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Conclusion 

Cette diff6rence entre los structures avecet  sans centre 
de sym@trie suggbre quelques remarques ~ propos de la 
pr6cision des coordonn6es atomiques. 

Quand il s'agit d'une structure centrosym6trique, on 
pout discuter directement la pr6cision, on admottant 
qu'on connait los IF  I k une erreur exp6rimentale prbs, 
car pour un petit d6placement Ar d'un atome les phases 
et la transform6e de Fourier no sent pas Inodifi6es. 

Le cas d'une structure non centrosym@trique est 
diff6rent. 

Imaginons une structure dent los positions atomiques 
ri soient connues. Si on calculo la transform6e de 
Fourier de la portion d'espace r6ciproque contenue dans 
une sphere limitde, avec les ]F  1 affect6s par los erreurs 
exp6rimentales, et avec les angles des phases corre- 
spondant aux positions correctes, on retrouve les pics 
atomiques d@plac6s aux points r.: + G i. 

Si on calculait la transform6e de Fourier sans limita- 
tion de l'espaco r6ciproque, avec los IF]  corrects, et 
avec los angles des phases correspondant aux positions 
atomiques r~+2E, los pics devraient se trouver aux 
points r i + ei, ~ moiti6 chemin entre los positions cot- 
rectos et los positions pour lesquelles on calcule los 
angles des phases. 

D'autre part, la limitation de l'espace r6ciproque et 
los erreurs des IF[  produisent des d6placemonts e i. 

En cons6quence la transform6e do Fourier calcul6e 
avec les [F[  incorrects, avec la limitation de l'espace 
r6ciproque, et avec los angles des phases correspondant 
aux positions r~+2Ei laisse los pics atomiques aux 
m@mes points ri + 2El. L'application r6it6r6e des trans- 
formations de Fourier conduit donc g des positions 
atomiques situ@es ~ des distances 2¢i des positions 

correctes, e i @tant l'erreur dans l'emplacement des 
atomes calcul@e sans tenir compte de l'incertitude des 
angles des phases. 

Ceci confirme la conclusion de Cruickshank (1950), 
savoir que, routes theses 6gales d'ailleurs, los positions 

atomiques d6termin@es par la m6thode des transforma- 
tions de Fourier dans les structures non-centrosym6- 
triques sent affectdes par des erreurs deux lois plus 
grandes que cellos obtenues dans los structures avec 
centre de sym6trie. 

Nous tenons g exprimer notre reconnaissance pour 
M. D. W. J. Cruickshank, dent los critiques nous ont 
aid6 ~ donner ~ ce travail la forme d6finitive. 

APPENDICE 

M. le Professeur Mauguin a bien voulu me signaler une 
d6monstration simple de la formule (3): 

[F(s)]eia=~fpexp [i27r(rv x s)]. 
P 

Donnons & l'atome nle  d@placoment Arn, il vient: 

e~A I F(s) [ + i I F(s) I e~=A~ 
= i2,(Arn x s)f~ exp [i27r(r~ x s)], 

A [ F(s) I + i[ F(s) l A~ 
= i27r(Ar~ x s)f~ exp [i{2~r(r~ x s) - c¢}]. 

En 6galant los coefficients de i dans los deux mombres: 

] F(s)[ Aa=  21r(Arn x s)f~ cos [2rr(r~ x s)--a].  
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Crystals of 1, 2-diehloroethane, C1CH2CH2C1, are monoclinic, space group C~h-P21/c, with two 
molecules in a unit cell of dimensions a-5.04, b=5.56, c=8.00A., and /?--109½ °. The chlorine 
atoms lie in the general positions with parameters x=0.303, y=0.279, z-0-074. The molecule is 
in the extended configuration with a chlorine-chlorine distance of 4.24 A., and has a center of 
symmetry. The CH 2 groups show nearly free rotation, or almost complete orientational disorder, 
approximately about the chlorine-chlorine axis. 

