
229 

Avta Cryst. (1948). 1, 229 

Preparation and Properties of Crystals of Barium Titanate, BaTiO3 

BY H. F. KAY* 

Crystallographic Laboratory, Cavendish Laboratory, Cambridge, England 

(Received, 11 May 1948) 

A technique is described for the preparation of 'single' crystals of BaTiO a . At room temperature 
the crystals are complexes of habit appropriate to cubic symmetry, but consisting of multiply- 
twinned tetragonal components with orientation very sensitive to externally applied pressure or 
electric fields. Optical and :X-ray observations have been used in a detailed study of the nature 
of the transitions occurring near 120 ° C., near 0 ° C., and near - 90 ° C. 

Introduction 

A number of workers have described researches on the 
electrical properties and structure of BaTiOa and re- 
lated materials. Among the more recent papers 
reference may be made to Harwood, Popper & Rush- 
man (1947), von Hippel, Breckenridge, Chesley & 
Tisza (1946), l~Iegaw (1946, 1947), Rushman & Strivens 
(1946), and Wul (1946). In all these investigations, 
however, the material has been in the form of a rifle- 
grained polycrystalline ceramic mass, and the only 
X-ray method applicable has been tha t  of the Debye- 
Scherrer pattern. Recently, Rhodes and the present 
author (Kay & Rhodes, 1947) succeeded in preparing 
'single' crystals of BaTiO a, and these have been sub- 
jected to detailed X-ray and optical examination. The 
present paper describes some of the more important  
facts which have emerged in the course of the in- 
vestigation. 

Production of the crystals 

Blattner, Matthias & Merz (1947) have recently pro- 
duced crystals approaching the composition BaTiOa by 
dissolving either BaO + TiO~ in a mixture of K2CO a and 
Na~COa, or BaCOa+TiO~ in BaC12, and then slowly 
cooling the solution from about 1000 ° C. This method 
was adopted in the work described here, except tha t  
in all cases the solute was BaTiO3 previously prepared 
by sintering together BaCOa + TiO~ at temperatures of 
about 1300 ° C. The optimum conditions of growth have 
not yet  been established completely, and work is con- 
tinuing, but  the following observations are of value. 

Plat inum appears to be the best container, but  it has 
recently been stated tha t  carbon is even more satis- 
factory (Matthias, 1948). Preliminary tests with 
aluminous porcelain showed no obvious signs of 
crucible corrosion at  the temperatures employed. 
Above 950 ° C. carbonate solution reacts with platinum 
and the maximum temperature should never exceed 
900 ° C. Using chloride solutions higher temperatures 
are required, but the limit is set by evaporation and 
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platinum corrosion which become serious at  1200 ° C. 
The rate of solution is quite slow, and a period of about 
20 hr. at  1150 ° C. is required to ensure the solution of 
1 part  of finely powdered BaTi08 to 4 parts, by weight, 
of BaC12; solution in carbonates at  900 ° C. is a little 
more rapid. A cooling rate of 3-4 ° C./hr. produced the 
most satisfactory crystals, whose sizes range from 0.01 
to 2.0 mm., although this size does not seem to depend 
only on the cooling rate and solution concentration of 
BaTi03. 

The process involving fusion mixture, while re- 
quiring lower temperatures, is more difficult to control 
owing to the reactive nature of the solution and the 
wide variety of phases which can be obtained under 
different conditions of temperature and solute puri ty;  
hexagonal, rhombohedral and tetragonal products have 
been obtained, all except one of which have pseudo- 
cubic symmetry.  Of these, only the tetragonal product 
shows a symmetry  change at temperatures up to 
200 ° C. 

The use of BaCI~ gives more consistent results, and 
the products always show tetragonal pseudocubic in- 
ternal symmetry  characteristic of BaTiO a made by the 
powder-sintering process. However, their habit, colour 
and twinning complexity depend on the temperature 
of formation, duration of firing process and the 
BaO :TiO~ ratio of the initial solute material. Small 
parameter differences have been observed. 

Very pure BaTiO a, 'BaTiO a' having 0.31 mol. °/o 
excess TiO~, and ' BaTiO a' having 5 reel. °/o excess TiO~ 
have been used as solute. Of these the highest puri ty 
material seems preferable for use with carbonate 
solvent, whereas 5 reel. °/o excess TiO~ gives con- 
sistently better results ff BaCL z is used, pure material 
giving darker, red to black crystals which show a 
higher degree of semi-conductivity. This suggests that  
molten BaC12 may tend to produce crystals with an 
excess of Ba over Ti, and tha t  this effect can best be 
compensated by an initial excess of TiO~, but  it is 
conceivable tha t  darkness in crystals may result, at 
least in part, from dissolved platinum (Matthias, 1948), 
an effect which may be reduced by excess of TiO~. 

