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We have developed a method for separating diffuse and dynamical components of neutron 
radiation diffracted by a thick crystal with structural defects. The method is based 
on spatial scanning of a narrow monochromatic Bragg-reflected beam. Dynamical effects have 
been observed in diffuse scattering, in particular, interference bands, similar to 
Pendellosung beats in the diffraction by perfect crystals. 

The behavior observed in diffuse scattering accompa- 
nying diffraction by real crystals is, as a rule, well described 
by the kinematic theory of diffraction,' in which effects due 
to multiple scattering and complicated interference inter- 
action of waves are negligible. However, for sufficiently 
perfect crystals, which are widely employed due to the 
development of semiconductor technology, the regions of 
coherent scattering are significantly larger. For this reason, 
dynamical diffraction of incident and diffusely scattered 
waves plays a significant role in the case of large defects, 
which scatter radiation by small angles, and this results in 
interference Pendellosung beats, anomalous transmission 
of diffuse intensity, significant distortion of isodiffuse lines, 
and so 

In the experimental study of diffuse scattering the dif- 
fuse component must be separated from the strong dynam- 
ical background peak. The methods used for measuring the 
integral intensity of diffracted radiation,9-" as a rule, in- 
volve fitting the experimental data with some theoretical 
model, and this presupposes the existence of a priori infor- 
mation about the nature of the defects of the crystal struc- 
ture. Due to the relatively low intensity of diffuse scatter- 
ing the results of such analysis are often of doubtful 
reliability, something which is, however, inherent to most 
indirect methods of measurement. The three-crystal spec- 
trometer method, which makes it possible to resolve the 
diffuse peak from the dynamical components of the re- 
flected beam, does not have these deficiencies." The x-ray 
variant of this technique has been used in a number of 
 work^,^^-'^ confirming the results of theoretical 
~alcu1ations.~-' 

In the present work, in order to separate the diffuse 
and dynamical components of the reflected beam we em- 
ployed the fact that in the case of a thick perfect crystal 
and Bragg geometry the bulk of the crystal does not "par- 
ticipate" in neutron reflection. The method is based on 
spatial scanning of the diffracted radiationI6 with a narrow 
monochromatic neutron beam incident on the sample. The 
layout of the experiment, performed using setup of Ref. 17, 
is displayed in Fig. 1. A monochromatic neutron beam, 
formed by (1,1,1) reflection of reactor radiation from a 
germanium monochromator with the half-width of the re- 
flection curve equal to 6 angular minutes was limited by 
the diaphragm S1 with a 0.3 x 10 mm2 rectangular window 
and directed on the experimental Ge sample, positioned at 

