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the ratio of the total areas under the radial microphoto- 
meter curves parallel respectively to the equatorial and 
uieridional directions. 

I t  can then be shown that to correct for chain orienta- 
tion the factor by which the value of (/(no)+ I(~00)) ob- 
tained from the perpendicular photograph must be 

multiplied is 5o [ ~ ~  ). If PPar./PPerp.isl'2 

(an unusually high value), the correction in the final 
amorphous content is only 0.2 %, and hence chain 
orientation has been ignored in this work for all samples 
in which 0.8 < Ppar./Pperp. < 1"2. 
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Domain Orientation in Polycrystalline BaTiO3 

BY @~C. DANIELSON* 

Bell Telephone Laboratories Inc., Murray Hill, New Jersey, U.S.A. 

(Received 30 August 1948) 

X-ray diffraction patterns of polycrystalline BaTiO 3 show that, below the Curie temperature, the 
c axes of some of the individual crystallites can be oriented by large electric fields into a direction 
normal to their original direction and more nearly parallel to the applied field. For a field of 
24 kV.cm. -x applied 35 ° C. below the Curie temperature about 80 ~/o of the material was oriented so 
that the c a:~is made an angle of less than 45 ° to the electric field. At temperatures considerably 
above the Curie temperature the electric field had no effect; but at temperatures just above the 
average cubic-tetragonal transition temperature, the electric field appeared to increase the number 
of non-isometric crystals. 

I. Introduction 
The ferroelectric properties of ]JaTiO 3 (Wul & Goldman, 
1945; Wainer, 1946; Jackson & Reddish, 1945; yon 
Hippel, Breckenridge, Chesley & Tisza, 1946; Wul, 
1946; Blattner, Matthias, Merz & Scherrer, 1947) 
require that  the orientation of the polar axis depend 
upon field strength, as in the case of Rochelle salt 
(Mueller, 1935) and KHg.P04 (yon Arx & Bantle; 1944; 
Zwicker & Scherrer, 1944; de Quervain, 1944) and 
such orientation has been observed directly in the 
polarizing microscope for single crystals of BaTi03 
(Kay & Rhodes, 1947; Matthias & yon Hippel, 1948). In 
the case of polycrystaltine ceramic disks of BaTi03, such 
orientation by electric fields should result in marked 
changes in the intensity of X-ray scattering from some 
crystallographic planes. I t  is the purpose of this paper 
to discuss the experimental evidence for these pre- 
dicted changes in intensity, the interpretation of these 
intensity changes in terms of domain orientation, and 

the limitations of this method for measuring preferred 

orientation in polycrystalline BaTiO 3 . 

* Now at Iowa State College, Ames, Iowa, U.S.A. 

2. Experimental 
The samples were in the form of ceramic discs 15 mm. in 
diameter and 0.12 mm. thick with a layer of silver 10 mm. 
diameter and 0.8# thick evaporated on each surface. 
The composition of the samples was 4 mol. BaTiOa to 
1 mol. SrTi0a, a mixture that  lowers the cubic-tetra- 
gonal transition temperature from 120 to 60 ° C. The 
typical plot of dielectric constant versus temperature is 
shown in Fig. 3. 

The experimental arrangement is shown in Fig. 4. 
The method of back-reflection allows one to resolve the 
pseudocubic structure, which was found to be tetra- 
gonal in confirmation of the results of ]V[egaw (1947). 
For this composition the lattice constant a 0 at 25 ° C. 
was found to be 3.9782A. and the axial ratio 

c = co/a o = 1.0045, 

assuming, for Cu Kal ,  h =  1.54050A. and, for Cr Kcq, 
h = 2-28962 A. At 48.5 ° C. the value of a 0 was noticeably 
increased and the value of c decreased as expected. At 
59.5 ° C. the structure of most crystals was cubic. 