Introduction 

The heat-capacity curve of 1, 2-dichloroethane (Pitzer, 
1940) shows a largo peak indicating a transition near 
177° K. A nuclear magnetic resonance study (Gutowsky 
& Pake, 1950) suggests that  between the transition and 

A C 4  

the melting-point the molecule is rotating about, 
approximately, the C1...C1 axis, and that  it shows no 
rotation about an axis perpendicular to the line joining 
the carbon atoms (presumably an axis perpendicular to 
the instantaneous plane of the molecule). This latter 
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conclusion is in agreement with the dielectric-constant 
data (White & Morgan, 1937). There have been several 
reports tha t  1, 2-dichloroethaae shows rotational iso- 
merism in the vapor phase. Bernstein (1949) has 
reported that  the ratio of the number of molecules with 
the 'gauche '  form to the number with the trans form 
is 0.29 in the vapor phase at room temperature. 
Ehrhardt  (1932) has reported on the basis of an X-ray 
diffraction analysis of the vapor that  the compound 
exists entirely in the trans form with a chlorine- 
chlorine distance of 4.4 A. There has been no report of 
the crystal structure of 1, 2-dichloroethane. However, 
Klug (1935 a, b) reported the structure of 1, 2-diiodo- 
ethane in which the iodine atoms were located. This 
molecule has the trans form in the solid state. On the 
basis of Raman-spectra studies, Mizushima and others 
(Mizushima, Merino & Noziri, 1936; Mizushima, 
Merino, Watanab6, Simanouti & ¥amaguchi,  1948; 
Ichisima & Mizushima, 1950) reported that  in the solid 
state of 1, 2-dichloroethane all molecules have the trans 
configuration. 

This investigation is part  of a series of structure de- 
terminations from single crystals at low temperature. 
I ts  purpose is the investigation of the nature of the 
disorder in the high-temperature form of crystalline 
1, 2-dichloroethane. A study of the low-temperature 
form and of the nature of the transition is now in 
progress. 

Experimental 
The techniques of the low-temperature s tudy are 
described elsewhere (Abrahams, Collin, Lipscomb & 
Reed, 1950). Zero- and first-level precession photo- 
graphs were taken about [100]. Precession angles of 23 ° 
for the zero level and 20 ° for the first level were used. 
Oscillation and rotation photographs and zero-, first- 
and second-level Weissenberg photographs were taken 
about [010]. Me Ka  radiation was used throughout. 
The multiple-film technique, in which the films were 
interleaved with 0.029 mm. brass foil, was used for the 
Old, hO1, hll and h21 photographs. 

The unit cell and space group were determined from 
the photographs in the usual manner. The intensities 
of the hO1, hll, h21 and 0]cl reflections were estimated 
visually by comparison with a standard scale. The values 
for the magnitudes of the structure factors were derived 
from the intensities in the usual way, and are collected 
in Table 1 under F o. 

A minimum value of the density of the solid com- 
pound was determined by measuring the contraction in 
volume on freezing the liquid, whose density was known. 

Crystal data 
The compound 1, 2-dichloroethane, C1CH~CH2C1 , has a 
molecular weight of 98.97 and a melting-point of 
-35"3 ° C. The crystals are monoclinic with 

a = 5.04 _+ 0.02, b = 5.56 + 0.02, c = 8.00 + 0.02 A., 

and fl= 109~ -° + ½°, 

1 , 2 - D I C H L O R O E T H A N E  AT - 5 0  °C. 

and with two molecules in the unit cell. The observed 
density is not less than 1.47 g.cm. -a, while the calcu- 
lated density is 1.55 g.cm. -a. The only systematic ex- 
tinctions observed were 0/c0 with/c odd and hO1 with 1 
odd. These are consistent with the space group 

Analysis and discussion of structure 

The unit cell contains four chlorine atoms which were 
placed in the general positions ]is~ed in the Inter- 
nationale TabeUen (1935) as 

4(e) x , y , z ;  x , y , z ;  ~ , ½ + y , ~ - z ;  x, ½-Y, ½+z. 

The Patterson function p(x, z) was evaluated and gave 
well-resolved peaks at x--0.60, z=0.16 and the equi- 
valent positions. These peaks were at tr ibuted to vectors 
between equivalent chlorine atoms. The ambiguity in 
the chlorine positions ofp(x, z) was resolved by placing 
the center of the molecule at  a symmetry  center rather 
than on a twofold screw axis. Approximate x and z 
chlorine parameters derived from p(x, z) were 

Xcl-- 0.300, zcl = 0.075. 

