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An X-Ray Diffraction Study of Barium Titanate#

by

H.T.Evans, Jr.

Laboratory for Insulation Research
Massachusetts Institute of Technology
Cambridge, Massachusetts

and

Philips Laboratories, Inc.
Irvington-on-Hudson, New York

Abstract: An X-ray diffraction investigation was carried out in an attempt to
determine in detail the atomic positions and temperature motions in
the crystal structure of the tetragonal ferroelectric form of barium
titanate. The basic experimental data used in the analysis con-
sisted of the integrated intensities of 99 Bragg reflections of the type
(hk0). The intensities were carefully measured by means of a scan-
ning technique using a Geiger counter assembly especially designed
for this study, a small (0.1 mm) untwinned single crystal, and MoKa
radiation. The intensities were corrected for absorption and second-
ary extinction effects determined by special techniques worked out for
this particular crystal.

The search for a structure which will adequately account for
these data was carried out by the rnethods of trial and error and
least-squares analysis, A model was finally defined in terms of 3 ‘
‘structure and 9 anisotropic temperature parameters. It was found
that in the general intensity function for all reflections there is an
interaction between the structure parameter of an atom (displacement
along the tetragonal axis) and the temperature motion of the atom in
this direction. Therefore, in order to determine the value of one from
the observed intensity data, it is necessary to assume a fixed value for
the other. Consequently, within a rather wide range, it is not possible
to determine uniquely the structure of tetragonal barium titanate.

Certain temperature parameters do not interact with other para-

meters, and these are uniquely determined, From these, reasonable

#A considerable portion of the work described here has been reported
in Technical Reports Nos. 39 and 54, Philips Laboratories, Inc,

*#Present address: U.S. Geological Survey, Washington, D.,C.
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values have been assigned'to the other temperature motions, and the
structure consistent with these assumptions determined. The reli-
ability factor R for this structure is 0.0367, These results are
compared with thoser published by other workers.

1. Introauction

Barium titanate (BaTiO3) is one of a large family of compounds having
the perovskit'e’ (Ca’I‘iOs) structure, or a close approximation to it. The ideal
cubic structure, realized by Bé.TiO‘3 above 120°C, is very simple and is il-
lustrated in Fig.lb. Most compounds of the perovskite type actually have
slight distortions of this ideal, highly symmetrical structure, and barium titanate,
in particular, becomes ;;olar below 120°C. At this point Ba'l‘io3 showe most un-
usual dielectric properties (dielectric constants as high as 20,000 have been
measured), and becomes piezo- and ferroelectric. Because of its simple
structure, and convenient chemical and unusual physical properties, barium
titanate has been subjected in the last eight years to intensive theoretical and
experimental investigation in many laboratories throughout the world as an out-
standing proBlem in solid state.physics.l) |

It has been commonly stated that the polar properties arise from a
slight displacement of the titanium atom from its symmetrica.l' position in
the center of any oxygen octahedron toward one of the oxygen atoms (in the
direction of a cube axis). Actually, all atoms may be displaced, and a theo-
retical understanding of the properties of BaTiO, must depend on an exact know-
ledge of these displacements. At first glance it appears that the methods of
X-ray diffraction should readily yield this information, but many unexpected dif-

ficulties and special features of the diffraction problem have delayed the appear-

1) A,R.vonHippel, "Ferroelectricity, Domain Structure and Phase Transitions
in Barium Titanate,' Technical Report No. 23, Laboratory for Insulation
Research, March, 1950,
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ance of, and qualified, the desired results.

2. Phases and Structure of Barium Titanate

Two polymorphs of barium titanate are well known, one hexagonal and
one cubic or pseudocubic. According to Burbank and Eva.nsz) these struc-
tures are both based on close-packed barium and oxygen ions, which are
practically the same size but having different stacking sequences (Figs,la and
1b). The titanium ions are found in octahedral oxygen interstices between
close-packed layers. In the cubic form, the close-packing is cubic, and the
TiO6 octahedrar are linked by corners in straight rows throughout the structure,
unlike the hexagonal form where the titanium distribution is more complex.
The cubic form therefore presents the possibility of a uniform interaction be-
tween Ti-O dipoles through the structure, producing various polar deformations
of the cubic structure at various temﬁeratures.

In the perovskite type of barium titanate, four phases are known, well
established by optical and X-ray measurements,3’ 4) and are'defineds) as fol-
lows: |

1. Cﬁbic; space gro@p 011\ = Pm3m; a = 3.9860.2
Cell contents: IBaTi.O3
‘Bain(a), 0, 0, 0
Tiin (b), 1/2, 1/2, 1/2.
30in(c), 1/2, 1/2, 03 1/2, 0, 1/23 0, 1/2, 1/2

No parameters; stable above 120°C.

2) R.D.Burbank and H.T.Evans, Jr., Acta Cryst. 1, 330(i9;8).
3) P.W.Forsbergh, Jr., Phys,Rev, 76, 1187(1949).

4) R.G.Rhodes, Acta Cryst. 2, 417(1949).

5) Terminology according to the ''Internationale Tabellen zur Bestimmung von
Kristalstrukturen,' Berlin, Gebruder Borntraeger, 1935.
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II. Tetragonal; space group Civ = P4mm;' a = 3.9860, ¢, = 4.02592.
Cell contents? BaTiC)3
Ba in (a), 0, 0, 0 (Origin)
Tiin (b), 1/2, 1/2, (1/2 + 2.p))
Olin (b), 1/2, 1/2, zy,
-2 OlIl in (c),~0, 1/2, (1/2 + zop)t 1/20 0. (/2 + 2017
Three parameters; stable between 120° and —5°C.
III. Orthorhombic; space group C;_: = Amm; at 4°C, a = 4,0185,
b = 3.9860, ¢ - 4.01628 . - |

Cell contents: ZBaTiO3

2 Ba in (a) 0, 0, 0 (Origin); 0, 1/2, 1/2 |
2 Tiin(b), 1/2, 0,(1/2 + 21,03 1/2, 1/2, 2,

2 Ol in (a), 0, 0,(1/2 + zqp)i 0, 1/2, 2o

4 Ollin (e), 1/2,(1/4 + yqyu)s (1/4 + z5p)i 1/2,(3/4 + 25k
1/2,(3/4 = yqon) (1/4 + 25103 1/2,(1/4 =y,
(3/4 + zOII)
Four parameters; stable between —5° ahd —90°c,
1IV. Rhombohedral; space group Cgv = R3m;} a = 4.0352;

a=90° 19
Hexagonal cell contents: 3Bza.'I‘i.O3 |
3 Ba in (a), 0, 0, O (Origin); 1/3, 2/3, 1/3; 2/3, 1/3, 2/3
3 Tiin(a), 0, 0, (1/2 + zp,)i 1/3, 2/3,(5/6 + 2o i
2/3, 1/3,(1/6 + z,) !
9 O in (b), 5/6+x 1/6—x) 2 ; 1/6+x 5/‘6-x, :l
(1/3+z 1/2+x 1/3—x 2/3+z;5/6+x |
(2/3+xo,zo: 1/6+x), 1/3+x 1/3+z);

(1/2+x°), X, (2/3 tz) 1/3—x 1/6—x), 2




-

(2/3 =% ), (5/6-x), (1/3 +2) =, (1/3—x),
(2/3 + z) '

Three parametersj stable below -90°C.