With copper radiation the application of an electric 
field decreases conspicuously the intensity of the inner- 
most ring, due to scattering of Kc¢ 2 radiation from the 
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unresolved (431), (501) and (510) planes, and increases 
the intensity of the outer ring, due to scattering of Kaz 
radiation from the (105) planes. This is shown in Fig. 1. 
On the right side of the patterns we notice also that  the 
intensity of the spot due to Kaz (224) relative to the 
intensity of the spot due to Kaz (422) is increased by the 
electric field. With chromium radiation and no electric 
field the intensity of the Kaz (311) reflection is four times 
the intensity of the Ka~ (113) reflection, since the former 
has twice the radiation intensity and twice the multi- 
plicity. With an electric field of 24 kV. cm. -~ applied to 
the sample these two reflections become equal in in- 
tensity. 

of the field, the crystal must be twinned; that  is, it 
possesses more than a single domain. 

Let us define 7 as the angle between the electric field 
and the polar axis of a tetragonal BaTi0a crystal; and 
let 3 be the smallest angle between the electric field and 
an a axis of the same crystal. I f  the electric field should 
happen to coincide with a face diagonal [101] direction, 
7 = 3= 45°; while, if the electric field should happen to 
coincide with the body diagonal [111] direction, 
y = 3= 54 ° 44'. For values of y lying between 45 ° and 
54044 ' there is, therefore, some uncertainty as to 
whether 7 or 3 is the smaller angle. For values of 7 less 
than 45 °, however, we can be certain that  7 < 3; and, for 

0"07 5,9.5oc. 

0"06 -e'=lO,O00- r 

OO5 
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Fig.  3. Die lec t r ic  c o n s t a n t  v e r s u s  t e m p e r a t u r e  for  
4 BaTiO~ + 1 SrTiO3. 
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• Fig .  4. E x p e r i m e n t a l  a r r a n g e m e n t  for  s t u d y i n g  o r i e n t a t i o n  of  
d o m a i n s  in B a T i 0 3 .  

3. Interpretat ion 

The explanation of these changes in intensity is shown 
in Fig. 5. We see that  the (105) reflections are given by 
crystals oriented with their c axes nearly parallel to the 
X-ray beam (or electric field), while the (501) reflections 
are given by crystals oriented with their c axes nearly 
perpendicular to the x - r ay  beam. Hence the decrease 
in intensity of scattering from the (501) planes and in- 
crease in intensity of scattering from the (105) planes 
indicate that  the field has oriented some of the c axes of 
the crystalline material from a direction normal to the 
field into a direction parallel to the field. The c axis is 
thus the polar axis in these tetragonal BaTiO~ crystals. 
In cases where the same spot appears on both photo- 
graphs, but with a different intensity upon application 
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Fig.  5. l~e la t ionsh ip  b e t w e e n  X - r a y  s c a t t e r i n g  in BaTiO3 a n d  
c-axles o r i en t a t i on .  

values of y greater than 54 ° 44', we can be certain that  
7 > 3. If  7 < 45 °, E cos 7 > E cos 3, and the existing 
orientation of the polar axis will be maintained by the 
electric field E; if y > 54 ° 44', E cos y < E cos 3 and one 
of the non-polar axes may become a polar axis, if the 
electric field is large enough. The electric field thus 
tends to increase the number of crystals which have their 
c axes making an angle less than 45 ° with the electric 
field, and this orientation effect will be greatest when 
E cos 7 ~ E cos 3; that  is, when 7 is nearly 90 °. 

Our back-reflection X-ray diffraction pattern is pro- 
duced by planes whose normals make a small angle with 
the incident X-ray beam, which is parallel to the electric 
field. Hence all planes which have their normals nearly 
parallel to the c axis, such as (105), will be increased in 
intensity by the electric field; and all planes which have 
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(a) (b) 

Fig. 1. Effect  of  electric field of  50 kV.cm. -1 a t  25 ° C. upon X - r a y  scat ter ing in 4 BaTiO 3 + 1 SrTiO a. 
(a) W i t h o u t  field, (b) wi th  field. 

(a) (b) 

Fig. 2. Effect  of  electric field of 17 kV.cm. -1 a t  59.5 ° C. upon number  of  cubic crystals  in 4 BaTiOa÷ 1 SrTiO a. 
(a) W i t h o u t  field, (b) wi th  field. 