the Bragg angle B B .  The spatial distribution of the dif- 
fracted radiation was scanned by stepping an identical di- 
aphragm S2 in a direction perpendicular to the reflected 
beam in the diffraction plane, after which the beam was 
recorded with the help of a stationary detector. The neu- 
tron wavelength was A = 1.84 A and the nonmonochroma- 
ticity M/A=0.01; all experimental samples were subjected 
to standard procedures of chemical-mechanical and chem- 
ical polishings in order to remove the damaged layer. Due 
to extinction of the incident radiation within the angular 
interval of the Bragg peak (under these conditions the 
width of the plateau of the "Darwin table" is 2.1 angular 
seconds and the extinction length is Ao= 18.6 pm) the 
scanned distribution contains an intense peak correspond- 
ing to reflection from the surface layer of the sample (see 
Fig. 1 and Fig. 2a). The part of the beam passing into the 
crystal is reflected from the back surface of the crystal, and 
this gives rise to a second asymmetric peak with a contin- 
uously decaying "right-hand tail." This is due to a well- 
known effect which accompanies Bragg reflection and is 
similar to the Bormann fan in Laue diffraction." Thus for 
a perfect crystal with a "frozen" lattice the intensity of the 
diffracted radiation should be zero in the region between 
the dynamical peaks. This is demonstrated by the fact that 
the distribution measured for a 3.68 mm thick dislocation- 
free Ge crystal (dislocation density less than 10 cm-') is 
identical to the curve calculated for the experimental con- 
ditions with the help of the dynamical theory.I9 Measure- 
ments on a two-crystal spectrometer, employing crystals of 
this type and the ( 1,1,1) reflection, showed that to within 
the experimental error, the half-width of the rocking curve 
o=2.9*0.2 angular seconds agrees with the computed 
value. In addition, investigations on a three-crystal 
spectrometer20 have demonstrated that there is no diffuse 
scattering for this sample. In the case of a sufficiently per- 
fect crystal with defects the recorded distribution should 
not change radically. Due to the existence of lattice distor- 
tions, however, the "transilluminated volume" of the sam- 
ple becomes a source of diffuse waves, and as a result dif- 
fuse scattering is recorded in the region between the 
dynarnical peaks. This is confirmed by investigations per- 
formed using both neutron and x-ray beam~.~l- '~ We em- 
phasize that in the present experiment the recorded inten- 
sity of the diffuse scattering is an angle-integrated quantity 
because of the relatively large aperture of the diaphragms 
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FIG. 1. Layout of experiment on scanning the spatial distribution of a 
beam reflected by the sample: S1 and =-limiting and scanning dia- 
phragms, respectively; S--sample; &-detector; the arrows l and 2 indi- 
cate the dynamical components of the diffracted radiation (rays reflected 
from the surface layer due to extinction and the beam reflected from the 
back surface of the crystal, respectively); DR-diffuse radiation, scat- 
tered by the volume of the sample; the arrow z indicates the direction of 
motion of the diaphragm S2. 
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FIG. 2. Measured spatial distributions of the diffracted radiation (the 
extinction peak is shown on a smaller scale): a) Distribution obtained for 
dislocation-free germanium; here the solid line designates the curve cal- 
culated from the dynamical theory for the experimental conditions; b) 
The curve for the sample with dislocation density -900 ~ r n - ~ .  

S1 and S2. Figure 2b displays the results obtained for a 
3.55 mm thick sample with dislocation density -900 
~ m - ~ .  For this crystal the half-width of the rocking curve 
of the two-crystal spectrometer is somewhat larger than 
the computed value and is equal to a=3.6*0.3 angular 
seconds. Measurements in the three-crystal method 
showed the presence of a fairly intense diffuse peak in the 
angular di~tributions.~' As is evident from Fig. 2b, a non- 
uniform distribution of diffuse scattering is observed be- 
tween the dynamical peaks. The overall dropoff in the in- 
tensity of diffuse scattering as a function of the position z of 
the scanning diaphragm is partially associated with normal 
absorption and incoherent and thermal diffuse neutron 
scattering in the sample. 

Beats in the intensity of diffuse scattering are of a spe- 
cial interest. They are displayed in an enlarged scale in Fig. 
3a. Similar interference bands have been observed by the 
method of x-ray topography on curved perfect crystals,23 
and their origin was explained in Ref. 24. According to the 
latter work, in the case of a deformed perfect crystal the 
trajectories of the Bloch waves acquire a hyperbolic form 
for one of the dispersion  surface^'^ (the particular surface 
depends on the sign of the deformation). The Bloch waves 
reflecting periodically at some depth, which is determined 
by the position of the point of excitation on the dispersion 
surface (glancing angle), return to the entrance surface of 
the crystal, where partial reflection can likewise occur. In- 
terference of waves arriving at the same point of the sur- 
face with a different number of internal reflections gives 
rise to beats of the intensity at the exit from the sample. In 
the case of uniform deformation the coordinates x, of the 
maxima, measured from the point of incidence of the beam 
on the crystal along the surface of the crystal plate, satisfy 
the following relation:24 

Here n is the number of the mazimum (see Fig. 3a); 
x' = .rrx/Ao; B' = B A ? ~ ;  $3 =:#( hu')/ds$Sh is the gra- 
dient of the deformation, h and u' are, respectively, a r$- 
cipropl lattice vector and the deformation vector; and, So 
and Sh are the unit vectors of the standard oblique coor- 
dinate system employed for describing diffraction. If the 
uniform diffraction is caused by the curvature of the crystal 
plate, then the radius of curvature is 

where d is the interplanar separation. This is what made it 
possible in Ref. 23 to determine from the deformation in- 
terference bands the value of R for a silicon plate with an 
amorphous oxide film grown on its surface. 

