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The 002 and 222 multiple diffraction patterns of diamond, originally recorded by Renninger [Z. Phys. 
(1937). 106, 141-176.], have been reexamined using high-resolution techniques. Several previously un- 
reported features of these patterns have been observed and are discussed. 

Introduction 

The first systematic investigation of multiple X-ray 
diffraction effects in single crystals was carried out by 
Renninger (1937). He recorded and analyzed the 002 
and 222 multiple diffraction patterns of diamond 
crystals - using Cu K~ and Mo K~ radiations - in what 
is now generally regarded as a classic study of the 
phenomenon. 

We have recently calculated the azimuthal angles at 
which multiple diffraction effects may be observed in 
002 and 222 'Renninger patterns' of diamond, recorded 
with Cu K~ radiation. These indicate that several 
features of crystallographic interest, in addition to 
those described by Renninger, would be revealed if the 
patterns were recorded with high-resolution techni- 
ques. Results of such an investigation are discussed 
below. 

The geometry and intensities of multiple X-ray dif- 
fraction effects in single crystals have been discussed 

* Work supported in part by: Contract F44620-74-C-0065, 
U.S. Army, Joint Services to the Electronics Program. 

by many investigators in recent years, including: Cole, 
Chambers & Dunn (1962); Moon & Shull (1964); 
Zachariasen (1965); Caticha-Ellis (1969) and Prager 
(1971). An extensive bibliography of the subject is in- 
cluded in a review paper by Terminasov & Tuzov 
(1964), and more recent references are listed by Post 
(1975). 

Experimental 

The experimental arrangement used in this investiga- 
tion is similar to Renninger's, modified to improve 
resolution (Fig. 1). The X-ray source was a Cu target 
tube with an effective focal spot size of 400 x 500/tm at 
a take-off angle of 4 °. A 0.5 mm pinhole at the exit 
end of a 120 cm evacuated tube between the source and 
the specimen limited the divergence of the incident 
beam to 2' of arc. 

Two diamond specimens were used. One was a 1 cm 
square platelet, 2 mm thick, with [001] normal to the 
large face. It was optically clear and colorless, and 
exhibited considerable birefringence when examined 
between crossed polarizers. The other was roughly 
octahedral in shape, with triangular (111) faces ap- 



BEN POST 293 

proximately 4 mm on edge. It was faintly amber in 
transmitted light and displayed very weak birefrin- 
gence. 

Precise alignment of the specimen is essential for 
multiple diffraction studies. It is first tilted about the 
normal to the plane of incidence to bring the 'primary' 
reflecting planes to their diffracting position (Fig. 1). 
The arcs of the crystal holder are then adjusted until 
the diffraction vector of the reflecting planes is precisely 
parallel to the crystal rotation axis. That setting is con- 
sidered satisfactory when the diffracted intensity does 
not vary by more than about 10% as the crystal is 
rotated through 360 ° , except for possible abrupt 
changes due to multiple diffraction. The inclination of 
the rotation axis is then readjusted to maximize the 
multiple diffraction intensities. 

A scintillation detector is used to monitor the inten- 
sity of the primary reflection while the crystal is rotated 
slowly about its axis. As the crystal rotates, reciprocal 

X-roy 
Source 

ev~cuate.d 

J f  

t ~ 

Fig. 1. Experimental setup (schematic). 

lattice points pass through their diffracting positions 
on the surface of the Ewald sphere, generating 'second- 
ary' reflections. The effects of the latter on the primary 
diffracted intensity (i.e. on the 'background' intensity) 
constitute the multiple diffraction effects to be in- 
vestigated. 

Results and discussion 

(a) The (002) patterns 
Asymmetric, 45 ° portions of the 002 multiple dif- 

fraction patterns of diamond, recorded with Cu K~I 
and K~z radiations, are shown in Figs. 2 and 3. The 
calculated values of the azimuthal angles of the mul- 
tiple diffraction maxima are listed in Table 1. The indi- 
ces of the secondary reflections involved in each inter- 
action are listed on the figures. To minimize con- 
fusion, the indices of the incident beam and the 
primary reflection, (000) and (002), have been omitted 
although they are involved in all the interactions. 

Table 1. Calculated azimuthal angles of 002 multiple 
diffraction peaks 

Azimuthal angle 
h k l  n Cu Kcq Cu K~2 

222/220 4 2"370 2"208 
3T-i-/3T3 4 8.292 9"322 
1TT/1T3 4 12.842 13.122 
400/402 4 16.705 16.111 

1~1 3 24.525 24.688 
3Ti-/313 4 28.579 27.548 

311 3 28 .605 ,  28.442 
020/022 4 27.614 28.709 

3~i 3 28.630 29.237 
111 3 35.252 35.222 
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Fig. 2. 002 multiple diffraction pattern of diamond:  Cu K0q. 
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The arrow at the base of the 3]'1/313 peak on Fig 3 
points to a bump in the background intensity, caused 
by the corresponding Kel peak, which we could not 
entirely eliminate. 