Since the molecule contains only chlorine, carbon and 
hydrogen, in our initial calculations we assumed that  
the signs of the Fh0~ and Fok ~ could be determined by 
the contribution of chlorine alone. Using the approxi- 
mate x and z parameters for chlorine obtained from 
p(x, z), the Fourier projection p(x, z) was evaluated 
(Fig. 1). An approximate y parameter for chlorine was 
computed fi'om the x and z parameters of p(x, z) and a 
chlorine-chlorine distance of 4.3 A., corresponding to 
the traws configuration. The Fourier projection p(y, z) 
was then evaluated. 

From the new chlorine parameters of p(y, z) and 
p(x, z), structure factors were then calculated including 
the carbon contribution. The molecular model was 
C1...C1=4.24, C-C1--1.74 and C-C--1-45 A. With the 
assumption, suggested by the projections, of free 
rotation about the C1...C1 axis, the expression for the 
structure factor became 

]c+l even: Fhk~=4fcl cos 2rr(hxcl÷lzc1 ) cos 2rrkyc1 
+4fcJo(2• p [ h I sin ~k) cos 2,(hxoc+lzoc ) cos 2u/cy0c , 

k + l  odd: Fhkz= --4fc I sin 2u(hxcl+lzcl ) sin 2ukyci 

-4fcJo(2~ p [ h i  sin •) sin 2rr(hxoc+lzoc ) sin 2,/cyoc , 

where fcl and fc are the atomic scattering factors for 
chlorine and carbon, respectively; xcl , Ycl, Zcl are the 
chlorine parameters; x0c, Y0c, z0c are co-ordinates of 
the center of rotation of the carbon atom; Jo is the zero- 
order Bessel function; p is the radius of rotation of the 
carbon atom; h is the reciprocal-lattice vector; and 
is the angle between the axis of rotation and the vector 
h. The scattering curves were taken from the Inter- 
nationale Tabellen (1935) after multiplication by the 
temperature factor e x p [ -  B(sin 0/h) g] with B = 5.4. 

Computation of the structure factors showed that  
none of the Fh0~ changed sign, but that  one of the Fok ~ 
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hkl 2"0 2"c 

002 37"4 + 39"8 
004  10"0 - -  6"6 
006  12"5 - 13"1 
008  5"5 - -  5"4 
100 < 3"6 - 4"3 
102 30"3 - 29"8 
104 18"7 - 16"0 
106 < 2"8 0"0 
108 < 3"2 + 3"8 
102 39"4 + 37"2 
103 25.1 + 32 .0  
106 6 .2  + 9-2 
lOg 1.4 -- 2.5 
200  24 .0  - -  22 .2  
202 < 2.2 + 2.5 
204  12.5 + 12.0 
206  3.9 + 6 .4  
208 < 3.2 + 1.0 
202  27 .8  - -  28 .2  
203  7.5 - -  7 .2 
206  5.5 + 8.2 
20g  2.2 + 6.8 
300  20 .8  + 18-5 
302  16.2 + 14-0 
304  3"6 + 2.0 
306 < 3.4 - -  2-5 
302 < 2.2 + 3.4 
30~ 11.4 - -  14.3 
306  8 .4  -- 10.0 
308  1-4 - -  3 .0 
400  < 2.6 + 2.5 
402  6.8 - -  5-6 
404  4 .3  - -  4 .3  
402  13.9 + 12.2 
403  9.6 + 10.7 
406  2.5 + 0 .6  
408  < 3.2 - -  4 .2  
500  6.8 - -  6.3 
502 < 3.4 - -  1.7 
502  5.7 - -  5.1 
507~ < 3.0 + 1.4 
506  1.6 + 5 .0  
011 9.6 + 5.2 
012 32.6  - - 3 5 . 6  
013  < 2 . 2  3.9 
014  21.8  - - 2 2 . 6  
015  < 2 . 7  2.4 
016  < 2.8 - -  3 .5 
017 < 2.8 + 1.3 
018  2.2 + 3.5 
110 49 .6  - - 4 6 . 5  
l l l  17.9 + 14.1 

