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Laue experiments using synchrotron radiation have been carried out on quasicrystalline samples 
mainly with decagonal symmetry. Apart from Laue spots, Kossel lines and diffuse scattering have 
been observed on the X-ray film simultaneously. High spatial resolution was achieved by the 
positioning of the X-ray film at a distance of about 350 mm from the sample. Conclusions about the 
real structure and the crystal quality could be drawn using information obtained from the 
appearance of the Kossel lines, and the shape and the splitting of the Laue spots, respectively. The 
dimensions of the mosaic blocks and their tilting behaviour for one of the samples under 
investigation have been determined. 
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1. Introduction 

If an X-ray film is placed close to a single crystal and the 
crystal acts as a target for an intense white X-ray beam, 
two different diffraction patterns can be observed simul- 
taneously on the film. Firstly, the well known Laue spots, 
and secondly, so-called Kossel lines. In contrast to the 
Laue spots, Kossel interferences are generated by the 
characteristic X-ray fluorescence radiation excited by the 
primary beam (Fig. 1). Borrmann has already proved the 
occurrence of this effect with copper single crystals and 
other materials in 1936 (Borrmann, 1936). To generate 
Kossel lines only, usually an electron beam of energy 
between 20 and 50 keV is used to excite the characteristic 
X-ray radiation. The advantages of this method are the 
short exposure times and very small probe diameters 
compared with the beam diameter of a conventional X-ray 
source. Usually, a scanning electron microscope serves as 
the electron source. Only the advent of synchrotrons and 
the resulting highly intense X-ray radiation permitted 
sufficiently short exposure times together with a better 
angular resolution. The latter was achieved because of the 
increased distance between the sample and the film (Ull- 
rich et al., 1994; Schetelich et al., 1995). Using a mono- 
chromator it was even possible to excite selectively the 
characteristic radiation of a certain kind of atom, e.g. the 
exclusive excitation of Ga Kot radiation in GaAs crystals. 
The main advantage of this is the reduction of unwanted 
background radiation. 

It should be mentioned here that the profiles of Kossel 
lines excited by synchrotron radiation have also been 
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investigated using solid-state detectors instead of X-ray 
film (Takahashi & Takahasi, 1993; Gog et al., 1995). 

A special feature of the Kossel effect is the occurrence 
of a fine structure of the Kossel lines (e.g. ' l ight-dark'). 
This is the result of a superposition process of primary and 
secondary beams (Fig. 1) and is closely related to the 
conservation of the scattering phase. Therefore, the 
occurrence of this fine structure is a dynamical phenom- 
enon and a high degree of structural order in the region 
investigated is required. The entire Kossel pattern itself 
contains information about lattice parameters, orientation 
and symmetry. However, the low intensities of the Kossel 
lines, usually a few percent of the non-diffracted back- 
ground, sometimes cause problems in the recording pro- 
cess. In synchrotron experiments performed earlier 
(Schetelich et aL, 1995) conventional crystals (CuO2, 
CuSO4, GaAs, GaP) were investigated. On the other hand, 
the electron-induced Kossel effect has already proved 
useful for the investigation of decagonal quasicrystals 
(Schetelich et al., 1994). Therefore, the application of 
synchrotron radiation to excite Kossel interferences in 
decagonal quasicrystalst seems straightforward. Except for 
other spectacular properties, decagonal quasicrystals show 
strong diffuse scattering. Therefore, the observation of 
three different kinds of diffraction phenomena (Laue 

t The structure of these quasicrystals shows periodical stacking of planes 
in one direction (tenfold screw axis). Within the planes there is no 
translational order, but quasiperiodicity or orientational order is 
exhibited. To index the diffraction patterns of quasicrystals, more than 
three indices are required; in the case of a decagonal quasicrystal, four for 
indexation within the quasiperiodical planes and one for the periodical 
direction, i.e. five altogether (e.g. Steurer, 1990) are required. 
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spots, Kossel lines and diffuse scattering) was expected for 
the characterization of the samples. 

2. Experimental 

Two different decagonal quasicrystalline samples with the 
nominal compositions AlToCOlsNi15 and A162ColsCu2oSi3 
were investigated. The samples exhibit a decaprismatic 
needle-like shape with dimensions ranging from 0.3 mm in 
diameter and a length of about 1.5 mm for the 
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AlToCOxsNi15 crystal up to 2 mm in diameter and 4 mm in 
length in the case of the AI62Co15Cu2oSi3 crystal. 

All experiments were performed at beamline F1 at 
HASYLAB,  DESY, using white synchrotron radiation. 
The samples were mounted on a four-circle diffractometer 
in order to simplify the alignment procedure. In both cases 
the tenfold axis was orientated parallel to the z direction 
as indicated in Fig. l(c). The recordings were taken in 
back-reflection geometry. High spatial resolution was 
achieved by placing the film at a distance of 350 mm from 
the sample. The experimental pattern covers a horizontal 
angular region of approximately 18-2T. The size of the 
incident beam could be varied between about 50 × 50 lam 2 
and 250 x 250 ~tm 2 by means of a double-slit aperture. 
Typical exposure times on Fuji X-ray film IX100 and 
IX150, respectively, lasted from a few seconds for the 
largest aperture opening up to about 30 min for the 
smallest. Initially, we tried to use image plates in order to 
avoid the time-consuming film processing of the X-ray 
film. 