€ L 1 O ok B ed . a b

All these structures are based on the familiar perovskite type, with

Y T mrem e mreem e

the pseudocube edge always close to 4K. The exact variations of cell dimen-
sions of all the phases have been accurately measured by Mega'wkb) and Rhodea.n
The attempt to determine exactly the three im_rameters of the tetragonal phase

) II (at room temperature) is described in the following sections.

3., The Tetragonai Structure Factors

LTI RIS STVRAS ) TN D i At L sura ity SR A M 04 P2

While the parameters Zpir Zy and Zopp 28 described above for the

o
tetragonal phase are small, they are appreciable (of the order of 0.1A), and

~NEh { 1 PALPLERTYT TR ¢ -

i’ one would believe at first that the ordinarily sensitiv /stal-structure methods
| would measure them in a straight-forward manner. ’l‘he inténsities of the”dif-

, fracted beams, which constitute our ultimate experimehtal data, are a func-

tion of the square of the structure factors F which express the manner in 7
which X rays scattered by the individual atoms are combined into the beams

scattered by the crystal as a whole,
-Z'Gri(hxj + kyj + [zj)
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N w0

1)

™ > fj cos 2~rr(hx.j + kyj + [zj) +1 Z fj sin Zw(hxj + kyj + .4 zj) (1)

J j
szjajﬂ %fjbj. ,

in which h, k and £ are the order numbers of the diffracting plane in the three-
h
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dimensional grating of the crystal} xj, Yj and zj are the co-ordinates of the jt

TN 1T PN S PRI S N

atom in fractions of the unit-cell edgesj and fJ. is the scattering power of the jth

6) H,D,Megaw, Proc.Phys.Soc, 58, 133(1946).
7) R.G.Rhodes, Acta Cryst. 4, 105(1951).
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“atom for the particular reiv'lectiorn (hkf) (a function of the Bragg angle 2 8).

The summation is taken over all the j atoms in the unit cell. The cubic unit

cell above 120°C contains five atoms with the co-ordinates:

X

il
0

1/2
1/2
0

1/2

GZL | ,;1. - i

1/2 1/2

1/2 0
1/2 " 1/2
0 1/2

If these co-ordinates are substituted in Eq.(1), the bj terms vanish

and F is determined as shown in Table 1, according as h and £ are odd or

even, respectively.

Table 1

Structure Factors for (h0£ ) Reflections For Cubic Barium Titanate

h odd h even
£ odd fpa *ir = o faa = f71 — fo
£ even fpa = f1i = fo fpa * fpy * 35

lowing co-ordinates:

)8

o1l

X,
-3
0

We now consider only reflections with k' = 0, since these are the only ones
measurable in this study (cf. Section 4).

In the tetragonal crystal, the unit cell contains five atoms with the fol-

7y -

0 0

1/2 1/2 + 2y

1/2 Zo1

1/2 1/2 + Zoq1
0 1/2 + =

- -




The new 2, co-ordinates modify the structure factors in Table 1 according to

Eq.(l), by multiplying the ij terms by cos wazj and adding an imaginary com-

Vpoxr;ent in fj sin Z'n"!-zj. But since the co-ordinate parameters Zri 2or and

Zon é.re all near z'ero, it is apparent that the absolute values of the structure

-factors, |F'|, will change very little for relatively large changes in the para-

metersr. Thus, the structure factors of Table ! are a very good approximation
to those of the tetragonal structure. In fact, the approximation is so good

that the parameters zj cannot be determined by ordinary means.

4. Range of X-Ray Measurements

In order to get the most out of the function of Eq.(1), the value of £ in
the Bragg reflections measured must be extended as far as possible. In ad-
dition, it is degirable to have as many Bragg reflections measured as pos.sible
so that random errors will be minimized. To this end, MoKa radiation was
used, giving a range of (sin 8)/\ from 0 to 1.41. The crystalis sufficiently
hard so that reflections are not markedly damped by temperature vibration,
and are still appreéiably strong even at the limits of this range. The number
of (hkf) reflections in this range is about 6,000, bﬁt because of the difficulties
of correcting for absorption, we must be content with measuring only the (hOl)
reflections, of which there are 405, With the Geiger counter instrumentation
we have been able to measure 356 of these, and these data, after averaging,

yield 99 symmetrically nonequivalent Bragg reflections.

5. Experimental Source of the Data

The essential data (99 F terms) were taken from a single untwinned
crystal of barium titanate at room temperature. This crystal, whose dimen-
sions are 0.071x0.160x0,193 mm, was taken from a preparation made by

B. M. Matthias.s) The crystals were grown in a flux of barium chloride, with

8) B.Matthias, Phys.Rev, 73, 808(1948).
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a small excess of barium oxide over titanium dioxide, in the presence of one’
mole ratio of boron oxide to barium titanate to minimize twinning, The crystal
was mounted on a glass fiber and pléced on the standard Weissénberg camera
for X-ray study. A Geiger counter was used to measure 356 integrated re-
flections as déscribed briefly in Section 6, These measurements were cor-
rected for Lorentz and pola'ri‘zation effects in the standard manner. Correc-.
tions were also made for absorption and secondary extinction of the X rays in

the crystal according to the method described in Section 7, These corrections

may be summarized in the following expressions ‘ N
I=AvVQl
Q = KLp|F|2 . (2

where I is the integrated intensity; 1) is the intensity of the incident beam; K

is a constant} L is the Lorentz factdr, which is a measure of the time in which
a set of planes has an opportunity to diffract as the crystal rotates; p is the
polarization factor, introduced because an unpolarizedr beam is partially po-~
larized in the diffraction process to a degree dependent on thre Bragg angie; A%

is the volume of the crystal; A is the absorption factor, dependent on the linear
absorption coefficient u (a function of I in this case, where secondary extinction
is important, and different for each reflection), the shape of the crystal and

the geometry of diffraction; and F is the structure amplitude from which it is
hoped to determine the details of the structure itself through Eq.(1).