[ T o f a ~ . 9 1  
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the i r  normals  nea r ly  perpendicu la r  to  the  c axis, such as The  values of  c~, fl, ~/min., Tmax. are Shown in Table  I for 
(501), will be decreased in i n t ens i t y  by  the  electric field, t he  planes observed by  back-ref lec t ion using copper  and  

I f  T > 90°, reversal  of  the  polar  axis m a y  occur. Fo r  ch romium radia t ion .  
example ,  suppose E is in  the  (100) p lane  and  T =  150 °. The  re la t ionship  be tween  the  angles ~, fl a n d  T is 
Then  shown clear ly  b y  the  s tereographic  p ro jec t ion  in  Fig. 6, 
cos T = - cos 30 °, cos 3 = cos 60 ° and  E cos ~ < E cos 3. which  shows each crys ta l lographic  p lane  represen ted  b y  

Hence  the  polar  axis m a y  be changed in or ienta-  a po in t  and  each cone ofref lec t ion b y  a circle. T h e r a d i u s  
of each circle is fl and  the  d i sp lacement  of  i ts  center  f rom t ion  b y  90 °. After  th is  change in axes, however ,  
the  or igin is ~. The  o r ien ta t ion  angle ~, t h e n  lies be tween 

cos ), = cos 60 °, cos 3 = cos 30 ° and  again  E cos ), < E cos 3. 
The  polar  •axis m a y  thus  be  changed  in  o r i en ta t ion  b y  the  angle measured  f rom the  origin to the  neares t  po in t  
90 ° once more.  The  ne t  resul t  would  be equ iva len t  to  on the  circle and  the  angle measured  f rom the  origin to  

the  f a r thes t  po in t  on the  circle. To a first approx ima-  
180 ° r o t a t i o n  of the  polar  axis. However ,  such a reversa l  
of  the  polar  axis, which  would be expec ted  to  occur mos t  t ion,  the  f a r the r  the  circle is away  f rom the  45 ° circle the  

more  its i n t ens i t y  will be al tered--- increased i f  inside read i ly  when  ), is nea r ly  180 °, would no t  affect t he  in- 
l ike (105), decreased if  outs ide l ike (501). tensi t ies  in  our  X - r a y  powder  pa t t e rn .  

The  o r i en ta t ion  angle ~, is composed of two  par t s :  t he  
(~To) (Too) glo) , h~,k,+P.2,~ angle  a be tween  the  c axis and  the  p lane  normal ,  and  the  ~ ® h~÷~÷,~.~4 

angle fl be tween  the  p lane  no rma l  and  t he  X - r a y  beam 
• (or electric field) when  reflect ion occurs. Since the  X - r a y  
diff ract ion p a t t e r n  de te rmines  on ly  fl, the  complemen t  
of  t he  Bragg angle 0, there  is an  a m b i g u i t y  in the  
o r i en ta t ion  of  the  polar  axis b y  an  a m o u n t  a. T h a t  is, 
I f l - -~l  ~<"/~< ]f l+o:l, and  we have  an  inhe ren t  nu-  , 
mer ical  u n c e r t a i n t y  in  the  o r i en ta t ion  of  the  polar  axis 
equa l  in  m a g n i t u d e  to  a or fl, whichever  is smaller.  Fo r  
the  electric field para l le l  to  the  X - r a y  beam and  the  
m e t h o d  of  back-ref lect ion used here, fl is u sua l ly  less 
t h a n  c~. This  u n c e r t a i n t y  in  the  o r i en ta t ion  of  the  c axis 
is shown in  Fig. 5 b y  the  soUd and  do t t ed  rectangles.  

The  angles ~ and  fl m a y  be ca lcula ted  read i ly  for a n y  
p lane  i f  we first de te rmine  the  la t t ice  cons t an t  a 0 and  

the  axia l  ra t io  c = Co/ao: 

c o s a = -  h~+k~+--~ , ~co~,,,~,oj 
G ~ 0oo) (s~o) 

c ° s ~ =  sin 0 = 2-~o \ 12\'/ (-+ °"   oroo r ,  o,rojoo  oo 
I f  c = 1 + 3, where 3 is small,  and  N = h ~ +/e ~ + l 2, we have  I n  the  special  case of  ch romium r ad i a t i on  we see t h a t ,  
for c o m p u t a t i o n a l  purposes  for a lmos t  a n y  o r i en ta t ion  of  the  c axis, ref lect ion e i ther  