However, the quality of the images has been not as good 
as expected. Therefore, X-ray film had to be used instead. 
Nevertheless, for alignment purposes the image plates 
proved very useful. 
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Figure 1 
(a) Excitation and diffraction schemes of characteristic X-rays. 
(b) Kossel lines obtained as the intersection of Kossel cones with 
X-ray film, in 'flat film' geometry. (c) Experimental set-up. The z 
axis is normal to the plane of the electron motion in the storage 
ring. 

3. Results and discussion 

Laue spots and diffuse scattering in the form of a straight 
horizontal line have been recorded for both samples and 
all beam sizes. The Laue spots connected by the diffuse 
line(s)t have a general indexation of [hkmnO} (Kek & 
Mayer, 1993). As soon as the beam dimensions became 
smaller than approximately 70 x 70 ktm 2, Kossel lines 
could also be observed (Figs. 2a and 2b). This means we 
have obtained three different independent sources of 
information from one recording simultaneously. 

Comparing the images taken from the two samples, 
quite large differences in quality were found. A170ColsNi15 
shows extremely sharp reflections in contrast to 
A162Co15Cu20Si3. Here, a multiple split line of diffuse 
scattering, broad and rather diffuse Kossel lines and Laue 
reflections occurred. In Fig. 2(c) a simulation of the Kossel 
pattern of Fig. 2(b) is given. From this Kossel pattern, 
lattice parameters and the sample orientation could be 
determined [c = 0.3772 nm, a = 0.4143 nm, the orientation 
pole corresponds to (24221)]. 

The A170ColsNi15 sample has been the subject of a series 
of detailed investigations and can be considered as a 'true 
and almost perfect' quasicrystal within the experimental 
limit (Kalning et al., 1995). The observation of Kossel lines 
showing the typical fine structure (Fig. 2a) confirms once 
more the occurrence of dynamical X-ray diffraction in real 

quasiperiodic structures, and not only in their crystalline 

. .  

t It should be mentioned that a distinction between the diffuse scattering 
within the Bragg layers and that originating from between two Bragg 
layers cannot be made by the Laue technique. 



104 Laue and Kossel diffraction on quasicrystals by means of synchrotron radiation 
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Figure 2 
(a) Kossel pat tern obtained from the AlToCO15Ni15 sample. The beam size was smaller than 70 x 70 ktm 2. Kossel reflections appear  as 
double lines due to Co Kot and Ni Koe radiation. Additionally, Laue reflections and the diffuse scattering in the form of a distinct 
horizontal line are visible. (b) As (a) but  using an A162Co15Cu20Si 3 quasicrystal. Note tha t  all 'signals' are broader  than in (a). 
Fur thermore ,  the double lines are not  equal in intensity: Co K a  reflections are stronger than Cu reflections. (c) Calculated Kossel 
pat tern according to conditions (b). For clarity, only the Co K0t lines are shown. The lattice parameters  de termined therefore are c = 
0.4143 nm and a = 0.3772 nm. For the orientation of the simulation we obtain the indexation 24221. Not  all lines drawn in the simulation 
are visible on the corresponding Kossel pattern. The position of the diffuse line is indicated by a dashed line on the simulation. (d) As 
(b) but the beam size is enlarged to 250 x 250 J,tm 2. The Kossel lines disappear and the remaining reflections show a p ronounced  
splitting, mainly in two almost perpendicular  directions. The inset shows an enlarged Laue spot. (e) As (c) but  an icosahedral AIPdMn 
quasicrystal has been used. 
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approximants.t Furthermore, it is of interest that this 
'perfect' sample also shows distinct diffuse scattering. 

The stepwise enlargement of the beam size from 70 × 
70 I.tm 2 to 250 x 250 p.m 2 leads to a drastic change in the 
case of the AI62Co15Cu20Si3 sample, whereas the pattern of 
AICoNi remains almost unchanged. Fig. 2(d) shows a 
recording taken from AI62Co15Cu20Si3 using a large beam 
of size 250 x 250 l.tm 2. The Kossel lines have disappeared 
and the Laue spots and the diffuse line exhibit a distinct 
multiple splitting. Consequently, at least near the surface 
(depths down to some tens of micrometres), the sample is 
a typical representative of a mosaic crystal. The recording 
obtained with the largest beam, 250 x 250 lam 2, reveals 
that actually several tens of grains with slightly different 
orientations are contributing to the diffraction process. 

As soon as the exciting beam hits several crystallites 
which are slightly tilted to each other, the Kossel lines split 
and the intensity of the single lines decreases until they 
cannot be distinguished from the background anymore. 
The vanishing of the Kossel lines is connected to their 
small excess intensities in general. Laue spots possess 
much higher intensities and the splitting does not neces- 
sarily lead to the disappearance of the spots in the back- 
ground. 

