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Fig. 4 shows the R factor plotted against d .3. Here the 
reflections were sorted into 20 spherical shells of equal 
volume, the outer limit of the outermost shell correspond- 
ing to (2 sin 0)/A = 1 • 0 A- t .  Both these figures indicate 
that the three librational modes used are highly effective 
in reducing the R factor, suggesting that the variation in 
B between the surface and the interior of the molecule is 
the predominant systematic variation of this quantity. No 
optimization has been done in which the model included 
the internal modes and the translations, to the exclusion 
of the librations. 

Finally, in Fig. 5 we show stereo pairs of ORTEP draw- 
ings (Johnson, 1976) of the a-carbon atoms alone. It is 
noticeable that internal and bridged residues, such as Phe 
22 and Cys 55, have closely similar almost spherical dis- 
tributions which are dominated by the lattice contribution. 
Other regions, especially the termini, show marked elon- 
gations with a tendency for the major axis of each ellip- 
soid to be transverse to its position vector relative to the 
molecular centre. The portion of chain from Gly 37 to 
Arg 42 also shows substantial anisotropy with the elon- 
gation largely transverse to the length of the chain. Lat- 
eral movements of this portion correspond to soft defor- 
mations of the molecule and to displacements as between 
form I and form II of this molecule (Wlodawer, Deisen- 
hofer & Huber, 1987). 
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Abstract 

The temperature factor of silicon has been determined 
by the powder neutron diffraction technique employ- 
ing a double-axis neutron diffractometer. A neutron 
wavelength of 1.184/~ was used in the experiment. 
The sample used was a fine powder of silicon of purity 
99.999%. The correction to the observed intensities 
due to thermal diffuse scattering (TDS) was not 
applied as the neutron velocity of 3.34 km s-1 (corre- 
sponding to neutron wavelength of 1.184/~) is less 
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than the minimum velocity of sound in this crystal. 
The B value obtained from these experiments was 
found to be 0.45 (2)/~2, corresponding to a mean- 
square vibrational amplitude of 0.017 (2)A2 and to 
a Debye temperature of 531 (11) K at the sample 
temperature of 284 K at which the experiment was 
performed. 

Introduction 

Silicon is an important element of commercial interest 
and accurate measurement of its physical properties 
is desirable. One such physical parameter is the total 
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mean-square amplitude of atomic vibrations (U 2) 
which, for a cubic structure, is related to the tem- 
perature factor B by 

B = 87r2/3 (U2). 

Several authors have measured the temperature 
factor B of silicon employing various methods such 
as X-ray powder diffraction (Gottlicher & Wolfel, 
1959; Batterman & Chipman, 1962), X-ray single- 
crystal diffraction (Batterman, 1962; Giardina & Mer- 
lini, 1973), neutron single-crystal diffraction (Graf, 
Schneider, Freund & Lehmann, 1981) and using the 
critical-voltage effect in high-voltage electron diffrac- 
tion (HVED) (Eguchi, Tomokiyo & Matsuhata, 
1987). Reichelt & Rodgers (1966) and Izumi, Asano, 
Murata & Watanabe (1987) determined the tem- 
perature factor of silicon by the time-of-flight (TOF) 
neutron scattering technique on powder samples. 

While there is good agreement among the values 
obtained by X-ray diffraction methods, there is a large 
discrepancy (much beyond the experimental error) 
between the two values using the neutron powder 
TOF method referred to above. Furthermore, no 
investigation of the B value of silicon using a fixed- 
wavelength neutron powder difffractometer (an accu- 
rate method for such a determination) has been 
carded out. Therefore it was desirable to make diffrac- 
tion measurements on a pure sample of silicon, using 
such a neutron powder difffractometer. In addition to 
resolving the discrepancy, these data provide support 
to the Temperature Factor Compilation Project of the 
Neutron Diffraction Commission of the International 
Union of Crystallography (Butt, Heger & Willis, 
1985). 

Experimental 

The neutron-diffraction experiment was performed 
on the double-axis neutron diffractometer installed 
at the 15MW Heavy Water Research Reactor of the 
Institute of Atomic Energy, Beijing, China. (200) 
planes of a pyrolytic graphite monochromator were 
used as reflecting planes, which gave a neutron 
wavelength of 1.184/~. The flux of monochromated 
neutrons incident at the sample was about 
10 9neutrOnsm -2s -t. Silicon powder of purity 
99.999% and particle size 50 I~m was contained in a 
thin-walled vanadium container of 1 cm diameter and 
5 cm length. Data were collected over an angular 
range of 20 from 20 to about 117 ° with a step of 0.15 °. 
The neutron diffraction intensity at each step was 
recorded for the time interval determined by the pre- 
set monitor counts. All measurements were carried 
out at the ambient temperature of 284 K. 