I5 
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Fig. l .  15 ° oscillation p h o t o g r a p h  of  a small  cube  of  BaT iO  a. Oscil lat ion a b o u t  a cube-axis  wi th  the  incident  b e a m  parallel  to ano the r  
cube-axis  a t  the  e x t r e m i t y  o f  the  range  of  oscil lation. Subscr ip t s  to  the  indices indica te  reflexion f rom the  two  components .  
F i l te red  Cu K radiat ion.  Camera  d i ame te r  6 cm. 
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Fig. 2. High-angle  por t ion  of  zero layer- l ine pho tog raphs  of  
BaTiO3. X - r a y  b e a m  nea r ly  parallel  to  the  x cube-axis  a t  
the  e x t r e m i t y  of  a 15 ° oscil lat ion a b o u t  the  z cube-axis .  
Elect r ic  fields app l ied  a long the  y cube-ax is  (Table  1). 
Radia t ion  Cu K.  Camera  d iamete r  6 cm. 
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Fig.  3. High-angle  por t ion  of  zero layer-l ine pho tog raphs  of  
the  BaTiO3 crys ta l  ske tched  in Fig.  10(a). X - r a y  b e a m  
near ly  parallel  to  the  x cube-axis  a t  t he  e x t r e m i t y  of  a 15 ° 
osci l lat ion a b o u t  the  z cube-axis .  Crys ta l  a t  different  t em.  
pera tures .  Rad i a t i on  Cu K.  Camera  d iamete r  6 cm. 
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General characteristics 

At the temperature of formation the structure of 
BaTiO a is cubic, so that  at room temperature the habit 
of the crystals corresponds to cubic symmetry. Perfect 
cubes have been observed, other crystals also show 
{111} face development, while others show {110} faces 
in addition. The majority, however, are cubes, ortho- 
gonal prisms or plates. The colour of crystals from 
different 'melts '  varies from very light yellow, yellow, 
brownish, reddish wine, to black, and it is possible that  
the pure material is water-clear. 

At room temperature the internal symmetry is tetra- 
gonal, and all but a very small number of the crystals 
are intimately twinned, the composite showing 
'straight-extinction'. The degree of twinning is greater 
for the darker crystals and the average twin size 
correspondingly smaller. The uniaxial interference 
patterns observed in large twins indicate that  the 
material is optically negative, and if c is oriented along 
the microscope axis no birefringence is observed. This 
fact, when taken together with the X-ray data, in- 
dicates that  the material is certainly tetragonal. The 
refractive indices are high (probably ~2.3). The 
crystals are fairly hard and show no preferential 
cleavage direction. They are piezoelectric (established 
in co-operation with Dr W. A. Wooster by using the 
apparatus of Glebe and Seheibe), but simple tests for 
pyroeleetricity were inconclusive. 

In  view of the differences in colour, semi- conductivity, 
twin complexity, and probably of slight variations in 
composition, only those crystals were selected for study 
which were clearest and had the best insulating pro- 
perties, but it is to be emphasized that  no chemical 
analysis was made. 

T w i n n i n g  

A very small number of truly single crystals are 
observed, invariably in the form of very thin flakes or 
needles, usually with the tetragonal c axis parallel to 
the smallest cube-axis dimension of the crystal 
specimen. All others are twinned to varying degrees, 
and X-ray photographs of such crystals oscillated 
about any cube axis show only layer lines indicating a 
repeat distance of ~ 4.0 A. Since a = 3.9932 _+ 0.0002 A., 
and c=4.0341 +0.0003 A., this indicates that  all the 
component twins lie with c axes parallel to one of the 
cube-axes of the macrocrystal. The diffraction spots 
from such a crystal occur in groups; for example, 
reflexion 500 arising from one twin component lies 
close to 005 of another, and, since c > a, O00s < 05oo. 

In many crystals the c axes of the component twins 
lie in only two of the cube-axis directions. Fig. 1 is 
a 15 ° oscillation photograph of a small crystal of this 
type. The reflexions are indexed in the figure with 
subscripts 1 and 2 indicating the two components. I t  
can be seen that  two discrete sets of layer lines are 
discernible, indicating that  the c axes of the two com- 
ponents are oriented at an angle of 9 0 ° - 7 ,  where 

y = 35'. This angle corresponds to that  between planes 
(011) and (0Y1) of the tetragonal lattice, and is 
numerically equal to 2 tan -z a/c= 89 ° 25' or 90 ° -  35'. 
Therefore twinning occurs about the (101), (101), (011) 
or (0Y1) planes, and the angle y lies in the (100) or 
(010) planes. 

I t  will be convenient to describe the orientation of 
an individual component of a twinned crystal by the 
direction of its c axis relative to the cube axes x, y, z of 
the macrocrystal. Thus a [100] component has c parallel 
(within a few minutes) to the maeroerystal x axis. 

(o) (b) 
z 

h t  

r=o,<<-= --, r < , ,  

. J  . J  I---'l Birefringent 

Non-birefringent 

~.__1' Direct.ions of c-axes 

Fig. 4. Diagram of simply-twinned crystals of BaTi03 showing 
the twin boundaries. Short arrows indicate the c-direction 
of the individual components. (a) Cubic-shaped crystal. 
(b) Platey crystal. 