Figure 3b displays a graph of xi(n), calculated from 
the data presented in Fig. 3a. As one can see, contrary to 
Eq. ( 1 ) , points with n = 1 and n = 2, in general, do not lie 
on a straight line. The value of the reduced deformation 
gradient was determined from the linear section using the 
formula ( 1 ) : B' = (5.0 * 0.1 ) Next, the equation 
(2) was used to calculate R = 39 * 1 km under the assump- 
tion that the observed oscillations are caused by the cur- 
vature of the crystal. Additional measurements were per- 
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FIG. 3. Interference bands observed in dif- 
fraction by a sample with dislocations: a) 
Portion of the spatial distribution between 
the dynamical peaks. The fragment is 
shown on a larger scale than in Fig. 2b; 
here 1, 2, ..., 7 are the numbers of the max- 
ima of the observed beats; b) plot of xj,(n), 
where n is the number of the maximum 
and x, is the location of the maximum, 
measured from the location of incidence of 
the primary beam on the surface of the 
crystal plate. Inset: Trajectories of Bloch 
waves in the case of diffraction by a curved 
perfect crystal. 

formed in the two-crystal parallel spectrometer method25 
in order to determine the radius of curvature of the exper- 
imental crystal. In these measurements characteristic fea- 
tures of the neutron diffraction method were employed, 
such as a wide ( -several cm) beam and large detector 
dimensions. The first crystal consisted of a perfect single 
crystal of germanium and the second crystal was the sam- 
ple placed in the path of the beam. A 0.3 X 10 mm2 dia- 
phragm was placed between the crystals on the alignment 
table. The "illuminated spot" is moved along the surface of 
the experimental crystal by changing the position of the 
diaphragm. In the case of a curved sample the rocking 
curves2' measured for different positions of the diaphragm 
exhibit an angular shift a, from whose sign and magnitude 
the sign and radius of curvature of the single-crystalline 
plate are determined easily. Here R=l/a, where I is the 
linear displacement of a neutron "beam" along the surface 
of the crystal. For an experimental sample with 1=70 mm 
we find a =O within the experimental error ( -0.3"). This 
gave a lower limit of the radius of curvature of at least 50 
km. 

This makes it possible to conclude that the observed 
beats are not associated, at least, with the curvature of the 
crystal. Nonetheless, it can be conjectured that the ob- 
served oscillations are caused by the random, possibly, 
nonuniform deformation which arises in the crystal, for 
example, when the crystal is worked. This, by the way, 
would explain why the plot of x i ( n )  is not a straight line. 

In order to check this proposition we performed the 
experiment whose layout is displayed in Fig. 4a. In this 
experiment the dimensions of the diaphragm S1 were 
0.3 x 10 mm2, and the window of the diaphragm S2 was 
increased to 1.8 X 10 mm2 because of the low counting rate 
at the detector. The position of S2 was chosen so that only 
rays emanating from the interior of the sample reached the 
analyzer crystal. The angular distribution of the radiation 
propagating from the volume of the crystal was scanned by 
rotating the analyzer in steps and by exposing the beam 
reflected from it. Figure 4b displays the results of these 

measurements, obtained for different positions of the dia- 
phragm S2. As one can see, for the same overall form of 
the angular distributions the intensity decreases as a func- 
tion of the coordinate z of the diaphragm S2. This is asso- 
ciated with the absorption and incoherent and thermal dif- 
fuse scattering of neutrons in the sample. The angular 
coordinate of the minimum of the observed dip is identical 
to the position of the maximum of the extinction peak, 
corresponding to rays reflected from the surface layer of 
the sample. Thus the double-hump form of the measured 
distributions is due to the "eating away" of the primary 
peak by extinction. The obtained curves indicate the exist- 
ence of deformations with alternating signs in the volume 
of the sample. Indeed, when the sign of the gradient of the 
deformation remains constant, Bloch waves for only one of 
the dispersion branches undergo internal reflection in the 
volume of the crystal. Thus, in this case, the angular dis- 
tributions must be sharply asymmetric with respect to the 
Bragg angle. Moreover, the observed spatial and angular 
distributions did not change as the "illuminated spot" 
moved along the surface of the sample, and also when the 
beam was directed on the back surface of the crystal. In- 
vestigations of several plates, fabricated from the same Ge 
single crystal (with dislocation density -900 ~ r n - ~ ) ,  
showed that oscillations in the spatial distributions are ob- 
served for all of them. All this leads to the conclusion that 
the present methods recorded diffuse scattering, caused by 
bulk distortions of the lattice of alternating sign, from de- 
fects of the crystal structure, and the oscillations in the 
spatial distributions are analogous to Pendellosung beats in 
the diffraction by a perfect crystal. The somewhat higher 
intensity in the distributions obtained at smaller glancing 
angles and displayed in Fig. 4b can be explained by the 
well-known interference character of absorption near the 
Bragg angle,25 as manifested in the asymmetric form of the 
reflection curve (Prince's curve) in the case of Bragg dif- 
fraction by an ideal crystal. The rocking curves of the two- 
crystal spectrometer, in which one of the crystals was the 
sample with dislocations, are also asymmetric. This is a 
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manifestation of the effect observed in Fig. 4b. 
Returning to the spatial distributions displayed in Figs. 