Results and discussion 

The observed (lobs) and calculated (Icai) intensities 
of the individual peaks obtained are given in Table 

Table 1. Observed and calculated intensities for silicon 
powder 

hkl Iobs I~l 

l l l  27 702 27 967 
220 30 144 30 195 
311 22 883 22 534 
400 7 940 7 960 
331 12 615 12 720 
422 20 008 20609 

511,333 12 812 12 371 
440 7 478 7 619 
531 14 130 14 149 
620 12 160 12 733 
533 6 673 6 036 
444 4 090 3 739 

711,511 11179 10630 
642 20 191 20 027 

731,553 14 635 14 821 

Table 2. The temperature factor B of  silicon as deter- 
mined by various authors 

B (/~2) O o  (K)  T (K)  Method  Reference  

0-45 545 300 XRP (a) 
0.44 (1) 543 (8) 291 XRP (b) 
0.47 (1) 530 (4) 298 XRP (c) 
0.46 538 300 XRP (d) 
0.32 658 300 NDP, TOF (e) 
0-48 (4) 522 (22) 295 NDP, TOF ( f )  
0.45 (3) 545 (20) 300 XRSC (g) 
0.48 (1) 521 (5) 291 XRSC (h) 
0.45 (1) 539 (6) 295 NDSC (i) 
0.49 518 298 HVED (j) 
0.45 (2) 531 (11) 284 NDP (k) 

Notes: XRP=X-ray  powder; XRSC=X-ray single crystal; NDP= 
neutron diffraction powder; TOF = time-of-flight method; NDSC = neutron 
diffraction single crystal; HVED=high-voltage electron diffraction; T =  
temperature of measurement. 

References: (a) Gottlicher & Wolfel (1959); (b) Batterman & Chipman 
(1962); (c) Voland, Deus & Schneider (1976); (d) Glazer, Hidaka & Bordas 
(1978); (e) Reichelt & Rodgers (1966); ( f )  Izumi, Asano, Murata & 
Watanabe (1987); (g) Batterman (1962); (h) Giardina & Merlini (1973); (i) 
Graf, Schneider, Freund & Lehmann (1981); (j) Eguchi, Tomokiyo & 
Matsuhata (1987); (g) present work. 

1. The final R value was 1.98% which indicates good 
reliability of the data. The observed intensities need 
not be corrected for TDS as the neutron velocity 
(3.34 km s -1 corresponding to neutron wavelength of 
1.184 A) was smaller than the minimum sound veloc- 
ity (4.67 km s -1) in silicon. The sound velocity in 
silicon was calculated using the elastic-constants data 
of Parsad & Wooster (1955). In such a situation, the 
first-order TDS contribution to the Bragg peaks is 
zero (Willis, 1969). However, in several materials the 
intensities should be corrected for contributions due 
to TDS which may lead to a correction to the B value 
by a few percent. 

The temperature factor B determined in this way 
in the present experiment is compared with the results 
of other authors in Table 2. The present value of B 
is 0.45 (2)/~2 and corresponds to a Debye tem- 
perature Oo of 531 (11) K, which is in good agree- 
ment with X-ray diffraction results (Gottlicher & 
Wolfel, 1959; Batterman & Chipman, 1962; Glazer, 
Hidaka & Bordas, 1978), and the neutron diffraction 
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single-crystal work of Graf, Schneider, Freund & 
Lehmann (1981). 
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Abstract 

The group-theoretical method of reducing the polar 
(axial) tensor representation of the full rotation group 
has been explored and extended to obtain the second-, 
the third- and the fourth-order elastic coefficients for 
the 18 polychromatic crystal classes. The elastic 
coefficients obtained for all the classes are tabulated 
and the results obtained are briefly discussed. 

I. Introduction 
Many significant contributions on the study of the 
physical properties of crystals have been brought to 
light by several group-theoretical physicists during 
the past few decades. The number of non-vanishing 
as well as independent constants for the various phy- 
sical properties in respect of the 32 conventional 
crystal classes were derived in considerable detail 
using group-theoretical as well as tensor methods by 
Bhagavantam & Venkatarayudu (1951), Wooster 
(1979), Nye (1985) and others. The book by 
Bhagavantam (1966) enhances the use of the charac- 
ter method in studying the magnetic properties of 
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these 32 classes and the 58 magnetic (double-colour) 
point groups derived from them. In two of the earlier 
papers published by the author (Rama Mohana Rao, 
1987, 1988) the 18 applicationally significant poly- 
chromatic crystal classes (Indenbom, Belov & 
Neronova, 1960) were studied for three identified 
magnetic properties such as piezomagnetism and for 
six physical properties such as photoelasticity. The 
number of independent constants (ni) required to 
describe a chosen magnetic/physical property was 
obtained using a group-theoretical procedure also 
established by the author (Rama Mohana Rao, 1987). 

It is well known that the physical property of elas- 
ticity describes the relation between the stress field 
developed and the strains caused. Further, the applied 
stress as well as the resulting strain could be represen- 
ted by second-rank symmetric tensors. Bhagavantam 
& Suryanarayana (1949) and Jahn (1949) successfully 
enumerated the second- and third-order elastic 
coefficients for the 32 conventional crystal classes 
employing group-theoretical methods. With a slightly 
different approach to the application of the character 
method, following a suggestion made by Chelam 
(1961), Krishnamurty (1963) and Krishnamurty & 
Gopala Krishna Murty (1968) also derived these 
coefficients for the 32 conventional crystal classes. 
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