I f  a small crystal composed only of [010] and [001] 
twins (as determined by X-rays) is viewed under the 
microscope along the x axis, fine dark lines are observed 
which extend normally into the crystal as (011) planes, 
and the crystal appears uniformly birefringent (see 
Fig. 4 (a)). On viewing along the y and z axes no lines 
can be seen, but, especially in the case of smaller 
crystals, variations in birefringence colours can be seen 
with lines of equal birefringence extending parallel to 
the x axis. These lines, therefore, represent boundaries 
between adjacent [010] and [001] twins, and in Fig. 4 
the c directions of the individual twins have been 
marked by arrows which make an angle of 89 ° 25' with 
each other. This twin arrangement is verified by the 
optical appearance of many thin flakes, which, when 
viewed perpendicular to the plate surface, are often 
seen to consist of alternate birefringent and non-bire- 
fringent lamellae such as would be expected for in- 
dividuals with c directions oriented as shown by the 
arrows in Fig. 4 (b). Such flakes can be considered as 
thin sections from the (010) face of the crystal of 
Fig. 4(a). 

These crystals give X-ray reflexions apparently 
arising from two components only, although the 
number of individuals may be large. On the other 
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hand, twin boundaries (01D and (011) may both be 
present, i.e. T occurs in both positive and negative 
sense in the plane (100). This gives X-ray reflexions 
corresponding to three components, two of which are 
inclined at an angle of 1 ° 10' to each other• Such 
crystals are usually built up of blocks having (011) 
boundaries (with y positive) next to blocks having 
(0il) boundaries (with ~, negative); the boundaries 
rarely interpenetrate. 

Larger crystals usually show a more complex twin 
arrangement with c lying para]lel to all three cube 
axes, and [100], [010] and [001] twins may coexist 
along a boundary parallel to the [111] cube-direction. 
Fig. 5 shows a fairly simple crystal of this type, the 
interpretation of which is possible in view of its thin- 
ness in the x direction. In thicker crystals a detailed 
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Fig. 5. Diagram of thin crystal of BaTiOa exhibiting complex 
twinning with ~ in a positive and negative sense in both the 
(100) and (010) planes. 

interpretation becomes difficult; the twins are usually 
smaller, and the crystal often exhibits signs of greater 
strain. Even in relatively simple crystals strain effects 
are sometimes observed as curved contours of equal 
birefringence, the exact interpretation of which is not 
yet certain. 

The twin dimensions vary considerably. Small, 
simply-twinned plate-like crystals may have twins 
with dimensions in the x, y and z directions up to 
1.5, 1.5 and 0.02 mm. respectively, and in simple cubes 
the dimensions may be 0.3 × 0.3 x 0.04 ram. In more 
complex crystals they may be less by a factor of 10-20. 
Figs. 4, 5 and 6 are slightly simplified in that  they 
show adjacent [010] and [001] individuals as having 
approximately equal size. In some cases this regularity 
is observed to a marked extent, but it is more usual 
to find one orientation taking preference. For instance, 
in one locality, or perhaps even in the whole crystal, 
the [001] twins may occupy a much greater volume 

than twins having c in other directions, so that  c is 
oriented essentially along the z axis. 

Investigations by Vousden and the present author 
have revealed that  in the {110} planes many dark 
striations occur for which c is parallel on either side. 
Moreover, such striations may terminate within the 
crystal and not at its bounding surface. Using a 
microscope of magnification 100, such striations are 
invariably found to be a close pair of striations 
separated by a distance of about 0.0005 mm., a figure 
which is very frequently observed in the crystals so far 
investigated. Between each close pair is a thin sheet 
of the crystal having c oriented nearly at right angles to 
the main c direction, so that  these double striations are 
essentially a close pair of the type of twin boundaries 
already described. A discussion of finer structural 
details will be dealt with in a future publication. 

Effect o f  pressure 

Unidirectional pressure was applied along the y axis of 
well-formed crystals by means of a small screw clamp, 
and the effects produced were studied by viewing along 
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Fig. 6. Diagram showing the effect of unidirectional pressure on 
BaTiO3 crystals. (a) Simply-twinned crystal having [010] 
and [001] twins only. Pressure applied along y axis. 
(b) Single crystal with c parallel to x. Point pressure applied 
along x. 

the x axis. Fig. 6(a) shows sketches of a crystal 
initially composed only of [010] and [001] twins sub- 
jected to successively increasing pressure P. As the 
pressure increases the [001] twins (having c perpendi- 
cular to the compression) grow in volume at the 
expense of the [010] twins (having c parallel to the 
compression) by a migration of the twin boundaries in 
a direction perpendicular to their own plane. The" 
boundaries become progressively less numerous, and 
in the later stages, observation of the colour contours 
provides increasing evidence of the presence of [100] 
twins, until eventually the appearance of the whole 
crystal is that  expected from a combination of [001] 
and [100] twins only, as shown in the last sketch of 
"Fig. 6 (a). Irregular strain effects are also frequently 
observed. 

The boundary migration may be by way of a sudden 
jump, but is often quite slow, and after apphcation of 

z5-2 
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the pressure, 1 or 2 sec. may elapse before equilibrium 
is attained, while further small variations may be 
observed after some hours. Relaxation of the pressure 
tends to reverse the process, but  the crystal rarely 
returns to the original condition, and usually retains 
some [100] twins. Repeated compression and re- 
laxation causes an increase in the number and com- 
plexity of the twins, but  a small 'annealing'  effect is 
observed afterwards. 