An unusual peak appears on Fig. 2 at the azimuthal 
angle of 28.6 °. Six sets of hkl indices are listed for that 
maximum. The latter is due to overlap of four inde- 
pendent maxima which occur within the angular range 
28.58 ° to 28.63 ° in the K~I pattern (Table 1). Those 
include two four-beam and two three-beam interac- 
tions. In the Kcq pattern, the 'single' K~I peak is 
resolved into its four component peaks and it is clear 
that their apparent coincidence in Fig. 2 is accidental. 

It will be noted that more four-beam than three- 
beam interactions are listed on Figs. 2 and 3. This is a 
consequence of the fact that in those cases the rotation 
axis, c, is parallel to c*, and passes through the origins 
of successive reciprocal lattice levels (Fig. 4). When the 
crystal is set to record 002 patterns, reciprocal lattice 
points with l equal to 1 lie in the equatorial plane of 
the Ewald sphere and participate in three-beam inter- 
actions: (O00,O02,hkl). The l indices of most recip- 
rocal lattice points, however, do not equal 1; these 
arrive at their diffracting positions accompanied by 
their geometrical counterparts with l=  2 - l ' ,  and four- 
beam or higher-order diffraction results. 

The weak 000, 002, 220, 222, four-beam interaction 
(Fig. 2, at 2.37 ° ) has not been reported previously. 
It is an example of the geometry discussed in the pre- 
ceding paragraph and illustrates what Zachariasen 
(1965) has referred to as 'the case of triple-diffraction, 
with H i .  H 2 = 0  and H 3 = H I + H 2 ' .  [Hi, H2 and Ha 
correspond to the diffraction vectors of our 002, 220 

and 222.*] The contribution of this four-beam inter- 
action to the 002 primary reflection would equal zero 
if the structure factors of both 002 and 222 equalled 
zero [Moon & Shull (1964), equation 9]. The structure 
factor of 002 does indeed equal zero, but that of 222, 
though very weak, differs sufficiently from zero to 
generate the weak maximum that is observed. 

The argument outlined above appears to be in- 
consistent with the observation of the 000, 002, 020, 
022 maximum at 28.71 ° (Fig. 3); the structure factors 

* The 000 term was not included explicitly in Zachariasen's 
'triple-diffraction'. 

E W A L D  Sphe re  R o t a t i o n  
~ , . ~ . ~  ~ A xi s 

I 
h k 2  ( 0 0 2 )  

=hkl 1 

h k O  0 0 )  

1 h; / 

Fig. 4. Multiplicity of reflections. 
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Fig. 3. 002 multiple diffraction pattern of diamond: Cu K~2. 
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of both 002 and 0~0 equal zero in cubic diamond 
crystals. It will be recalled, however, that the specimen 
used for the 002 patterns was optically birefringent. 
Kleinman (1962) has discussed deviations from cubic 
symmetry resulting from residual strain effects in 
diamond crystals. In such cases, the crystal is not only 
birefringent, but the intensities of reflections, such as 
020, which are 'forbidden' in cubic crystals, may no 
longer equal zero. That could account for the weak 
maximum at 28.71 ° . This intensity effect appears, in 
this case at least, to be limited to the hkO zone of 
reflections. For example, no evidence of a diffraction 
maximum due to 002 could be detected. 

(b) The (222) pattern 
Fig. 5 is a chart recording of the 222 multiple dif- 

fraction pattern obtained using Cu K~I; the asym- 
metric 30 ° portion of the recording is shown. The out- 
standing features are the intense 313, 113, 513 peaks; 
these were observed and discussed by Renninger (1937). 
The extraordinary width of the 313 peak is due to an 
unusually large Lorentz factor (25.6); the correspond- 
ing reciprocal lattice point enters and leaves the Ewald 
sphere within a total angular range of less than 10 °. 
It does not touch the Ke2 sphere at any point and 313 
is, of course, absent from the Kc~2 pattern. 

The minima due to the 000, 222, 220, 402 and the 
000, 222 002, 220 interactions (Fig. 5) have been re- 
ported by Renninger (1955). He attributed them to 
'aufhellung' effects resulting from simultaneous dif- 
fraction by the primary 222 reflection and the very 
strong 220. That interpretation, unfortunately, over- 
looks the four-beam character of the interactions, as 
well as the interesting relation between the umweg 

minimum due to 000, 222, 220, 002 on Fig. 5 and the 
maximum due to the same group of reflections on Fig. 
1 (See Fig. 6). 