The 99 symmetrically independent structure amplitudes obtained by
averaging the 356 measured reflections, together with L.p and A corrections
and the Bragg parameter sz = (sin e)z/x", are listed in Table 2. The final
set of calculated values of F as derived in the following sections is al.so

given,

AERINNSS Y
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ho/

000
100
200
300
400
.500
600
700

i 800
900
1000

001
101
201
301
- 401
501
601
701
801
901
1001

002
102
202
302
402
502
602
702
802
902
1002

103
203
303
403
503

603
703
803
903
1003
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Table 2
X-Ray Diffraction Data For Tetragonal Barium Tetanate
2 | 7l | 17 , | A

8% | Yrer)| 1Lp| uwl| A | obs.|calc.| AF| ¥ calc,

e T TUTETERRT T T R e — —r—

T T T ——

0 - -] - = -—:n— - ~|104.0} = 4 0 104.0

0.0156 |, 1630 | 0.180 | 253j0.169 | 18.8| 24.2| -5.4| 0 24.2

0.0625( 3140 | 0.373 | 407/0.066| 60.1 [ 65.5| -5,4[ © 65.5

0.141 587 { 0.593 | 208)0.237} 17.3] 20.9} -3.6| O 20.9

0.250 1492 | 0.855| 237]0.197 | 36.3| 40.3| -4.0/ O 40.3

0.392 244 | 1.168| 200(0.247 | 15.4} .15.6} -0.2] O 15.6

0.564 496 | 1.525| 208]0.228 | 23.3| 27.8} -4.5/ 0 27.8

0.771 81 [ 1.856| 198{0.233| 11.5| 10.7| 0.8/ 0 10.7
1,002 198 | 2.000 | 203(0.213 | 19.5| 18.7( 0.8] 0 18,710
1.268 40 | 1.77311980.204 | 8.4 81] 03] 0 8.1(0
1.568 130 | 1.207 | 203{0.,182 | 13.2 | 12.8| 0.4/ 0 12.8] 0
0.0154 | 880 | 0.178 | 253|0.043 | 27.3 | 24.2| 3.1|-5.9 24,1 |-2
0.0310 | 3410 | 0.256 | 405(0.058 | 85,1 | 55.0 | 0.1] 2.1 55.0 | 2
0.0778 | 1042 | 0.422 {215(0.212 | 20,5 | 21,9 ~-1.4|-4.2 | 21.8]-1
0.157 1820 | 0.632 [ 248|0.177 | 38.2 | 38,6 | -0.4] 1.6 8.6 | 1
0,266 403 | 0.891 | 203}0.234 | 17.6 | 17.5] 0.1}-2.6 17.5 [-0
0.407 642 | 1.203 | 215|0.216 | 27.0 | 27.8 | -0.8( 1.4 2780
0.581 118 | 1.557 [ 19910.232 | 12.7 | 12,7 0 [-2.3 12,7 }-0
0.806 203 | 1.877 | 204}0.217 | 18.9 | 19.0 ] -0.1}] 1.2 19.0/ 0
1,014 49 | 1.997 | 198{0.208 { 9.7.| 8.9 | 0.8(-2.0 8.9 |-0
1.281 98 | 1.750 | 202{0.199 | 13,2 | 13.4( -0.2] 1.3 13.4] 0
1,583 32 | 1.172 1198(0.180 | 6.5 6.8 | -0.3]-1.7 6.8 |-0
0.0615 | 2510 | 0.369 | 407(0.035 | 73.4 | 65.4| 8.0(.0.5 65.4| 0
0.0767 742 | 0.418 | 215|0.144 | 20.9 | 22.7} -1.8]-1.7 22,7 |-0
0.124 2610 | 0,550 | 294)0.104 | 53.0 | 52.8| 0.2} 0.6 52.8| 0
0.203 493 | 0.743 | 205{0.202 [ 19.2 ] 19.2| 0 |[-1.8 19.2 |-0
0.312 1280 | 0.994 | 223)0,202 | 35.8 | 36.9 | -1.1| 0.9 3690
0.450 168 | 1,308 | 200)0.219 | 14.2 | 14.7| -0.5]-2.4 14.7 |-0
0.626 421 | 1.640 | 207]0.212| 25.7 | 26.1 | -0.4] 1.1 26.1] 0
0.826 57 | 1,925 | 198]0,218 | 10.1 | 10.6 | -0.5(-2.2 10.6 |-0
1,065 176 | 1.982 | 202{0.204 | 18,7 | 17.7| 1.0] 1.0 17,71 0
1,332 36 | 1.672 [ 198]0.197 | 7.9 7.6 0.3[-2.3 7.6 |-0
1.628 141 | 1,071 | 205(0.176 | 13,2 | 12.3, 0.9 0.9 1230
0.138 400 | 0,586 | 208|0,126 | 19,5 | 21.0| -1.5{-9.6 20.7 |-3
0.153 1200 | 0.626 | 248|0.085 | 42,5 | 39.3| 3.2| 4.8 39.2| 5
0.200 393 | 0.740 | 205]0.148 | 20,0 |} 19.1| 0.9/-8.7 18.9 -2
0,280 919 [ 0.920 | 219 |0.164 | 32.4 | 31.7| 0.7] 4.3 31,6 2
0.387 196 | 1.163 | 200{0.194 | 15,5 15.3| 0,2(-7.5 15,2 (-2
0.527 388 | 1.459 | 209)0.183 | 25.1 | 24.7| 0.4] 4.2 24.6] 1
0.701 77 | 1.767 | 198]0.217 | 11,3 | 11.4| -0.1}-7.5 11.3 -1
0.903 156 | 1.979 | 203|0.196 | 179 | 17.5] 0.4} 3.9 17.5( 1
1,136 41 | 1,929 |198]0.188 | 9.2 8.3] 0.9}-6.9 8.2]-1
1,407 89 | 1.534 | 202(0.181 | 12.4 ] 12.3| 0.2] 3.7 12.3] 0
1.698 32 | 0,900 | 198|0.179 | 5.7 6.4| -0.7|-5.4 6.4 (-0
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Table 2 — Continued

e S Y IV e

hok

I{reL)

I/Lp

004
104
204
304

504
604
704
804
904

005
105
205
305
405
505
605
705
805
905

006
106
206
306
406
506
606
706
806

007
107
207
307
407
507
607
707
807

008
108

208 | .

