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The modern third-generation synchrotron radiation sources offer

enhanced possibilities for all variants of imaging techniques. The

quantitative and qualitative improvements with respect to previous

synchrotron diffraction imaging work, which include the investigation

in transmission of bulky samples, the use, as an additional parameter,

of the sample-to-detector distance, and the use of the coherence of

the beam, are illustrated by several examples. Emphasis is given to

the possibilities associated with modern electronic detectors for this

type of imaging. The new techniques implemented at the ESRF that

take full advantage of new capabilities, and more particularly that of

`topo-tomography', are presented.
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1. Introduction

X-ray diffraction imaging, historically called X-ray topography, is a

`classical' technique used for the visualization of defects (dislocations,

twins, domain walls, inclusions, impurity distribution etc.) and

macroscopic deformations (curvature, acoustic waves etc.) present

within the single-crystal sample. The ®rst X-ray topographical

experiment dates back to 1931 and was carried out by Berg (1931).

The ®rst white-beam topography technique, nowadays the most

popular owing to its simplicity, was published by Ramachandran

(1944). The ®rst high-resolution diffraction imaging techniques,

revealing defects as growth striations or dislocations in crystals, were

introduced in the 1950s with double-crystal topography by Bond &

Andrews (1952) and the well known `section' and `projection' topo-

graphy by Lang (1958, 1959). It took 15 more years before

synchrotron radiation became available for condensed-matter

scientists and Tuomi et al. (1974) obtained the ®rst white-beam

topographs, using synchrotron radiation from HASYLAB at DESY,

Hamburg, a second-generation source. Since then, numerous dedi-

cated synchrotron radiation sources have been constructed, providing

beams with higher quality and stability.

The modern third-generation synchrotron radiation sources offer

enhanced possibilities with respect to previous synchrotron diffrac-

tion imaging work. This is true for all the variants of diffraction

imaging techniques [white or (quasi)-monochromatic beam topo-

graphy, using ¯at or bendable monochromators, peak, ¯ank or `weak

beam' topography]. Some of them are quantitative improvements but

others allow detecting qualitatively new effects. These improvements

and enhanced possibilities, as well as new techniques taking full

advantage of the original features of third-generation sources, are

presented and illustrated through examples taken from experiments

carried out at the ID19 beamline of the European Synchrotron

Radiation Facility (ESRF) in Grenoble, France.

This paper shows how diffraction topography, which is a relatively

`old' technique, has been renewed by the modern sources of

synchrotron radiation. The future of this kind of technique will be

discussed.

2. Diffraction imaging on modern synchrotron radiation sources:
improved or new features

2.1. Improvements with respect to previous synchrotron radiation
diffraction imaging work

The quantitative improvements with respect to previous synchro-

tron radiation imaging work are mainly related to the considerable

increase of (a) the available photon ¯ux and (b) the wavelength

spectrum.

The high intensity allows one to exploit weak re¯ections, to use

`weak beam'-type techniques, or to investigate thin layers. Very short

exposure times are possible (down to about 0.01 s at ID19, and

basically limited by the present fast shutters). This permits one to

carry out dynamic experiments, and to look at evolving phenomena

(time scale of a few 10ÿ2 s). Rapidly changing processes (in the

10ÿ8±10ÿ2 s range) may be investigated under the condition that they

are periodic. In this case, stroboscopic diffraction imaging may be

used, either by exploiting the time structure of the produced

synchrotron radiation or by inserting a mechanical chopper into the

beam. In addition, the available high intensity allows one to use

rather complex sample environment devices (high and low

temperatures, electrical and magnetic ®elds, mechanical traction etc.).

The extended wavelength range of the radiation produced at large

synchrotrons makes high energies accessible. This may be of impor-

tance for the above-mentioned sample environment devices, but is

essential for the investigation of bulky and strongly absorbing

samples.

2.2. New features associated with the modern synchrotron radiation
sources

New features with respect to previous synchrotron radiation

imaging work are related to the considerable decrease of the angular

extent of the source size as seen from a point in the specimen (which

is about 0.040 0 vertically and 0.20 0 horizontally for the ESRF `long'

beamline ID19, devoted to imaging).