Point pressure applied along the x axis of a perfectly 
single [100] crystal produces a birefringent cross of 
[010] and [001] twins on a dark background corre- 
sponding to the remaining [100] twins, as shown in 
Fig. 6(b). 

As the temperature of the crystal is increased it 
becomes more susceptible to applied pressures, and 
above the transition point, when the crystal is normally 
isotropic, small pressures will make it anisotropic. The 
experiments suggest tha t  unidirectional pressure will 
raise the transition temperature of a single crystal. 
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Fig. 7. Probable  lat t ice a r ray  occurring a t  a twin bounda ry  in 
BaTiO3. Cont inuous lines show c directions of uni t  cells, 
broken lines show a or b directions, and  do t ted  lines show 
sl ight ly dis tor ted near-cubic lat t ice a t  the boundary .  

These experiments show tha t  the compressibility of 
c is greater than that  of a, which is to be expected in 
view of the relative atomic density in these two 
directions. When pressure is applied along the c axis 
it presumably forces the cell into a slightly distorted 
cube of roughly the same volume, which then forms 
a new c axis in another cube axis direction offering less 
resistance. This process occurs as a twin boundary 
migrates, so tha t  the boundary itself consists of a layer 
of slightly stress-distorted cells as depicted in Fig. 7. 
Support for this suggestion is obtained from X-ray 
photographs of materials having a vast number of very 
small twins, which show anomalous scattering at 
positions on the film corresponding to diffraction from 
material with a cubic structure of the same volume as 
the tetragonal structure. 

I t  should be possible to produce single crystals from 
twinned crystals by simultaneous pressure along the 
x and y directions, especially if the crystals are at the 
same time cooled slowly through the transition tem- 
perature. Preliminary experiments were unsuccessful, 
owing probably to manipulative difficulties associated 
with the very small crystals available. 

E f f e c t  o f  e l e c t r i c  f i e l d s  

Electric fields were applied along the y direction be- 
tween opposite cube faces of well-formed crystals, and 
the effects were studied microscopically by viewing 
along the x direction. 

Application of a d.c. field encourages the preponder- 
ance of [010] twins, i.e. those having c parallel to the 
field. As in the case of compressional stress, the re- 
orientation is effected by a migration of the twin 
boundaries in a manner similar to tha t  depicted in 
Fig. 6 (a), except tha t  the relative proportion of [010] 
to [001] twins increases in this case. The effects of 
electric and compressional stresses are in opposition, 
and greater fields are required to produce the same 
degree of orientation ff the crystal is compressed 
parallel to the field direction. 

The stronger the field the more effective is the 
alining process, and, if care is taken to ensure tha t  the 
electrodes do not apply any mechanical stresses, com- 
plete saturation may be obtained in the case of small 
simply-twinned crystals, i,e. c becomes completely 
oriented in a direction parallel to the applied field and 
all boundaries disappear. The voltage required for 
saturation depends on the complexity of the specimen 
and the time of application of the field, the process 
being encouraged if the field is occasionally relaxed 
slightly. When the field is completely relaxed the 
crystal may remain perfectly single if complete 
saturation was previously achieved, but  more often 
partial relaxation of the orientation occurs, although 
the crystal never returns completely to its original 
twin configuration. A crystal composed entirely of a 
[001] component changes to [100] by the sudden 
appearance, in parts of the crystal, of diagonal twin 
boundaries which proceed to migrate in the usual way. 
In such a case, complete reorientation through 90 ° and 
saturation have been achieved with 15,000 V.cm. -1. 

Slow reversal of the field usually allows some [001] 
twins to appear, and these finally reorient in the 
opposite direction parallel to - z ,  but  reversal of the 
field applied to a completely saturated crystal may 
show no visible effect, i.e. the domains reorient through 
180 ° directly. If  the field is rapidly and repeatedly 
reversed, other twin directions invariably occur, and 
saturation cannot be achieved so readily. Increasing 
the frequency to 50 eye.see. -1 renders the crystal much 
more opaque, owing to the decrease in domain size and 
the increase of relative proportion of boundary 
material. The boundaries are seen to be in a state of 
violent agitation, and stresses involved with high 
voltages often crack the crystal in an irregular way 
which does not obviously conform to single crystallo- 
graphic directions. 

As the temperature is raised the orientation becomes 
more sensitive to applied electric stress, but  the crystal 
rapidly becomes semi-conducting and stable d.c. con- 
ditions of field are difficult to obtain. Jus t  above ~he 
transition temperature a d.c. field will produce strong 
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birefringence in the crystal, indicating that  the field 
may force the crystal back to the polar state with c 
oriented along the field. The application of a strong 
field may therefore be expected to raise the transition 
temperature. 

X-ray photographs were taken of small (~  0.4 mm.) 
crystals which were subjected to electric stress. 
Opposite cube faces were silvered and the crystal was 
supported by two thin copper wires mounted on the 
goniometer head of a standard single-crystal camera. 
The crystal was oscillated 15 ° about the z axis with the 
X-ray beam nearly parallel to the x axis at the ex- 
tremity of the oscillation. This gave high-angle groups 
{500} and {510} with Cu K radiation. Only the zero 
layer line was recorded so as to allow multiple ex- 
posures on the same piece of film. Fig. 2 shows the 
high-angle portion of a series of such photographs, and 
Table 1 indicates the field applied during successive 
exposures. 