308
408
508
608
708

1232

283
891

172
529~
78

245

137
35

231
562
136
288

73
172

103
27
104

493

0.844
0.879
0.985
1,160
1.390
1.661
1,905

1.920

1.803
1.314

1.152
1.187
1.287
1.448
1.657
1.868
1.996
1.920
1.572
1.017

1.500
1.535
1.622
1.754
1.900
1.994
1.950
1.691
1.230

1.838

1.858

1911
1,973
1.999
1.927
1.698
1.308

0.788

2.000
2,000
1.990
1.944

°1.825

1.596
1.248
0.796

237
203
223
200
210
199
204
198
202
198

200
215
200
209
199
204
198
202
198
206

208
199
207
198
204
198
202
198
203

198
204
198
203
198
202
198
203
198

203
198
202
198
202
198
203
198

0.137
0.143
0.112
0.172
0,168

0.184 |

0.191
0.174
0.179
0.184

0.193
0.173

0.193 |

0.141
0.210
0.157
0.172
0.174
0.17¢9
0.197

0.214
0.221
0.200
0.200
0.181
0.181
0.180
0.198
0.214

0.261
0.242
0.251
0.230
0.229
0.220
0.230
0.232
0.264

0.275
0.283
0.268
0.269
0.264
0.261
0.263
0.284
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Table 2 — Continued 3

- |F| | |F| A B

Hrel)| I/Lp | w | A |obs.|cale. | AF | V¥ [calc.| calc.

61 14810 198 00304 8.6 8.1 0.5 "2100 7.6 '209

160 | 1,787 ] 202{0.305] 13.8( 14.1 -0,3| 11.5/13.8 2.8

44 1.715]1198]0.298 7.2 8.0 -0.8 | -19.7] 7.5 2.7 ;
150 1,576 | 202|0.290( 12.8| 12.8 0 11.3]12.6 2.5 3

56 11357 198 00290 703 703 0 '19-2 609 "204 g
148 1,085 | 206]0.287 [ 10.6]11.2 -0.6 | 10.8{11.0 2.1 §
172 1,274 | 203|0.315 [ 11,9 | 12.4 -0.5 7.0112.3 1.5 g
72 1.239 | 198]0.321 7.51 7.5 0 -11,5| 7.3 -1.5

73 0.964 | 19810,325 6.7 7.2 -0.5|-11.2]| 7.1 -1.4:‘

6. Geiger Counter Intensity Measurements

Spécial apparatus and techniques were devised to measure diffraction

intensities given by the crystal mentioned in Section 5, with the greatest pos-
; sible accuracy. Much time was expended in an attempt to use {film photo-
metric methods to evaluate intensities but these were finally abandoned be-

cause it was felt that random errors in the measurements were intolerably

high, The Geiger counter was finally resorted to as the most sensitive and
accurate instrument for measuring diffraction intensities.

The equipment used consisted of an adaptation of the standard Norelco ;
Wide-Range X-Ray spectrometer and circuits to a standard Supper Weissen-
berg camera., The overall assembly is shown in Fig.2, The Geiger counter *
is attached to a bracket pivoted on an axis coincident with the spindle axis of
the Weissenberg camera as shown in Fig.3. The angular position of the Geiger
counter is indicated with a vernier on a‘large graduated circle., The tilting ad-
justment shown in the illustration is intended for equi-inclination settings on
upper levels, not used in this investigation. A back-geared cam and lever ar-

rangement fastened to the spindle-dial end of the Weissenberg camera per- {
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mitted an accurately uniform oscillation of the crystal through a 0° to 3°'Lf‘an.g,e
(continulously selectable), and the operation of a switch to start and stop the
counting circ\;{ts. The intensity was integrated by ch;nﬂng the MoKa peak in
the spectrum produced by the diffracting planes undqr stuc‘ly.r If a 71° oscil-
lation of the crystal was used, a Geiger counter slit opeﬁiug corresponding to |
ca, 3° with the counter .at a fixed angulgr position was ample to insure that
all of the spectrum produced p.assed into the tube. |
Typical scans as recorded on the strip chart are shown in Fig. 4, Count-

ing was started and stopped at a precise moment of the scanning cycle, and

the counts were accumulated on the count register during one oscillation é}cle, )

with one scan forward and one backward (1 to 2 degrees oscillation, 256
seéonds of time). The total olf counts was then proportional to the area under
the strip chart record, made simultaneously. The effect of background was
measured by determining the background height from the Ichart, ‘and sub-

tracting this value {multiplied by a suitable factor) from the count total. The

.result was proportional to the integrated intensity for the reflection corres-
- ponding to molybdenum Ka monochromatic radiation. This background cor-

‘rection allowed the use of unfiltered radiation with the consequent gain in

intensity, - An attempt to use crystal-monochromatized radiation was found to

" be useless because only 16 out of 99 reflections could be detected at such low

intensity levels.

Considerable care was taken to insure the accuracy and reproducibility
of these measurements. It was found that close regulation of the primary X-
ray beam was necessary} an X-ray tube space current regulator was used to
maintain this current constant without drift to 0.1 percent. This regulation
together with 0.1 percent primary voltage regulation was found to be adequate,

A standard reflection was remeasured periodically throughout the work. In-

tensity measurements were reproducible to about | percent where the statis-
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(302) ~ (206) | (0.0.10)
28 ¢« 37.4° g6 = 676> 28 = 123.7°
* we166.7° : w s 106.7° w = 183.2°
70} , — R ' - .
o f
3
50
40
- 30
20 _ . u -
{o] J ku_.
. | ) !
(a) {b) (c)
Fig.4, Typical scans of tetragonal barium titanate reflections: (a) (302)

reflection (2 6 = 37.4 )3 (b) (206) reflection (2 8 = 106.7°); (c) (0.0d0) reflec-
tion (2 & = 153,2"),
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tical error would be about 0.3 percent. Variations among equivalent reflec-
tions, resulting probably from slight variations in absorption and extinction
conditions, were frequently higher, sometimes as much as 5 percent, and
occasionally, for very strong reflections, up to 10 percent.

7 ‘The integrated intensities measured as described were averaged for
the 99 nonequivalent reflections, and are listed in Table 2 uﬁder the heading

I(rel). These numbers, corrected for background, are the count totals di-

~ vided by the scale factor of 128, Further details of the measurement of in-

tegrated intensities with a Geiger counter are described elsewhere.g)

7. Correction of Intensities for Absorption and Extinction

Among the most important factors which influence the final value of the
diffracted beam intensity are absorption and extinction effects (A in Eq. 2).
This factor | is a function of the linear absorpfion coefficient u, the shape of
th; crystal, the position of the crystal in the beam and the Bragg angle. For
this crystal it was derived from an ex@ct evaluation of the expression

fe'“tdv

Y Te

(3)
over the whole volume of the crystal, where t is the path length of the X rays
into and out of the crystal for the volume element dv. In order to make the
calculation feasible, only diffraction beams normal to the prism axis, corres-
ponding to the (h0f) reflections, were considered. Reducing the problem in
this way to the two dimensions of the right-prism section, it was possible to
subdivide this section into areas for which the integral of Eq.(3) is continu-
ous, with boundaries determined primarily by the edges of the crystal,. Two
typical subdivisions are ﬁhown in Fig. 5. The limits of the exponential integral

in Eq.(3) are different for each area j, so that Eq.(3) becomes

9) H.'T.Evans, Jr., Technical Report No. 39, Philips Laboratories, Inc,,
19513 Rev, Sci, Instr,, in press.
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where Z.J. is the exponential integral of each subdivision multiplied by p.z and

s is the area of the section for the two-dimensional case. In practice, for
each reflection the integrations Z..j were set up and carried out (4 to 9 per re-
flection), evaluated and summed. These tedious calculations were carried

out for 99 reflections using the calculated value of p = 198 cm-l.

o

Fig.5. Typical subdivisions of crystal section for determination of X-
ray absorption effects: (a) for (203) reflection; (b) for (501) reflection.