This entails qualitatively new effects:

(a) Firstly, this small angular source size results in a very high

geometrical resolution. This implies that the sample-to-detector

distance can be varied at will in the metre range without appreciable

blurring of the image, and can therefore be used as an additional

experimental parameter. For instance, the discontinuous change in

distortion associated with magnetic domains (Medrano et al., 1999),

or implanted layers in a piezoelectric crystal (RejmaÂnkovaÂ et al.,

1996), could be directly measured. It was also possible to observe a

focusing effect due to continuous spatial variations of lattice plane

orientation. This effect was visualized in the cases of the images of

single dislocations (Zontone et al., 1996), elastic resonance patterns

(Matsouli et al., 1998, 1999), or wafer bonded samples (Baruchel et al.,

1999). The possible large sample-to-detector distances are also of

practical importance, e.g. for the reduction of background radiation.

(b) Secondly, this very small angular source size also results in a

considerable lateral coherence length. Propagation of a partially

coherent diffracted beam, i.e. Fresnel diffraction, can turn variations

of the phase of the diffracted beam into changes in intensity, and

hence contrast. In the case of a periodic spatial variation of the phase

such as produced by inverted ferroelectric domains, this provides the

possibility of measuring the difference in phase of the beam

diffracted by these domains. This allows the extraction of information

about the actual way these domains are matched with respect to the

other. In this way, atomic scale structural information may be

extracted from macroscopic phase information. The investigation of

the combination of Bragg and Fresnel diffraction, i.e. the in¯uence of
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phase changes (within or outside the crystal) on the amplitudes of the

Bragg diffracted waves, appears very promising.

However, the tremendous progress in X-ray diffraction imaging

over the last years is not solely due to the improvements of modern

synchrotron radiation sources. A considerable contribution should be

attributed to the progress in the technology of electronic detectors.

Diffraction imaging traditionally uses ®lms and nuclear plates as

recording media. They combine high spatial resolution (down to a

micrometre) with a large ®eld of view (from centimetres to metres).

Nowadays, an increasing number of CCD cameras (two-dimensional

detectors) with different dynamic range, sensitivity, noise, effective

pixel size and ®eld of view are used. Concerning the important

parameters effective pixel size or resolution, they may already

surpass that of X-ray ®lms and plates, but at the price of a very limited

®eld of view. However, many applications/measurements are only

possible when using these modern electronic two-dimensional

detectors. This will become evident in some of the examples

presented in the following section.

3. Examples of diffraction imaging using modern synchrotron
radiation features

3.1. Characterization of as-grown 4H-SiC ingots (Pernot et al. , 2001)

A ®rst straightforward example of an X-ray diffraction topo-

graphical experiment requiring high energies and high intensity is the

study of bulky samples. Taking advantage of the high geometrical

resolution, it is possible to investigate (with short exposure times)

entire crystal ingots directly

after their growth (Fig. 1).

This allows the characteriza-

tion of their structural

quality and of the lattice

defects they contain, prior to

cutting the slices needed for

later applications. A general

problem in X-ray topo-

graphy (and other imaging

techniques) is that only a

two-dimensional projection

of the three-dimensional

object is produced. One

possibility for overcoming

this limitation and to obtain

information about the spatial

distribution of the defects in

the investigated crystal ingot

is to use a special variant of

the technique i.e. section

topography, where one

dimension of the incident

beam is restricted by a slit.

Fig. 2(b) presents a set of

section topographs of the

central part of an ingot

recorded using four different

geometries described in

Fig. 2(a). The presence of the

polycrystal surrounding the

main crystal produces addi-

tional contrast at the

periphery of the ingot.

Micropipes images can be

observed mainly in the

lower-left part of the ®rst

image of Fig. 2(b); however,

the central part of the ingot

Figure 1
Photograph showing an SiC ingot (LETI, Grenoble). The diameter of the
largest part of the ingot is 3.5 cm.