Table 1. Observed and calculated structure factors 

h kl 2"0 2'c 
112 10.0 - 1 1 . 1  
113 6 .0  + 7.1 
114 13-9 + 11.4 
115 < 7"4 + 1.3 
116 7.9 + 9-7 
l l Y  15.9 + 10.1 
I l l  33"9 - - 3 4 . 9  
113 < 5 . 5  0"0 
113 < 6 . 0  - 0 .6  
115 < 6.4 - -  2-6 
116 8.4  + 11.4 
210 24.8  + 15.6 
211 8.4 + 4 .9  
212 24.8 + 2 0 . 8  
213 < 6.9 -- 0-9 
214 9"4 + 6"9 
215 < 7.9 -- 1.7 
21]- 15.4 + 10.7 
212 10.9 -- 8.1 
213 < 5.5 + 6-9 
213 22.3 - -21.9  
215 < 6.4 - -  0.1 
216  8.9 - - 1 1 . 7  
310  13.9 + 8.9 
311 < 6 . 9  - -  2.7 
312 7.4 - -  6 .0  
313 < 7.9 - -  1.3 
314  8.4 - -  7.8 
311 < 6.4 - -  0 .7 
312 22.3  + 20 .0  
313  < 6.4 + 2.6 
31~ 10.0 + 10.7 
410  12.9 - 1 1 . 3  
411 < 7 . 9  + 0-2 
412 < 8.4 - -  6 .0 
4 1 i  < 7.4 - 1.5 
412  < 7.4 - -  5 .6 
020  34.7 - 31 .0  
021 7.7 + 5.2 
022 14.9 - 13.4 
023 10.9 + 9-1 
024  6.3 + 7-1 
025 5.9 + 3-8 
026 7.3 + 9-9 
120 18.5 + 16-4 
121 12.7 + 4.7 
122 27.1 + 26.8  
123 < 5.4 - -  3 .0 
124 12.2 + 13.3 
125 < 7-2 - -  4 .9 
12i- 12.2 + I 0 . I  
122 14.0 - -  12.5 

h k l 2' 0 2" c 
125 < 4"5 + 4"2 
124 17"6 - -  19"3 
123 < 5"9 - -  2"5 
126 6"8 - 7"4 
220  20"3 + 2 1 " 0  
221 6"8 - -  10"0 
222 < 5"4 + 0"3 
223 6"3 - -  6"0 
224  10"4 - -  8"8 
22-1- < 4 .5  - -  4 .8  
222  26-2 + 25 .4  
223 5.9 + 4 .2  
223 7-3 + 7.5 
223 < 5.9 + 4 .6  
226 6.8 - -  6-3 
320 14.9 - -  12.6 
321 < 6.3 - -  2 .3 
322 15"8 - -  9.7 
323 < 7.2 + 1.8 
324  < 7.7 - -  1.6 
3 2 i  8.6 - -  7 .8 
322 < 5 .9  - -  0.3 
323 < 5-9 - -  6 .5 
324 9 .0  + 11.3 
323  < 6 . 8  - -  1.2 
420  < 7.2 - -  2.1 
421 < 7.7 + 2.0 
422  < 8.2 + 3.9 
4 2 i  < 7-2 + 1-7 
422  10-3 - -  9-4 
423  < 7.2 + 1.7 
031 15.6 + 12.7 
032  17.8 + 1 5 . 1  
033 2.6 + 2.4 
034  12.2 + 12.2 
035 4.0 - -  4 .0  
037 2-2 - -  3 .0 
040  14.9 + 12-9 
041 5.5 - 4 .9 
042  6.8 + 6.7 
043 8.0 --  8 .5 
044  3.9 --  2 .4 
045 4 .2  - -  3 .6 
046 3.7 - -  4 .3 
051 8.1 - -  7.1 
052 5-5 - -  4 .9  
053 < 2 . 7  - -  1.0 
054 3-4 - -  4 .0  
055 1.1 + 2-9 
060  1.6 - -  2.8 

did. The function p(y, z) was then  re-evaluated and the 
structure factors were computed again ; no further sign 
changes occurred. The Fourier series were evaluated at 
intervals  of 6 ° along a and b, and  careful sections were 
drawn before plott ing the electron-density maps. 