Table 1. Electric fields corresponding to the 
photographs of Fig. 2 

Exposure Field in V.cm. -1 Time sequence 
1 0 
2 3,000 d.c. 
3 6,000 d.c. 
4 12,000 d.c. 
5 15,000 d.c. 
6 -- 15,000 d.c. 
7 0 15 min. after (6) 
8 0 40 min. after (6) 
9 3,000 50 eye.see. -1 a.c. 

10 6,000 50 eye.see. -1 a.e. 
11 7,500 50 eye.see. -~ a.c. 
12 0 
13 16,500 d.c. 
14 16,500 d.c. 15 min. after (13) 
15 16,500 d.c. 11 hr. after (13) 
16 0 15 min. after (15) 
17 0 1 hr. after (16) 
18 0 24 hr. after (17) 

Although the crystal contained all twin orientations, 
the (100) face exposed to the X-rays fortuitously con- 
tained only [100] twins having c parallel to the incident 
radiation, and other twins below the surface did not 
contribute reflexions because of the heavy absorption 
(tt-- 1540 cm.-1). Only reflexions 005 and 105 are there- 
fore recorded in exposure (1). 

Application of 3000 V.cm. -1 produces a small [010] 
component (with c parallel to the field) as shown in 
exposure (2) by the appearance of a faint 501 reflexion. 
Exposures (3), (4) and (5) show increasing proportions 
of [010] components as the field is increased to 6000, 
12,000 and 15,000 V.cm. -1 respectively. Parameter 
measurements are not of high absolute accuracy, but 
measurement of the films shows with certainty that  
c/a increases with increasing d.c. field, as can be seen 
by the increasing separation of reflexions 105 and 501 
of exposures (2)-(5). This variation of c/a results 
primarily from an extension of the c-parameter while 
the a-parameter remains sensibly constant, and is 
further demonstrated in exposure (6) in which the 

reversal of the maximum applied field causes a large 
spread of the 105 reflexion while the 501 reflexion 
remains sharp. The cell volume, therefore, increases 
when a field is applied, a fact which must be inter- 
preted as an electrostriction effect, and a block of 
BaTi03 will expand in the direction of an applied field 
owing both to the reorienting of twins with c along the 
field, and to the increase of c/a. 

When the voltage is reduced to zero, relaxation of the 
crystal is very slow provided it is kept in a closed 
electrical circuit. Exposures (7) and (8) were taken 
15 and 40 min. respectively after removal of the field, 
and exposures (16), (17) and (18) are further examples 
taken 15 min., 1 hr. and 24 hr. after the field had been 
removed. On the other hand, relaxation proceeds as 
far as it ever will within the 15 min. of the first exposure 
if the crystal circuit is 'broken'.  The analogy to a 
'keeper'  in the ferromagnetic case is evident. Ex- 
posures (13), (14) and (15) taken after a fixed d.c. field 
had been applied for 15 min., 30 min. and 11 hr. show 
a sharpening of the 105 reflexion, indicating a gradual 
attainment of equilibrium. 

The effect of applying 50 eye.see. -1 a.c. voltages of 
3000, 6000 and 7500 V.em. -1 is seen in exposures (9), 
(10) and (11), and greater a.c. fields aline a greater 
proportion of the twins parallel to the field. The 
average c/a value is less than for corresponding d.c. 
voltages, and the crystal rapidly settles down to an 
equilibrium condition which does not vary with the 
time of application of the field. 

These experiments show that  individual twins are 
ferro-electric domains having an electric dipole parallel 
to the c axis. I t  may be that  each individual twin is 
composed of smaller sub-units with c axes in anti- 
parallel orientation, a condition which would not be 
observable by X-ray or optical methods, but this 
seems unlikely. 

Effect  o f  temperature  

The effect of temperature changes on the crystals was 
investigated by both optical and X-ray methods. 

The transition near 120 ° C. 

In order to ensure uniform temperature in the 
optical observations crystals were placed in a massive, 
well-lagged copper chamber having small glass aper- 
tures to transmit light. This was placed on the micro- 
scope table together with a small heating stage. 

I t  was found that  as a crystal is slowly heated the 
birefringence decreases, and very near to the transition 
temperature the twin boundaries often become slightly 
curved, i.e. they no longer conform exactly to simple 
crystallographic directions. At this same temperature 
some of the boundaries begin to migrate irregularly 
through the crystal. As the symmetry transition takes 
place, parts of the crystal become optically isotropic, 
the proportion of isotropic material increasing until the 
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transition is complete. On cooling, the crystal returns 
to a composite of tetragonal twins whose arrangement 
usually varies after each cycle; the more rapid the 
cooling, in general, the greater the complexity. There 
is no fracture or obvious reduction in the crystal 
strength, however often the cycle is repeated. 

After repeated cycles, performed very slowly, the 
twinning becomes less complex, i.e. the average number 
of twins decreases, and the average volume of each twin 
component increases. There is, therefore, an annealing 
effect ff the transition is continually repeated, but  slow 
cooling by itseff has rarely produced truly single tetra- 
gonal crystals. This is probably due to strain centres 
resulting from local lattice imperfections characteristic 
of each individual crystal. 