Application of these values of A to the measured intensities showed by

comparison with calculated structure factors that secondary extinction is an

important factor. According to this effect the drain of the energy of the ~

primary X-ray beam into the diffracted beam resulted in increasing the ap-

parent absorption coefficient u by an amount proportional to the intensity of




/
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the diffracted beam, The effective u becomes under these conditions

heugtEQ (5)
where Q is a function of the structure factor and includes the Lorentz and
polarization eifectrs (Eq.2) and g is a pure number; determined experimentally
for a given | crystal, An attempt was madc to determine the value vof g by
making integrated intensit*,; measdreme’nts of the strongest reflections with
the wide-range spectro.meter; usiri‘é_ a flat pow‘dered'vspecimen. It v)as found

that preferred orientation effects made it impossible to account for the in- |

tensities obtained, even though extinction effects.are presumably absent, The

value of the factor was therefore determined by trial, using calculated values'

of Q. Different values of g were used to determine u for 12 sti'oxig,.'reﬂ'eéf

tions until the best fit between calculbated and observed intensitié,s was"ob-'

tained, This process is demonstrated in Table 3. The reliéb.ility factor R
Table 3

"Determination of Sec_ohdary Extinction In Barium Titanate -

gx102 = 145 | 290 435 | .06 5.80 | 6.50

ol ¥ u| Al p| A ] Al A fr|] A fFr]| A

100 214| 0,230)1230 | 0.208] 246 0.179 25410.169] 262 0,159 270} 0.151
200 258 0.,175}318 | 0,117) 378} 0.079} 409 0.066] 438 0.056} 467| 0.048

300 202{ 0.,248)206 | 0.242] 210| 0,236}211] 0.235] 214/ 0.230f 217| 0.229
001 214| 0.062] 230 | 0.052] 246 0.045] 254| 0.043] 262} 0.041} 270/ 0.039
002 2581 0,0711318 | 0,0504378| 0.039]| 409} 0.035]438( 0.033}467| 0.031
003 202(0.131 206 | 0.128§210{0.,125211(0.124f 214| 0.122} 215} 0.122
101 257(0.137}317 | 0.094§376| 0,080y 406 0.058} 436| 0.050( 466 0.044
102 20510.149 210 0.147 216]0,1451218| 0,144 222| 0.142}1 229 0.141
103 211|0.109 |224 | 0.097[ 237| 0.088] 243| 0,085} 250| 0.081} 257( 0.078
201 204|0,228210 | 0.220}1216( 0,212 219 0.208}f 222{ 0,205( 225 0.201
202 226 |0.159 | 254 | 0.132}282|0.1118296| 0,104} 310{ 0.097( 324| 0.092
301 211|0.222)224 0.265 237|0.187f243| 0,177 250| 0.168|f 256| 0.161

X
"

0.129 0.0¢7 0.083 0.079 0.082 0.089

AT RN

R

AR A ey LY e

[UMUSIE
g L2 e



- -19.

(see Section 8) is used as the criterion of fit, and, on this basis, the value
g = 5.06x10% was chosen. All absorption factors A were then recalculated
and these values were used to establish the final observed structure factors.
Table 3 lists the values of A so obtained, and also, under u, the effective

absorption coefficient as c_lefermined by the secondary extinction effect, which

was used in the calculation of A.

In spite of the rathér drastic thermal hirstory of the crystal,s) the use
of moly_bdehum radiation, and the excellent overall agreement between ob-
served and calculated structure factors, certain of the strongest reflections -
é.re. anomalously out of line with this general agreement. ¥or example, the
(200) and (002) reflections, whi.ch have calculatgci strfucture factors both equal
to 65,5, are observed to have val.uesrof 60.1 and 73.4. xespectiveiy. Such an
effect must result fi _the influence of an appreciable amount of primary ex-
tix";ct>i5'n.: This effe‘é't wxll bé'obseryed in regidns of the crystal (within the
"mosaic blocks" of the nofmally imperfect crystal) which are so perfect that

the doubly-reflected Bragg reflection, 180° out of phase with the incident

: beam, will tend to cancel out this beam, Since there is no way to account

quantitatively for this effect under the present conditions, it h’a‘s been necessary
to exCludé vthe seriously affected reflections from consideration in the structure
analysis, To'keep this selection otherwise impartial, all reflections (16) with
a value of (sin G)Z/RZ < 0.250 have been excluded, thus leaving 83 reflections
to constitute the basic data.

The matter of extinction, secondary and primary, will not be further

treated in this discussion. These phenomena have been thoroughly investi-

gated by K'ainziglo) with results which have a highly significant bearing on

textural phenomena which occur in barium titanate single crystals as they are

10) W.Kdnzig, Helv. Phys, Acta 24, 175(1951),
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heated and cooled through the Curie point at 120°C.
The absorption calculations described above (and in more detail else-
where“) can be carried out with some effort in cases where the plane of dif-

fraction is normal to the prism axis of the crystal, but become prohibitively

. involved for inclined reflections, Therefore, of the nearly 6,000 reflections

of the ty"p’e‘.(hkt) available, only those with k = 0 can be corrected for absorp-
tion. It should be noted also that the crystal must be treated as it stands,
since any attempt to change its shape would fill the crystal with glide:'twin

lamellae,

8. Calculation of Structure Factors

The structure amiplitude F for reflection (hkl) is a function of the atomic

co-ordinates x,, L) and 2 and the scattering factor f, of each atom, according

, J
to Eq.(1). The scattering factors used in this investigation are those of
Hartree,s) and Pauling and Shermans) for the stationary atom modified by a

temperature factor, thus
B.s2
il (6)
£f =1 ’
iy e

where f(,r) is the tabulated scattering factor for the atom j at rest, Bj is a

- constant proportional to the square of the mean amplitude of vibration u of

the atom, and s = (sin 8)/\. According to the Debye-Waller theory this re-
lation is approximately B = 82 T2, The complete form of Eq.(1) will contain
12 free parameters: 3 structure and 9 anisotropic temperature parameters.
The evaluation of the parameters has been carried out by means of a
combination of trial-and-error operations and least-squares analysis, The
quality of the given structure is tested by comparing the observed and calcu-

lated structure amplitudes. The usual criterion used in statistics is the sum

of the squares of the residuals, or quadratic mean error e defined as

11) H.T.Evans, Jr., Technical Report No.45, Laboratory for Insulation Re-
search, 1951; J. Appl. Phys. 23, 663(1952).
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s SUFl gy, —IFly )’