The final values of the calculated structure factors are 
listed in Table 1 under  Fc, and  the final Fourier pro- 
jections p(x, z) and p(y, z) are shown in Figs. 1 and 3, 
respectively. The interpretat ions of these projections 
are shown in Figs. 2 and 4. Although for convenience in 
the calculations we assumed tha t  the molecule was 
rotat ing about  the chlorine-chlorine axis, it  is more 
probable tha t  i t  is rotat ing about  the least moment  
of inertia, as is suggested by  the sl ightly unsymmetr ica l  
nature  of the chlorine peaks in both projections. I t  
seems possible also from the two projections tha t  the 

disorder of the CH 2 group is not really complete but  
favors sl ightly the carbon position at x c = 0.13, Yc = 0.04, 
z c = 0.065. Inasmuch  as placement  of the carbon atom 
in this position made no change in either projection, 
it m a y  be concluded tha t  whether or not the disorder is 
complete, it  is certainly real. This conclusion is strongly 
supported by the fact tha t  the electron densities sym- 
metr ical ly  disposed on the other side of the C1...C1 axis 
from the apparent  m a x i m u m  is about  3.6 e.A. -2 in both 
p(x, z) and p(y, z) as compared with the densi ty  of about  
4.4 e.A. -e at the apparent  max imum.  Thus wi thin  the 
l imits of errors of our electron-density projections the 
disorder appears to be complete, but  there does also 
exist the possibil i ty tha t  the difference indicated here 
is real and tha t  at  - 5 0  ° C. a t ransi t ion to a par t ia l ly  
ordered structure has begun. In  any  case the con- 
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figuration and nature  of the disorder as suggested by 
the R a m a n  and nuclear magnetic  resonance studies has 
proved to be essentially correct. 

The possibili ty of incipient  phase transi t ion at 
- 5 0  ° C. appears to be confirmed by  prel iminary 

½ 

ii::ii:  
s 0  

-3 1 
1 

Fig. 1. Projection of electron density along [010]. Contours 
are in e.A. -~, the one-electron contour being broken. The 
complete unit cell is shown. 

are the calculated values for the ordered structure,  
F006= 18.6, Flo2=38'8, F206= 10.3, and F20i=3.7. I t  is 
felt tha t  any  other ordered structure would produce 
similar disagreement with the F o of Table 1, and there- 
fore tha t  the disorder is confirmed. 

÷ 

a 0  

1 

Fig. 2. Line diagram of Fig. 1, showing out-of-plane 
co-ordinates of the chlorine atoms. 

c sin 

o 1 2. 3 4 5 A .  
I I I I I . , I  

Fig. 3. Projection of electron density along [100]. Contours 
axe in e.A. -z. The one-electron contour is broken, and odd- 
numbered contours from 7 through 19 have been omitted. 
The complete unit cell is shown. 

Fourier  results obtained by  Mr T. B. Reed on the low- 
temperature  form. TMs form is isomorphous with the 
- 50 ° C. form but  with ordered and well-resolved carbon 
atoms for which pre l iminary  x and z parameters  are 
0.11 and 0.09, respectively. Calculation of Fh0~ with 
these parameters  and with the chlorine positions 
x = 0.303 and z = 0.074 gave significantly poorer agree- 
ment  with Fo than  did the F~ in Table 1. Only the 
lmobserved F~0 ~ changed sign. This ordered structure 
gave a discrepancy (ZJJ FoJ- ]Fe l l  + Z J F o l  using 
only observed data) o f 2 1 %  as compared with 15 % for 
the disordered structure, and gave a sum of squares of 
residuals over twice as great as tha t  for the disordered 
structure of Table 1. Specific examples of disagreement 

I ® 
? ® 

0 c sinfl 

t / 
/ O 

Fig. 4. Line diagram of Fig. 3, showing out-of-plane 
co-ordinates of the chlorine atoms. 