For X-ray photographs at  different temperatures it 
was considered essential to use a crystal with minimum 
twin complexity. The specimen was a thin flake of 
dimensions parallel to x, y and z of 0.02, 0.28 and 
0.8 mm. respectively, composed essentially of a perfect 
[100] single crystal except for three [001] twin lamellae 
extending across the plate in the y direction (Fig. 10 (a)). 
The crystal, and thermocouple placed 2 ram. from it, 
were surrounded by a small cylindrical heater, with 
temperature control of the thermocouple to + 0.1 ° C. 
Further  details of this and other apparatus used in 
these researches are to be found elsewhere (Kay, 1947). 
The crystal was oscillated about z, with the beam 
nearly parallel to the x or y axis at  the extremity of 
the oscillation, thus giving reflexions 005, 500, 105 and 
510 at  high angles with Cu K radiation. 

A series of seventy-eight photographs was taken at  
temperatures from 18 to 200 ° C. A multiple-exposure 
technique was employed giving only the zero layer 
line, and a photograph at  room temperature was taken 
on each film to provide a standard of known para- 
meter. Fig. 3 shows a series including the transition 
for both increasing and decreasing temperatures. The 
high-angle group of reflexions 105 and 510 is sketched 
in Fig. 8 with a common O abscissa in order to clarify 
the discussion. 

The crystal was principally composed of the [100] 
component, so tha t  the high-angle reflexions are 105 
and 005, as seen in the exposure at  90.6 ° C. A very 
faint 510 reflexion can be observed from the small [001] 
twins. At 110.6 ° C., 0z05 has increased, i.e. c has de- 
creased. At 111.2 ° C., c has again decreased very 
slightly, but  a faint satellite has appeared above it 
with a higher O value. This is the 150 reflexion from 
cubic material; the faint tetragonal 510 reflexion is 
seen to occur with 0510 slightly greater than 0z5 o. This 
is not easily visible in Fig. 3, but  ample evidence has 
been obtained of the occurrence of tetragonal 105 and 
510 reflexions together with the cubic 150 reflexion. 
At 113.2 and 114.4 ° C. the reflexions 105 and 150 
remain at  the same angle 8, but  a greater proportion 
of cubic material is indicated by the increase in relative 
intensity of reflexion 150. At 116.1 o C. the transition 

is complete, only reflexion 150 is present, and this is the 
case up to 117.8 ° C. and higher temperatures. 

I f  the temperature is reduced to 114.4 ° C. about 
20 % of the volume has reverted to the tetragonal 
phase, as is seen from the relative intensity of 105 and 
150 reflexions. At 113.1 ° C. about 50 % is tetragonal, 
compared w i th  95% tetragonal at  this same tem- 
perature on heating; this demonstrates the pheno- 
menon of temperature hysteresis. At 112.2 ° C. the 
transition is complete, and at  20 ° C. the crystal again 
consists largely of the [100] component, but  the doubled 
510 reflexion indicates a slightly different distribution 
of twin orientation in tha t  the angle ~ occurs in both 
a positive and negative sense in the plane (010). 
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@ im @ 
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Tetragonal Cnbic Tetragonal 

Fig. 8. Sketches of the high-angle group of reflexions occurring 
in the series of photographs shown in Fig. 3 reduced to a 
common ~ abscissa. Reflexions of different inclines are 
shown differently shaded. Faint reflexions are not bounded. 
Arrows indicate rising or falling temperatures. 

I t  is impossible to differentiate between 510 and 501 
tetragonal reflexions because of their small difference 
in spacing, so tha t  the occurrence of small amounts of 
[010] twins a t  some stage of the transition cannot be 
completely excluded. The changes in distribution of 
intensity perpendicular to the layer-line indicate the 
bodily reorientation of small units of the crystal at  the 
transition. 

All photographs reveal tha t  there is a minimum 
separation of tetragonal 105 and cubic 150 reflexions, 
and also of tetragonal 510 and cubic 150 reflexions. 
This indicates a discontinuity of c/a with temperature,  
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i.e. the transition is effected by  a change in the relative 
proportion of two different phases within the same 
crystal, rather than by a continuous and gradual 
approach of the tetragonal a and c parameters to a 
common cubic parameter. At the transition the tetra- 
gonal parameters are a-4.0051_+0.0008A.,  and 
c--4.0206_+0.0007A., and the cubic parameter is 
a = 4.0096 _+ 0.0002 A. The minimum value of c/a 4= 1 is 
1.0039 _+ 0.0002. There is no change in volume of the 
two phases within the experimental error of _+ 0.1 (A.8), 
but  more accurate measurements are intended. Fig. 9 
shows the parameter values plotted against tem- 
perature, and the accuracy throughout is of the same 
order as tha t  quoted above. The temperature scale has 
been adjusted to make the transition temperature con- 
form with the results of the more accurate optical 
measurements, and it should be noted tha t  this is 
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Fig. 9. Relation between cell parameters and temperature for 
a single crystal of BaTiOa. The cube root of the cell volume 
is shown for the tetragonal phase. The tetragonal and cubic 
phases coexist in the shaded region. 

lower than  tha t  usually stated for powder materials, 
a consequence which may result either from small 
compositional differences or from the intense strain 
effects inherent in polycrystalline aggregates produced 
by the powder-sintering process. 