¢ = - —p ’ (7)

whete n is the number of observations (reflections) and p the number of
degrees of freedom ({ree parameters). The scale of lFlobs is established

by multiplying by the factor Ki

K= 2 Inobsxlylcalc -2 |Flobs

It is the quantity (|F| ,  —|F| ) which is minimized analytically in least-

obs
squares analysis.
Crystallographers have been in the habit of using another criterion,

the reliability factor R, defined as follows:

R= Z|IFly,, - IFl ]+ SIFl,, - (8)

where the scale for |F| , is established by

Ke 3 IFl .+ 3IFl,, -

The factor R is dimensionless and therefore useful to some extent in corh-
paring the relative degree of refinement of structures of different crystals
and substances. As a general rule, a value of R as low as 0.20 is consideréd
satisfactory proof that a given structure is nearly correct. In recent years .
structure determinations giving reliability factors of 0.12 and 0.15 have be-
come more common and are considered extremely good. Only by means of
ionization chambers and Geiger counters has it been possible in a few cases
to obtain values of R as low as 0.06 (see, for example, Cochra.n,lz) and

Brill, Grimm, Hermann, and Peters.ls)

12) W.Cochran, Acta Cryst. 4, 81(1951),

13) R, Brill, H.G.Grimm, C,Hermann and C,Peters, Ann. Physik 34,
393(1939).
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9. Factors Inﬂuencihg_ the Values of the Structure Amplitude

The values of the observed structure amplitude are affect__ed'bys (1)

The relative location of the atoms; (2) the scattering factor of each atom;

~ (3) errors in the experimentéi determination of the F values. We try to re-

duce the latter factor as much as possible in order to be able to.learn more.

about the first two.

~ - . ~

The scatteri:ig factor fJ is, to a first approximation, a function only
of the Bragg parameter s (i.e;. spherically symmetrical), and is similar
in form to the function Ze'k’_ (Z = atomic nun;tber). The Gaussian function
is modified, of course, by thé.modern statistical ﬁechahical treatment and
has been calculated by Pauling and S_herman, Hartree and others for all atoms
in free space at rest. In the ienvir'onmenti of the crystal, the scattering fac-

tor will be altered; first, by the polaiiz,aftion of the atom due to the electric

‘field in which it exists and bond formation with other atomsj and second.,‘

by the heat motion of the atomj both these effects will be aspherical. The
temperiature effect makes the electron cloud of the ,ﬁtpm gezizerallyr more dif- .

fuse, and consequently lowers the scatte»ri'ng,_factor' at high Bragg angles

approximately according to Eq.(6). The polarization of the atom, on the other

‘hand, will a_ffect ‘almost exclusively the outer sh_ellvof electro_x;s, and thgref_
fore will alter the scattering factor primarily at low Bragg angles, while |
these electrons make almost no contribution to the high-angle scattering,
We may note in passing, that one may expect to obtain a higher degree of
agreement between observed and calculated structure factors in structures
containing heavy atoms, where a higher proportion of the X-ray scattering
arises from dense, closed-shell atom cores, than in the case of organic
structures, say, where a higher proportion of electrons are influenced by

polarization, since polarization is the hardest factor to define in terms of

e s e e et i e
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the structure factor,

In the case of barium titanate, because of the considerable inﬂuénce
of primary extinction, in was necessary to disca'rdﬁf;ém consridi'er;f.iron all
reﬂe.ctions- for which (sin e)"/xz < 0.250. This means that with 83 ditg
from which to determine 12 pardme'terln," we may expe‘c.t to iéarh in some d?-
tail the structure (atomic displacements) and temperafure motions of barium
titanate, but will not be able to learn a.nything directly about the electronic

polariiations of the atoms or the distribution of electrons between the atoms.

10. First Approximate Model

The first step in the analysis of the 83 data was to make the usual as-
sumption that all atoms vibrate spherically wih the same amplitude, giving
a structure defined byl tempefature parameter B, and 3 structure par-
ameters z;m,' _sz. Zogr° By tfial, each was varied 1p turn by small inter-
vals, a set of structure factors calculated at each step and compared with
the observed set bf the criterion of the reli#ﬁility factor R (Eq.8)., With

-16 2

c¢m®, the reli-

- ability factor was det'erminéd as 0.0892, already a very low value as ordi-

nary crystal structure standards go. After 28 trials, the lowest value for

R fcir this ‘model was found fo;‘ the following parameters: z.ri_='0._015 cycles
= 0.0614, 2y = - 0.024 cycles = — 0,081&, 2z = — 0.020 cycles = — 0.0974,
B-= 0.3022_, R = 0.0473, This value for R was considered to be so 'unusually
low that the results were published in a note14) before further refinement of
the model was carried out. It may be noted that the value of B is quite low,
corresponding to a hard, covalently bound crystal with a high melting point,

in contrast to molecular crystals (such as organic crystals), where B com-

monly may be as high as 2.5.&2.

14) H. T.Evans, Jr., Acta Cryst. 4, 377(1951).




"“1&

AB

124~

11, Anisotropic Temperature Motions in Barium Titanate

The next step in the refinement of the model was the assumption of

different temperature vibration amplitudes (mu spherically symmetrical)

'of each type of atom, thus increasing the number of temperature parameters

te £our: BB ) BTi' BOI‘ 'BOII‘ Starting with the previous model in which
all these parameters are taken as 0.30.2 » appropriate corrections ABBa’
Ti® ABOI' and ABOII were calculated by the method of least squares
(Section 12), to give a 7-parameter structure for which R = 0.0455, a slight

improvement over the first structure. The final modelr a.dobted assumes

anisotropic temperature motion in all atoms, and is defined by 3 structure

and 9 temperature parameters, Assuming that Bj varies elliptically with

direction, the temperature parameters are designated as aga’ pBa.’ u.m.ll
p’,ri, anr pOI’ for the three atoms on the fourfold symmetry axes, where a
corresponds to the Ea.] ~direction vibration and P to the [c_']-direction vibra-

ticns; and So1r’ BOII’ Yor for the oxygen atom on the two-fold rotation axis,

where dOIII corresponds to the [a] -direction vibration normal to the titanium-
' oxygen bond, -YQII to the [a] -direction vibration parallel to the bond, and ﬁOII
"to the [c]-direction vibration. These parameters, which are shown in Fig.b,