~ ) ~  , f rom the  (311) p lane  or f rom the  (113) p lane  (but  no t  
= N - ' / L  1 - r  3 \1 - (  both)  is possible. As men t ioned  previously ,  w i t h o u t  a C O S 0 6  

field the  in t ens i ty  of  Kaz (311 ) is four  t imes  Ka~ ( 113 ), as 
cos f l =  N t  1 - - ~  3 one expects,  b u t  wi th  a field of  24kV.  era. -1 t~hese in- 

• tensi t ies  are observed to  be a b o u t  equal.  This  means  

Table  1. Orientation ang/e~ i n 4  BaTiO a + 1 SrTiO a 

h ~ +/c ~ + l ~ Plane ~ fl 7ml~. 7~.a~. 
Copper radiation 

26 510 90 ° 9 ° 8' 80 ° 52' 90 ° 
(501)~ 9 ° (431) ) 7 8  ° 4 4 '  1 2 '  69 ° 32' 87 ° 56' 

413 54 ° 5" 9 ° 40' 44 ° 25' 63 ° 45" 
314 38 ° 27' 10 ° 4' 28 ° 23' . 48 ° 31" 
105 11 ° 21' 10 ° 34' 0 ° 47' 21 ° 55' 

24 422 66 ° 0' 18 ° 35' 47 ° 25' 84 ° 35' 
224 35 ° 24' 18 ° 58' 16 ° 26' 54 ° 22' 

Chromium radiation 
12 222 54 ° 51' 5 ° 28' 49 ° 23' 60 ° 19' 
11 311 72 ° 32' 17 ° 26' 55 ° 6' 89 ° 58' 

1 1 3  2 5  ° 2 0 '  1 7  ° 5 4 '  7 ° 2 6 '  4 3  ° 1 4 '  



G. C. D A N I E L S O N  93 

that, with an electric field applied, four times as much 
crystalline material has y between 7 ° 26' and 43 ° 14' as 
has y between 55 ° 6' and 89 ° 58'. That is, about 80 % of 
the material has the polar axis of the domains making an 
angle of less than 45 ° with the electric field. 

4. Limitations 

We have seen that this method of studying domain 
orientation does not gi#e a unique determination of the 
angle 3' owing to the inherent uncertainty a. In addi- 
tion, the angular distribution of domain orientations is 
not plotted continuously. I t  has been pointed out by 
E. A. Wood that it might be possible to overcome both 
of these limitations by the method shown in Fig. 7. The 

Incident 
Fe KO~ 

radiation 

Scattered 

(004) 

Ceramic sample 
of BaTIO) 

Photographic 
plate 

Fig. 7. Proposed method for measuring angular distribution 
of c axes in BaTiO 8. 

Noo 4, normal to (004) plane, 
P,  normal to rotating sample, 
p-----[/?--o'[, where p is angle between c axis and sample 
normal. 

/?=90--0 .  

= 2 h / a o c  for (004) 

= 2A/a 0 for (400). 

or, angle between incident beam and sample normal. 

angle ~ is reduced to zero by using iron radiation and 
comparing the intensities of the (400) and (004) re- 
flections. The angular distribution can be plotted con- 
tinuously by rotating the sample-normal through a 
known angle ¢. Since the angle p between the c axis 
and the sample-normal is [ ~ -  g [, we can measure the 
amount of crystalline material oriented at any angle p 
by an appropriate setting of ¢. In order to prevent 

spottiness due to large crystal size the sample may be 
rotated continuously about its normal P. 

This method of obtaining a continuous angular 
distribution of domain orientations has been attempted 
but with little success. The heavy background caused 
by the iron radiation exciting the titanium in the 
sample and the weak scattering by the (400) and (004) 
planes have made even estimates of intensities im- 
possible. Hence the method does not appear very 
suitable for a quantitative determination of the angular 
distribution of domain orientations in polycrystalline 
BaTi0a ceramics. 

5. Conclusion 

The method of X-ray diffraction is very useful, however, 
in the qualitative study of BaTi03 domains in poly- 
crystalline ceramics. The effect of applied electric fields 
at room temperatures in altering the orientation of the 
c axes has beefi described. The effect of increasing the 
temperature is shown in Fig. 2. At temperatures con- 
siderably above the Curie temperature the electric 
field had no effect; but at temperatures just above the 
average cubic-tetragonal transition temperature, the 
electric field appeared to increase the number of non- 
isometric crystals. 
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