Comparison, by eye, of the intensities of the tetra- 
gonal 105 and 005 reflexions (below the transition) 
with the cubic 150 and 050 reflexions (above the tran- 
sition) gives no indication of a change in atomic co- 
ordinates between the two phases, although such re- 
flexions would be most susceptible to any change of 
atomic co-ordinates along the c axis. 

This same crystal was attached directly to a thermo- 
couple within the microscope heating chamber, and 
when viewed along the x axis had the appearance 
shown in Fig. 10(a). When heated slowly the bire- 
fringence gradually decreased owing to the reduction 
in the value of c/a, and this became particularly notice- 
able above 65 ° C. The twin boundaries became less 
distinct at 100 ° C., and at  108 ° C. the [001] twins 
decreased in size, their contours becoming rounded. 

At the same temperature other irregularly shaped 
slightly birefringent patches having straight extinction 
appeared in the main [100] component (Fig. 10(b)). 
The boundaries of these regions were diffuse and only 
rarely coincided exactly with any simple crystallo- 
graphic direction. These patches migrated irregularly 
over the crystal as the temperature increased (Fig. 
10(c)), becoming smaller and fainter, and eventually 
disappeared leaving the crystal completely isotropic at  
117"4 ° C. (Fig. 10(d) and (e)). 
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Fig. 10. Appearance between crossed nicols in a thin flake of 
BaTiO a at different temperatures. 

An unambiguous interpretation of these phenomena 
is at  present impossible, but  it is probable that  the 
following explanation is correct in general outline. The 
[001] twins transform early in the process, since their 
a directions are parallel to the thinnest dimension of 
the plate and so are able to expand as the transition 
temperature is approached, and no restriction is placed 
on the associated contraction of c. On the other hand, 
the large [100] twins have both a and b in the plane of 
the plate and the necessity for their expansion opposes 
the transition. The migrating birefringent patches occur 
when the two phases coexist. The discontinuous tran- 
sition from tetragonal to cubic symmetry  of any small 
region of the large [100] component will necessitate 
a local expansion of this area, since the plane of the 
plate includes the expanding a and b cell dimensions. 
This will result in stresses restricting the transition of 
neighbouring portions of the [100] tetragonal corn- 
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ponent, thus explaining the temperature range of the 
transition, and will result also in the reorientation of 
small regions of tetragonal material in such localities as 
might tend to relieve the stresses involved. This local 
reorientation from [100] to [010] and [001] directions 
produces birefringent patches wi th '  straight '  extinction 
which disappear as they in turn  become cubic and the 
transition proceeds from the area. The X-ray photo- 
graphs show a slight increase in the relative proportion 
of components other than [100] at temperatures within 
the transition range. 

The coexistence of two phases, for which there is no 
common lattice parameter, cannot be quite analogous 
to the coexistence of two orientations of the same phase 
in which the boundary is composed of slightly curved 
lattice rows, each row having the same distortion as 
the boundary is traversed. The tetragonal-cubic 
boundary must be composed either of a series of 'dis- 
locations' or ' faul ts '  occurring on an average at  least 
once in a. thousand unit cells 

(acubic/(aeubl c -- atetragonal ) ---- 1081), 

i.e. about every 4 x 10 -5 cm., or the boundary must be 
composed of continuous unfaulted lattice rows having 
strains which vary considerably from point to point 
of the boundary. In  either event the observed differ- 
ences and irregularity of the transition might be ex- 
pected, together with the obvious extreme suscepti- 
bility to crystal flaws and strain centres. 

I f  the temperature is reduced from above the tran- 
sition, the phenomena are not exactly reversed. No 
analogous strain patches are observed to migrate over 
the crystal, and the transition occurs in sudden jumps 
in which relatively large areas suddenly become tetra- 
gonal (Fig. 10 (f)). This is explicable when it is remem- 
bered tha t  whereas both cubic-tetragonal and tetra- 
gonal-cubic transitions produce anisotropic stresses in 
the surrounding lattice, thus favouring some symmetry 
other than cubic, only in the case of decreasing tem- 
perature is the stable phase anisotropie, and in this 
case temperature change and strain effects will tend to 
co-operate and produce the anisotropic phase. The 
temperature range of transition might therefore be 
expected to be less in the case of falling temperature, 
as is found to be the case. 

The transition to the original (or very nearly the 
original) twin arrangement is complete at  109.8 ° C. 
after about three jumps, but  the small [001] twins 
always persist for no apparent reason. This in- 
dicates the probable existence of local strain centres 
characteristic of this crystal, perhaps arising from the 
circumstances of the formation of the crystal from 
solution. 

Summarizing the results of these experiments, we 
may  say tha t  for rising temperature the temperature 
range of transition is 109.6 to 117.5 ° C., while for 
falling temperature it is 114-8 to 109.8 ° C. The mean 
transition temperature is thus 112.9 ° C., and the tem- 

perature ranges are 7.9 and 5.0 ° C. for rising and falling 
temperatures respectively. The magnitude of the 
temperature hysteresis of the all-cubic condition is 
2'7 ° C. (=117 .5 -114 .6  ° C.), whereas there is no 
appreciable hysteresis for the all-tetragonal condition 
(109"8-109"6 ° C.). This difference may well be due 
to the strain associated with the twin boundaries in 
the low-temperature state. 