From the deviation of the Laue reflections relative to 
the ideal positions of the spots, the tilt angles of the mosaic 
grains were calculated. The maximum tilt angles parallel 
and perpendicular to the tenfold axis were calculated to be 
1.3 and 0.6 °, respectively. These values are in good 
agreement with the results of earlier measurements 
(Schetelich, 1995). An interesting feature is the distribu- 
tion of the tilt directions. They are closely related to par- 
ticular crystallographic directions and not statistically 
distributed. 

Furthermore, it was found that the structure of the spots 
belonging to the same reflection is not uniform, whereas in 
directions normal to the tenfold axis the distribution is 
rather dense, where there is a discrete set of about ten 
spots parallel to this axis. Decreasing the beam size, a 
considerably smaller number of splits in both directions is 
obtained. Their minimal thickness can be roughly esti- 
mated by taking the mean excitation depth z = #-1 (where 
/z is the absorption coefficient) of the fluorescence radia- 
tion, which causes the Kossel interferences (Co Kot and 
Cu Kot, respectively), into account. The excitation depth z 
was calculated to be about 40 l.tm. The minimal lateral 
dimensions of a single grain are somewhat smaller than 70 
x 70 ~tm 2, derived from the initial appearance of the 
' l ight-dark'  fine structure of the Kossel lines. Taking 
results from other Kossel experiments into account 
(Schetelich, 1995), we deduce that the actual samples 
consist of a bunch of several quasicrystalline or micro- 
twinned needles. 

t Periodic approximants of the decagonal quasicrystais are an 
intermediate state between decagonal quasicrystals and ordinary crystals: 
they have approximately tenfold diffraction patterns, but are in fact 
periodic crystals with large unit cells (Kalning et al., 1994). 
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This particular kind of growth has been described 
before (Kortan et al., 1989; Wittmann, 1997), but crystallite 
sizes and tilt angles have not been determined so far. The 
investigation of the quality of these needles has been 
carried out by means of the electron-induced Kossel effect 
at a lateral resolution of approximately 10 ~tm (Weber et 

al., 1994). The Kossel pattern obtained in this way shows 
extremely sharp lines with a 'light--dark' contrast due to 
dynamical diffraction. Dependent on the Bragg angle, even 
some (Co Kot) line doublet splitting was observed as well 
(angular difference ~0.06°). The simulation of these pat- 
terns revealed lattice parameters as follows: c = 
0.4141 (5) nm and a = 0.3776 (8) nm. These values are in 
good agreement with the lattice parameters of A162Co15. 

Cu20Si3 obtained from the present experiments (Fig. 2c). It 
can also be concluded that the composition of the single 
crystallites within the samples does not differ particularly. 
This is in agreement with results of high-precision density 
measurements on the same sample. The measured density 
of Pexp = 4.53 (3)g c m  -3 has been simulated using the 
experimentally determined lattice parameters and the 
structure model proposed (Kloess et al., 1994). Later, other 
Kossel experiments proved the occurrence of the effect of 
an anormal absorption (Borrmann effect). Therefore, a 
lateral dimension of the coherent scattering domains of 
approximately 100 ktm could be estimated (Schetelich, 
1995). 

From all these measurements, electron-induced and 
synchrotron excitation Kossel experiments alike, we found 
that the samples possess, at least locally, a very high degree 
of structural perfection. The question, whether the grains 
are really quasicrystalline or merely microtwinned 
approximants, cannot be answered in this way, because of 
the possibility of phase conservation in coherent twinned 
crystals (Fettweis et al., 1995). 

Similar experiments were carried out on i-AIPdMn and 
i-ZnMgY. Quasicrystals of this type are without translation 
symmetry in all three dimensions. The Laue photographs 
obtained do not show any distinctive diffuse scattering. 
However, the crystals exhibit a mosaic structure as can be 
seen from the recordings given in Fig. 2(e). Compared with 
Fig. 2(d), another type of mosaic structure was found. By 
decreasing the beam diameter, additional Kossel lines with 
the fine structure were observed. This is of particular 
interest in the case of the AIPdMn sample where the 
electron excitation of the Pd K-fluorescence radiation 
failed due to the lack of a source providing an electron 
beam of a sufficiently high energy (Brenner et al., 1996). 

4. Summary 

Laue experiments on quasicrystals using a quite unusual 
experimental set-up were performed. A high spatial reso- 
lution was achieved by incorporating a large distance 
between the film and the sample. Different beam dia- 
meters and the combination of Laue diffraction, the Kossel 
effect and diffuse scattering made it possible to obtain a 
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more localized picture from the real structure of the 
quasicrystalline sample. In the case of a mosaic crystal, the 
tilt angles and dimensions of the mosaic blocks could be 
estimated. The mosaic structure of the crystals reveals the 
dynamical diffraction in these samples as a very localized 
phenomenon in many cases. 
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