. appear in the temperature factor in place of B_j in Eq.(6), as, for example,

2 2 2
-(uBaAcos $ + By, sin ®)s

where ¢ is the angle between an (hoﬂ) diffracting plane and the a crystal-
lographic axis. In setting up the structure factors it is now necessary to
consider the two OII atoms separately, since their temperature motions con-
tribute in a different way to the amplitude. The complete expression for the

structure factor is now written

-y
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Fig.6. Parameters in ultimate structure of tetragonal barium titanate.
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~(a coszcb +f ainz ¢)sz |
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)r"e--(uo1 cos’o + By 8P 2o)s” 90 [g* ")cos ’-"e‘ox]

, o on cor’ + o e ‘('r)o\__(::) cos 2“2’011] B \
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12. Least-Squares Analysis ) i

g
We have defined & function for the structure amplitude, F, in terms of 3
g1
12 para.meter 1] % y
) a1
A
¥ = f{zpp 2or Zow' °Ba’ Bga CTi’ Prit “OF Bor Coir Por’ Yo" \
Approximate values of each of these parameters are known {rom which, BY ‘i
l



Eq.(9), can be calculated a set of | F| cale Values to be compared with the ob-
served set of data | F'| obs It can be shown a.nalytically that these parameters
may be altered by correction terms Az.n. AzOI' AZOII' Au’Ba' A 1T
such that the standard deviation will be a mimmum when the corr ection terms

are'derived from a series of simultaneous equations of the form:

F JlF| - |
! | A”Ti 3| I A‘or*‘é‘i& A‘on*' v = Fl gy, =Rl = AIFL

We may set up as many of these so-called "normal" equations as there are pai--
ameter corrections to determine. All of the data can be used by forming co-

‘efficients for the correction terms by summing cross-products. | Thus, if
BIF| _, 2JlFl _p 2lFl

= C, etc.
d&my 92g5; ' dZpq '

then the normal equations may be formed as £ollo§as:

(2 4% Az, +(SA4B) Azgy + (TAC) DAzgy + . . . = (Tax AlF))
(EBA).Agri+(252)Az01+(23c)Azon+. .. = (SBxAIF)) (10
(ScA) Azy, + (2CB) Az +(2€%) Azgy +. .« = (ZCxAIF]) .

The solution of these symmetrical equations should lead directly to the set of
parameters which will give the best fit with the observed data since our ap-~-
proximate model is presumably already very near to the best qne.ls)
The differentials used bin the least-squares treatment of barium ti-

tanate were derived as follows!

15) For further treatment of least-squares methods see A.C.Worthing and -
J,Geffner, ''"Treatment of Experimental Data," New York, John Wiley and
Sons, Inc., 19433 E.T.Whittaker and G, Robinson, '"Calculus of Observa-
tions," lL.ondon, Blackie and Son, Ltd., 1944,
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where Lp is the phase mgle of the noncentrosymmetric structure factor.
In the next stage of the analysis of barium titanate. the 13 differentials
were calculated for the 83 (h0£) reflections, their cross-products summed to

form the normal equationa according to Eq.(10), and these equations aolved

' by the method of Crout. 6) Until the last stages of the work, all these oper-

ations were accomplished with a hand computing mhachine, and were checked
by a complete, independent recalculation. The results of the first complete
calculations proved to be .incon‘clutuive for reasons to be described in the

next section.

13, Infefaétfohs betv#een Parameters

7 -When an attempt was made‘to solve the 13 normal e,qu.atiqns. results

- were obtained Which weré obviously without any significance, i.e., the cor-

rected parameters gave a standard deviation much higher than the previous

set. A study of the differential coefficients shows that, for the values of

7» the parameters used, certain pairs of the derivatives are nearly equal in

~ value for all |F| terms, except for a common factor. This means that all

the values change in the same way with changes in either one or the other of
the pair of parameters. There are 4 such pairs of derivatives among the 13
olFl/d 2, and 3’5‘!/35,“: alFl/azOI and 3|F|/ 3B,y alFl/azon
d|F|/2Bqyqh IR/ dor, and alFl/ dacyy+ Thus, the atomic displacement

and

l6) P,Crout, Trans. Am, Inst. Elect. Eng., 60,(1941).
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j:‘a’frarﬁéter 2 and the [c]-direction temperature .p’arvamveter for the atom B,

have an effect in the £un‘cti'on'Eq.(9) w‘hic'h. does not permlt their separatiornA.
: In addition, the [a] directicn vibration parameter for titanium cannot be
- disting\xished from that oi oxygen I which i.s super*osed on it in the (hO[)

V projection.

The interaction can be demonstrated analytically in the following way.
In the least-squares analysis, we may expect to have difficulty in determin-

ing correction terms for two parameters ¢ if the function varies in the same

-way for each, In the present case this circumstance will obtain, for example,

if the ratio 9|F|/? zn-:—all-"l/ Bﬁ,ﬁ is constant or nearly so. It can be shown
that for the set of parameters'\bhich characterize the barium titanate struc-

ture, the derivative '

3 [alel /alrl]. 3p
oL |9z / 9Py 0

tends to vanish. The first derivatives have the following formt

(@, cos?‘¢ +B sinz¢)sz | -
"TX ) Ti f('I‘)Ti [(+ ) sin Zw[z,“ cos \p

- +(:i) cos Ztrtz,ri JSin 4,]

SIF| =—2nle

2 2 ., 2 '
~{am; cos8”“ ¢ + P, sin” )s _\ R
_g_é_% z - szsin2¢e Ti . Ti , f(T)TiB:-G-) cos Z'rrlz,ri cos ll/ ,
i
...(::)sin 2nlz.. sin \l/
Ti
2 2
If we note that sin ¢ £°¢c , and £ is the index, then

4 sin” B
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* _) sin Zwlz.n cos 4/ +(_ "')c'_osi Zivlz,m'siny/ - "

b+ :) cos ZmlzTi cos 4’ ( );s‘in Z"EzTi éin-b 4 _ 7

where x is the numerator and y the denominator of the bracketed fraction, then

P _ 8n 11 9x 0 x
TT"T[Z (532 - T—ai‘ v] '
Whgn zj is small, then approximately
cos waz,m =1
cos Y =1
.8/31 (cos\)=0 ,
x=(13) sinzn gy + (71)stn ¢

.8in ZﬂlgT’i = Zﬂlz.ri

e [77 sin Y/ —Z—]-sm WJ

Since, when the values- zJ are all small, sin 4/ is small and changes slowly
with £, the derivative 9P/al is seen to have a negligible value, at least

for titanium and oxygen. When 9P/348 approaches zero, the determinant

" of the coefficients of the normal equations tends to vanish, and consequently L ;QQ

the error in the separate determination of the variables involved in P tends

to become infinite,

—
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Strictiy speaking, if we do notarbitrarily fix the origin of eo-’drdina'tes‘,

\tre should introdace a 13th parameter ‘z‘Ba' in which case we wiil fmd that

A BIFI/ ? ZB and’ alFl/ BﬁB tend to mterfere with one another Thus it

, appears that only 3 parametera can be’ estabhshed unambiguously: “B y o

oqp and Yon'