The final chlorine parameters,  as determined f~om 
p(x, z) and p(y, z), are xcl = 0.303, Ycl = 0.279, zcn = 0.074. 
Es t imated  probable errors are 0.002, 0.004 and 0-002, 
respectively. 

The shortest chlorine-chlorine intermolecular  dis- 
tances are 4.01 A. (approximately along c) and 3.79 A., 
somewhat  greater than  3.6 A., which is twice the van  der 
Waals  radius of chlorine. Although exact  bond lengths 
would be of interest  in 1, 2-dichloroethane, no a t t empt  
was made in the present s tudy to determine them, since 
it is clear from pre l iminary  results on the  low-tem- 
pe ra tme  form tha t  the resolution in the Fourier  pro- 
jections will be much  better  than  in those given here. 
I t  is of interest  tha t  the molecule is in the extended 
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configuration, and that  the intramolecular chlorine- 
chlorine distance is 4.24 _+ 0-04 A. 
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A Study of the Unit-cell Dimensions and Symmetry of  certain Ferroelectric 
Compounds of  Niobium and Tantalum at Room Temperature 

BY P. VOUSDEN* 

H. H. Wills Physical Laboratory, University of Bristol, Bristol 8, England 

(Received 27 December 1950) 

An account is given of the methods of preparation of the recently reported ferroelectric compounds 
KTaO3, KNbO3, NaNbOs and NaTaO3, and of an investigation of their structure from powder 
photographs. At room temperature KTaO3 is cubic and the other compounds orthorhombic, the 
distortion from the simple perovskite structure being similar to that which BaTiO3 shows between 
- 5 and 90 ° C..From an examination of the variation of Curie point with lattice parameter of these 
compounds, it is suggested that the factor primarily responsible for the ferroelectricity is the degree 
of homopolar bonding of the tantalum, niobium or titanium ion with the oxygen ion. 

Introduction 

In a recent note Matthias (1949) reported that  the 
niobates and tantMates of sodium and potassium, 
which are pseudo-isomorphous with BaTi08, exhibit 
ferroelectric properties. These salts gave ~ piezoelectric 
response and showed dielectric hysteresis loops, with 
peaks in their dielectric constant versus temperature 
curve corresponding to changes in crystal symmetry. 
These changes in symmetry were observed by studying 
crystals, of 1-2mm. cube edge, with the polarizing 
microscope. The room-temperature symmetry of the 
compounds was given as pseudo-tetragonal from a study 
of the X-ray powder photographs, with an axial ratio 
of _~ 0.99 for the niobates, and rather closer to unity for 
the tantalates. The observations described below, 
which have been previously briefly reported (Vousden, 
1951), were undertaken in order to make accurate 
determinations of the unit-cell dimensions of these 
compounds. 

Crystallization of the substances 
The compounds were produced as small crystals, of 
volume of the order of 10 -1° cm. 3, from the oxides of 

* Now at Atomic Energy Research Establishment, Harwell, 
Didcot, Berks., England. 

tantalum and niobium, of purity 99 and 99.7 % re- 
spectively. No chemical analysis of the products was 
undertaken, but the constancy of the parameters of 
the same materials prepared under different conditions, 
or in some cases by different methods, suggested that 
the effect of any impurity content was negligible. 

NaNbO a 

A suspension of Nb20 s in INaOH was boiled for about 
20 min., and the precipitate, consisting of very small 
crystals of linear dimensions less than 10 -~ cm., was 
filtered and then dried at about 400 ° C. The powder 
photograph of the product showed the symmetry of the 
structure to be cubic, but the line broadening showed 
the existence of considerable lattice strain. Annealing 
the compound at about 1100 ° C. improved the dif- 
fraction pattern so that  the groups of lines corresponding 
to the pseudocubic distortion were clearly resolved. 

KNb03 

Equimolecular proportions of K 0 H  and Nb205 were 
fused at 400 ° C. in a platinum crucible. The resulting 
product, consisting of a white crystalline powder, was 
then reground and reheated to the same temperature 
several times in order that  the reaction might be more 


