendicular to the face diagonals remain as does the three fold axis.
An inversion three fold axis arises due to the doubling of the original cubic unit cell
to form the rhombchedral cell. Therefore, one vould predict the twin planes to be
mirror planes (as are most twin planes) perpendicular to the (100), (010) and ©01)
directions of the original cubic unit cell. Such twins are referred to as transfo~mation
twins and result in a change of direction (approximately 70°) of the (111) axis (body
diagonal) of the irue rhombohedral cell at the twin boundary. These predictions on
the twin boundaries agree with the results observed on the (100) disk, the (110) disk
and the (111) disk as showw in Figure 5.

)}

9 M.J. Buerger, Am. Min. 30 469 (1945).
10) M. J. Buerger, J. Chem. Phys. 15 1(1947).
11)

International Tables for X-Ray Crystallography, Vol. Ip 36 (1952).
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Two other forms of twins could exist. One of these forme occurs
along the face diagonals of the cube that wre not in the same plane as the body diago-
nal. However, such a twin requires the La** ions on the twin plare (mirror plane
placed in the (110) plane) to occupy a special position on the twin plane. This form of
twinning is more disruptive to the crystal thun the transformation twin since it does
require the La*" icns to occupy their "cubic positions' on the twin plane. Since such
a position would be highly unstable, the La®* ion would tend to "flip" to one of the
other rhombohedral directions and form a (100) twin.

The third form of twinning which might occur is along the (111) face
of the cubic unit cell or the faces of the rhombohedral unit cell. This form of twin
represents a gross distortion from the original cubi. phase and can not be formed
by a simple change of direction of the La*" ion shift and therefore can only be formed
during growth of the crystal. Such a twin is called a growth twin and is shown in
Figure 7 along with the other forms of twinning discussed.

Of the three forms of twinning possible, only the transformation twin
has been found in the crystals grown.

14
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I CUBIC-RHOMBOHEDRAL-HEXAGONAL TRANSFORMATION

Because the departure of the rhombohedral unit cell is so slight when com-
pared to the cubic cell, it is easier to refer different crystal directions to the cubic
cell. The following matrix represents the transformation from the cubic to the
rhombohedral unit cell. It should be stated that this transformation applies only
for a rhombchedral angle of between 59 and 61°,

Transformation matrix Transformation equations
1 1 =
0 hR hc +4 c
1 1 0 or kR = hc + kC
0 1 1 LR = kc +4 C

where h, k, and 4 refer to the Miller indices while C and R refer to the cubic and
rhombchedral phases respectively. The inverse of the above matrix is:

/2 1/2 -1/2 hy = V2 (hp + kg - 4p)
-1/2 1/2  1/2 or ko ==1/2(hg - kp - L)
1/2 -1/2  1/2 to=1/2 (hg -k +2p)

Likewise a similar transformation exists for a rhombohedral to hexagonal
unit cell relationship. Unlike the cubic-rhombohedral transformation, this applies

to any hexagonal or rhombohedral system. The hexagonal-rhombohedral transforma-
tion matrix is given as follows:

1t -0 hy=bg -Kg

0 1 -1 or kH= %-LR

1 1 1 LH=hR+kR+{.R

where H refers to the hexagonal unit cell. The inverse of the above matrix is:

e

g
.

) P AR



/3 —1/9
2/3 1/3 1/3 hy = 1/3 (2hy + ky, + 4

R
-1/3  1/3 1/3 or kp = 1/3 (-hy +ky +4)
-1/3  -2/3 1/3 = 1/3 (-hy, - ZkH + 4D

Again a similar matrix can be found for the cubic-hexagonal transformation and is as

follows:

0 -1 1 hH -kC+LC
0 -1 or kH = hC -LC
2 2 2 LH=2(hC+kC+LC)

which is subject to the condition that the distortion is very slight. The inverse can

be given as:
1/3  2/3 1/6 ho = V6 (2h, + 4k + L)
-2/3 -1/3 1/6 or ko= 1/6 (-4, - 2k v Lp)
/2 -1/3 1/6 Lo 1/6 (2hy, - 2k + &)

i |
|




FIGURE 1

CUBIC-RHOMBOHEDRAL UNIT CELLS
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FIGURE 2
Growth Interface «f Undoped Boule (Low Index)

FIGURE 3
Grow*" Interface of Crt® Doped Boule (High Index)
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FIGURE 4
Effect of Pulling Rate on Lineage (IX)
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FIGURE 5

Twin Boundaries in Various Crystal Orieniations

a
(110) Disk showing perpendicular
and 45° twin boundaries.
Approximately 7x

b
(100) Disk showing both sets of
perpendicular twin boundaries.
Approximately 7x

c

(111) Disk showing three sets of
twin boundaries, each set 120°
from the others.

Approximately 7x
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FIGURE 7

VAFRIOUS TYPES OF TWINNING
TRANSFORMATION TWINS

(100) Twin (110) Twin
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GROWTH TWIN
(111) Twin
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The grid on the first two figures represents the original cubic unit cell, The
arrows represent the direction of the (111) axis. The circle (0) represents

a shift of the La*3 ion in the direction indicated below the plane of the paper,
the positive sign (+) a shift ahove the plane of the paper. The twin boundarics
are represented by m (mirror plancs). In the lower figure the large circle (0)
represents the La*3 jon.
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