14. Final Refinement of the Barium Titanate'Str_uCtur’e

\\;Ifhe ieast-squares' analysis of the complete model (12 parameters) next

was carried out with 8 parameters assuming that one of each o'f the inter-

‘ fering pairs was fixed. Thus, the z parameters obtained from the origmal |

trial-and-error study were assumed to be correct (and alao °OII)' and cor-
rections were determined for the remaining temperature parameters, The

resulting set of parameters gave a considerably improved agreement between

_observed and calculated structure ampiitudes, with R =0 0372. The values

obtained {for the temperature vibrations did not seem at all reasonable (see

- Table 4, F }0). however, and it seemed likely that the assumption the z-
r-»fPBraméteQ?? were correct must be abmdéh,ej- ,'IE calculation of the independent
parameter's,'gave results _whieh are reasonable, considering only the binding
forces betwe‘eaithe atoma. Assuming that temperature vibration will be less
in the'-dir_eétidri' ef“a‘bond' with aaadjaeent atom than in other directions, we
expect the 12-vco>-'ordixiated barium atom to be quite*s'pherical in its vibration,

‘while oxygen, being fairly tightly iiound'to titanium in one direction, should be

rather anisotropic in its vibration., The calculation yields the following results:

= 0.27
= 0.28

w
o
-4

1

agy = 0.90 (perpendicular to bond)

Yorr ° 0.60 (parallel to bond).
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| Table 4 |
Trial Structures Of Tetragonal Barium Titanate oy

o {6 |o |o 030 s ,0892]1.838 |
20 |.015] -.024] -.020 0.30 0473 | 1.158
29 |.015)|-.024]-.020] 0.29 | 0.39 0.88 0.49 0455 | 1,053
30 |.015]-.024] -.020] .27 .28 | .53 ] .21 | .90 ] .08 | .49 | .07 | .60 |.0375 | 0.861
42 |.012]-.026]0 27| .28 .46 .30| .90 | .50 | .90 | .90 |.60 |.0372 | 0.924
K:;‘;‘ 014 |-.032]0 0.48 0.13 0.13 0.48 123 |

We make the following adjustments; | ‘ 4

1. Let 4911 = pOII = 0.90 since these all correspond to directions
.normal to.:O-Ti bonds.

2, Let pOI = 0.50, a little smaller thm Yorr because the‘OL»'fi
bond is presumably somewhat strdnge: than OLI-Ti,

3. Since dOII is raised to 0.90, we decrease a, to 0.46 in ac-
cordance with the relative values of their differentials cal-
culated from Bq.{9). . L

4. Let 5Ti = 0,30, allowing for the stronger bond in this direction.r

Then, by trial and error, the z parameters were redetermined to give a

~minimum value for R which was substantially equal to that obtained for the

previous model., This required rather large adjustments of the structure,

and the result is shown under F 42, Table 4, The calculated structure ampii—
tudes for this model are the ones listed in Table 3,

- Thus, we have arrived at a final result which is definitely ambiguous.
It can be stated simply that unless data can be obtained extending consider-

ably beyond the present limit of (sin 8)/\ (by the use of shorter wavelengths),

the structural displacements in barium titanate cannot be uniquely determined.
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The measurement of (hkl) or (hkO) reflections would serve to determine the
parameters o,n and °'OII separately, but the z and 8 parameters will inter -

act for all reflections,

Table 4 shows the course of the structure determinations by listing
certain trial etructures (aerial number under F) The starred parameters
are those unlquely determined Structure 42 represents, we suggest, the

most reasonable one consistent with the X-ray measurements.

15, The Work of K‘dnzig_

While there_ have been many investigators working on the barium ti- o
"ta;ria,te structure proolem, oniy one has_iaresented'a report conta.irxing the
.kind_of measurements_ and analysis capable of solving it. The work of
K'inz-ig‘,llo,) cons‘/i sts of the rneasorement of X-ray diffraction inteimsittyes fr'ono'

a large »single_ crystal plate of barium titanate. The results. of his work on
‘th'e struoture'are' shown in Table 4. ‘.There are sereral important aspectv‘s of
‘K’a.nzxg s. report which must be ccmsidered in evaluating these resultss L
B lj;l Only 18 reﬂections were measured: 8 (hOO) type reﬂections which
,.:.Vuzoulf‘ dopend ona T “Ti' GOI, dou and- {OII’ nnd 10 (00') -type -
__yiwh;ch would. depend on zT ) ZOI’ zon, pBa. BTi' SOI a.nd 5011
These rneasurcments, while they ‘extend to the same range of
(sin 8)/\ as those made here, are hardly enough to lend statistical
weight to the determination of the parameters.
2. It was agsumed, quite arbitrarily, that z,,, = 0. While the assump-
tion is apparently nearly correct, no study was made to establish
this result,

3, It was assumed that
ar; = Pri = %01 * Por

95 = PRa = %01 = Pou = You




agaio apparently quite arbitrarily. Thus, only two spherical
temper'ature parameters were considered.
4, No numertca.l data of any kind are given in K‘anzig 8 report.

It would appeu that K‘anzig 8 structure determination is quite incomplete.

| .‘On the other hand,’ as mentioned in Seotion 7, his measurements were made

over a range of temperatures extending from 20° to 350°C and indicate some

very significant diffraction phenomena in the vicinity of the Curie point.

Here all extinction effects suddenly disappear, and from this he was

able to deduce very useful information about the domain structure in the crys-

tal, and the transforrmation process at the Curie point. ‘ ‘ AN

16. The Future of the Barium Titanate Structure Problem

It is a considerable disappointment to workers in the theory of fer-

roelectrics, for whom any new observational data is of the utmost importaxtoe,

to find that X- ray diifraction fails in this case. One way out of the difficultfr.

»
as has been mentioned, is to use shorter wavelengths. as Grimsall ) has

_tried to do, but even if sufficient intensity can be achieved to get data in the
~ high ranges, the atomic scattering functions are not known in these regions

| and must be determined or calculated. Otherwise, recourse may be made to

neutron diffraction where the- scattering factors are radically different in
reletive maghitt:des and do not damp out at high angles; they may, therefore,
give a complete picture of the structure.

Finally, it should be oointed out that this is only the second instance °
in which thetempérature factors have interfered with the X-ray determination

of structure, The other case was hydrocyanic acid HCN, worked out by

17) E.G.Grimsal, "Structure of BaTiOa," U.S. Atomic Energy Commission
Report No. AECU-884, Dec. 7, 1950.
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Dulniage and L‘ipscomb.le) which came to the writer's attention long after the
_ situation was discovered for barium titanate. The phenomenon should be
watched for in future determinations, especially when an atom is slightly dis-

placed from a symmetrical position in a polar structure.
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