2b and 3a, it should be noted that the value of the linear 
attenuation coefficient peXP = 0.28 cm- l ,  determined from 
the total dropoff in the diffuse reflection intensity averaged 
over the oscillations, is almost twice the corresponding 
value pt=0.15 cm-' calculated taking into account ab- 
sorption as well as incoherent and thermal diffuse scatter- 
ing. The linear attenuation coefficient, associated with ther- 
mal diffuse scattering and equal to ptds=3.6 cm-I, 
was calculated by the method of Refs. 26-27. The experi- 
mental value of the linear attenuation coefficient is larger 
than the calculated value because of extinction of the trans- 
mitted wave due to diffuse scattering; this fact was previ- 
ously observed in Ref. 22 with x-ray radiation. Thus the 
angle-integrated attentuation coefficient, determined by 
diffuse scattering, for the transmitted wave can be calcu- 
lated from the experimental data: pdS =O. 13 cm-'. In Ref. 
3 approximate formulas expressing pdS in terms of the con- 
centration and characteristic size of the nonuniformities 
were derived for several types of defects. For this reason, 
when apriori information about the nature of defects of the 
crystal structure is available, the characteristic size and 
concentration of nonuniformities can be determined simul- 
taneously by performing direct measurements of pdS, by the 

FIG. 4. Measurement of the angular distributions of the 
diffuse component of the beam reflected by a crystal with 
dislocations: a) Layout of experiment: 
M-monochromator; S1 and S2-limiting and scanning 
diaphragms, respectively (the arrow z indicates the direc- 
tion of motion of S2); S--sample; A-analyzer crystal 
(the arrow e, indicates the direction of rotation of the 
analyzer during scanning of the angular distribution); 
Metec tor ;  b) resulting angular distributions of diffuse 
intensity; the curves 2 and 3 were measured with the 
diaphragm S2 displaced in the direction indicated in Fig. 
4a by 0.7 and 1.4 mm, respectively, with respect to the 
position of S2 in the case of scanning of curve I. 

method described above, for different reflections or wave- 
lengths. 

In conclusion, it should be noted that the dynamical 
and diffuse components of radiation diffracted by a slightly 
distorted crystal can be measured separately with the help 
of relatively simple methods. A number of theoretically 
predicted dynamical effects in diffuse scattering were ob- 
served and qualitatively explained: suppression of diffuse 
scattering in the Bragg direction, interference character of 
the absorption of the diffuse scattering near the Bragg an- 
gle, and a pronounced coherent effect-Pendellosung 
bands, observed for the first time in diffuse scattering. It 
would be of great interest to compare the results described 
above to data obtained by the same method with the help 
of x-ray radiation. Unfortunately, however, measurements 
of x-ray Bragg section topograms for the experimental 
samples were unsuccessful because of the strong absorption 
of x-rays in germanium. The present work is, to all appear- 
ances, not just a demonstration of interesting coherent ef- 
fects in, generally speaking, incoherent phenomena such as 
diffuse neutron scattering. By analyzing this question the- 
oretically the observed Pendellosung beats could yield in- 
formation about defects of the crystal lattice in relatively 
perfect crystals, and the method described could become 
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an effective supplement to traditional topographic and 
three-crystal methods. 
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