Low-temperature changes 
On cooling the specimen below room temperature, 

by dripping liquid air on to the thermal lagging of the 
specimen chamber, another crystal change was seen to 
occur in the range - 8 . 0  to - 9 . 8  ° C. (=1.8  ° C.) for 
decreasing temperature, and in the range 0.6 to 0.8 ° C. 
(=  0"2 ° C.) for increasing temperature. The mean tran- 
sition temperature is - 4 . 1  ° C., and the mid-points of 
the temperature ranges of the transition have a 
hysteresis of 9.6 ° C. 

]?or both rising and falling temperature the tran- 
sition occurs very suddenly in jerks, in which small 
areas of the crystal change their optical appearance 
radically. For decreasing temperature, areas of the 
[100] component (which appear isotropic) suddenly 
become strongly and non-uniformly birefringent. Such 
areas are characterized by a criss-cross array of fine- 
scale dark boundary lines which suggest very small 
twins (N0.0005 ram.) of the type [001] adjacent to 
[010] (]0"ig. 10 (9)). When the whole crystal has trans- 
formed, further cooling increases the birefringence. On 
heating, the phenomena are exactly reversed, but  at  
-4"0  ° C. the fine-scale boundaries become unstable 
and begin to move bodily in directions normal to their 
own plane. This is probably a slight annealing effect. 
The transition proper then commences at  0.6 ° C. 

I t  is very probable that  a further discontinuous 
change in cell parameters occurs at these temperatures, 
and the cell symmetry may no longer be tetragonal, for 
present evidence suggests tha t  the material is biaxial. 
The large separation of the transition ranges for rising 
and falling temperatures, and the small transition 
range in each case, indicate tha t  the change is much 
smaller than tha t  occurring at 113 ° C., while the 
narrower range for increasing temperature suggests 
tha t  the distortion from isotropy is greater above the 
transition than it is below, i.e. the unit cell probably 
becomes more nearly cubic as the temperature is 
reduced through the transition, and then the distortion 
probably increases as shown by the increasing bire- 
fringence. 

At even lower temperatures a further transition 
occurs in the range - 9 2  to - 8 9  ° C. (+ 0.5 ° C.), which 
has been measured for rising temperature only. As in 
the previous two cases, two phases coexist in the 
crystal and the transition is jerky and occurs in blocks 
as indicated in Fig. 10 (h). Above - 8 9  ° C. the crystal 
shows bright birefringence colours with closely spaced 
diagonal boundaries, and with the extinction direction 
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parallel to the cube edges as in all cases discussed so 
far. The phase in equilibrium below - 9 2  ° C., however, 
shows no signs of twin boundaries, and the bi- 
refringence colours have disappeared leaving a rather 
opaque, brownish yellow crystal which shows ex- 
tinction inclined at  45 ° to its previous direction. The 
crystal remains in this condition down to the lowest 
observed temperature of - 1 8 3  ° C. 

X-ray photographs taken at  - 1 8 3  ° C. with this 
crystal oscillated about the z axis show the same 
general pseudocubic diffraction array as tha t  which 
occurs at room temperature, but  the spots are ex- 
tremely diffuse and are elongated particularly along 
the layer-lines. This diffuseness cannot be explained 
in terms of temperature variations, and must result 
from large strains which occur particularly in the 
cube-axis directions. I t  is impossible to determine 
whether the symmetry  is really tetragonal or other- 
wise, but  if it is tetragonal, then c/a= 1-002_+ 0.001 
with a = 3"990 _+ 0.002 A. 

These detailed observations at various temperatures 
were made on a thin crystal flake composed almost 
entirely of a single [100] domain. Thicker crystals 
cannot be studied in such detail owing to the overlap 
of twins and the complicating factor of the existence 
of more than two twin orientations which tend to 
make the transition more diffuse and strained in 
character .  Furthermore, although identical pheno- 
mena have been observed in similar crystals, others 
show more complex characteristics. For instance, 
many crystals show gradual and very diffuse tran- 
sitions for both increasing and decreasing temperatures, 
but  the evidence suggests tha t  in such cases dissolved 
impurities cause such a large number of lattice strain 
centres that  local' supercooling' and '  hysteresis'  effects 
become impossible. In addition, each crystal shows 

features which depend on its own characteristic array 
of imperfections laid down during formation from 
solution. Further  investigation of a large number of 
crystals is in progress, and it seems probable tha t  a 
complete interpretation will be arrived at  only by 
a s tudy of the properties of the single domain. 

Fuller details of the research into the production and 
properties of BaTi03 and related compounds, together 
with a more comprehensive survey of the literature, 
are to be found elsewhere (Kay, 1945, 1947). 

The author is indebted to Mr R. G. Rhodes for 
assistance in the preparation of BaTi03 crystals, to 
Sir Lawrence Bragg and Dr W. H. Taylor for the 
provision of facilities for the research and for helpful 
advice, and to the Department  of Scientific and 
Industrial Research for financial assistance. 
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