(c) Intensities of  the weak interactions 
Moon & Shull (1964) and Zachariasen (1965) have 

described procedures for the calculation of multiple 
diffraction intensities in mosaic crystals. These methods 
may also be used for the calculation of weak interac- 
tions in relatively perfect crystals, such as diamond. 
Hirsch & Ramachandran (1950) have shown that inten- 
sity calculations based on either perfect or mosaic 
crystal formulae lead to essentially identical results 
for very weak reflections. We have therefore restricted 
our calculations to the five weakest interactions ob- 
served in Figs. 3 and 5. We feel that the quality of the 
intensity data for the stronger interactions did not 
warrant more detailed dynamical intensity calculations 
for those cases. 

Intensities were measured by scanning repeatedly 
across the maxima (or minima) until accumulated net 
'counts' equalled 3000. Since the divergence of the 
incident beam equalled 2' of arc and exceeded the ac- 
ceptance angles of the weak interactions by large 
margins, integrated intensities were measured in the 
scanning process. The resultant precision was not high; 
our estimates of the standard errors of these measure- 
ments range from about 25% for the 002 cases to 
40 % for the 222 interactions. 

The measured values were placed on a common 
scale by equating the peak intensities of the 000, 002, 
220, 222 interaction of Fig. 3 with that of the 000, 222, 
220, 002 of Fig. 5. Equation 9 of Moon & Shull's (1964) 
paper shows that the two interactions should yield 
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Fig. 5. 222 multiple diffraction pattern: Cu K0q. 
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identical peak intensities; their integrated intensities 
will differ as a result of differences between their Lorentz 
factors. The integrated intensities of the Fig. 3 maxi- 
mum were then arbitrarily set to equal 10.0. 

Table 2. Integrated intensities of  weak multiple diffrac- 
tion interactions 

Primary Secondary Relative intensities 
reflection reflections Radiation Measured Calculated 

222 402, 2~0 Cu K~t -35  -46.5 
220, 002 Cu K~t - 15 - 20.6 

1]'3 Cu K0q 8 6.9 
002 220, 222 Cu Kctz 10 10.0 

0~0, 022 Cu K~2 30 0* 
* Calculated value equals zero for unstrained cubic crystals. 

See text for discussion. 

Calculated and measured integrated intensities of 
the five weak interactions are listed in Table 2. The 
negative intensity values indicate decrease of the 
pr imary 222 intensity. The calculations were based on 
Moon  & Shull's (1964) procedure, modified to include 
polarization corrections as described by Zachariasen 
(1965): 

Q1 

- N 

Q(,-1) [ p , . , _ l { ( i _  1 ) - 1  }] 
K(i_I) 

1 - " 

(1) 
Subscript 1 refers to the indices of the pr imary reflec- 
t ion; i refers to the indices of  the secondary reflection(s), 
Ql=(23N21FIZ/sin 20)i, p i . j ( j - i ) =  ½[cos 2 20l +cos  2 20j 
+(cos  2 0 j _ i - c o s  20~ cos 20j)z], and KI=  1/(sin 20l) 
(Lorentz factor)~. 

The weak 1]'3 maximum in Fig. 5 is of some interest. 
It  results from interchanges of  intensity among the 
incident beam and 222, 1]'3 and 13]' [the latter 
represents the index of P as viewed from H, Fig. 7; it 
is referred to as (1 - i )  in equation 1]. The values of 20 
of  the three reflections, for Cu K~I, are 96.84, 91.48, and 
91"48 ° . The polarization correction reduces the con- 

t002) ~22) 

(a) (b) 
Fig. 6. Identical four-beam interactions in different orientations. 

P = (222) 

- -  

H -- (IT3) 

Fig. 7. Geometry of 222/1"1-3 interaction. 

tr ibution of 1]'3 to 222 (via 13]') to 0.007 times its un- 
corrected value, resulting in the 1]'3 maximum which 
is observed to be vanishingly weak. 

References 

CATICHA-ELLIS, S. (1969). Acta Cryst. A25, 666-673. 
COLE, H., CHAMBERS, F. W. • DUNN, H. M. (1962). Acta 

Cryst. 15, 138-144. 
HIRSCH, P. B. & RAMACHANDRAN, G. N. (1950). Acta Cryst. 

3, 187-t94. 
KLEINMAN, L. (1962). Phys. Rev. 128, 2614-2619. 
MOON, R. M. & SHULL, C. G. (1964). Acta Cryst. 17, 805- 

812. 
POST, B. (1975). J. Appl. Cryst. 8, 452-456. 
PRAGER, P. R. (1971). Acta Cryst. A27, 563-569. 
RENNINGER, M. (1937). Z. Phys. 106, 141-176. 
R.ENNINGER, M. (1955). Acta Cryst. 8, 606-610. 
TERMINASOV, Y. S. & TUZOV, L. V. (1964). Usp. Phys. Nauk. 

83, 223-258. 
ZACHARIASEN, W. H. (1965). Acta Cryst. 18, 705-710. 