Figure 2
(a) Experimental arrangement for section topography with the possibility of modifying the incident beam position on the
sample by the displacement of the slit. Four geometries of an ingot with respect to the facet perpendicular to the c-axis
(marked by the grey circle/ellipse on the top of the ingot) are presented. (b) Typical section topographs of an ingot recorded
for the four different experimental geometries described in (a). The vector g is the projection of the diffraction vector onto
the ®lm.



remains almost defect-free. The facet, i.e. the natural surface

perpendicular to the c-axis, observed as a light elliptical feature in the

upper-left region of the section, constitutes a high-crystalline-quality

region. The seed±crystal interface is hardly visible both in the third

and fourth sections indicating a smooth start of the crystal growth.

However, inclusions of other polytypes, 6H-SiC or 15R-SiC, can be

observed close to the seed. The inclusions start to grow from one side

of the ingot and propagate with an angle of 8� with respect to the

horizontal ingot axis until they reach the opposite side. The inclusions

originate a number of planar defects that propagate along the vertical

ingot axis, up to the natural crystal surface. Consequently, these

inclusions deteriorate considerably the crystalline quality. This

polytype switching is related to the 8� off-axis orientation of the seed.

By avoiding the instabilities occurring at the beginning of the crystal

growth it is possible to dramatically increase the useful volume of the

grown crystals. Fig. 3 shows detailed views, corresponding to two

different moments during the crystal growth. In Fig. 3(a) the slit

position was set at the level of the ingot dome (this corresponds to

almost the end of the crystal growth) and in Fig. 3(b) the section

topograph was recorded at the level of the crystal seed (the beginning

of the crystal growth). The distance between these two positions of

the slit was about 1 cm.

This example shows that the investigation of defects inside bulky

ingots of 4H-SiC, without slicing it, can be performed using a very

simple set-up: white-beam section topography in transmission. This

study allows a correlation between growth conditions (seed orienta-

tion, temperature gradient, gas pressure etc.) and defects to be

established.

3.2. Defects in quasicrystals

Quasicrystals are non-crystalline materials with long-range trans-

lational and rotational order, but no three-dimensional periodicity.

These materials exhibit ®ve-, eight- or ten-fold symmetry axes not

existing in periodic structures, show sharp diffraction peaks and

display unusual physical properties. An important question which was

considered from the very beginning of `quasicrystallography' is how

perfect quasicrystals are (and can be) and which kind of defects do

they contain? X-ray topography under weak beam conditions (`weak

beam topography'), in combination with phase-sensitive radiography

(Cloetens et al., 1996), considerably contributed to providing an

answer through the visualization of defects (on the micrometric scale)

in quasicrystals and the analysis of their contrast behaviour (Mancini

et al., 1998; Gastaldi et al., 1999; Klein et al., 2001).

Figs. 4(a)±4(c) show topographs recorded on the peak of the

rocking curve for different sample-to-®lm distances: no substantial

changes of the mostly loop-shaped contrasts are visible. It is impor-

tant to remember that the relation between the defect and its

diffraction image on the topograph is a complicated one. Conse-

quently, a loop-shaped defect image does not necessarily indicate that

the defects are loop-shaped. This becomes evident in Figs. 5(a)±5(c).

They show `weak-beam' topographs taken on a wing of the rocking

curve (angular distance from peak = 2.4 arcmin) for various sample-

to-detector distances. On these images important changes of the

defect contrasts occur, and many loops gradually transform into a

double line contrast. Keeping in mind that under weak-beam

conditions the strongly deformed zones close to the defect centres or

defect boundary are those which contribute to the image, the images

in Fig. 5(c) should be closer to the actual shape of the defect. This is

con®rmed in Fig. 6, where a topograph of a small sample region is

compared with a phase contrast radiograph showing pores and

precipitates (platelet-like shaped or almost spherical). The contrast

associated with pores is clearer in quasicrystals with no precipitates

(Fig. 7). In this case the topographical image (Fig. 7a) exhibits a two-

lobe contrast similar to that known from spherical precipitates in

crystals.

The above example demonstrates that by using `weak-beam

topography' it is possible to image strongly deformed zones close to
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Figure 4
Monochromatic beam (Si 111 double-monochromator) topographs taken on
the peak of the rocking curve at different sample-to-detector distances,
� = 0.559 AÊ , �2(0 0 0 �20 0) re¯ection, Czochralski-grown quasicrystal
Al69.7Mn22.7Pd7.6, annealed for 96 h at 1023 K, sample-to-detector distance
35 cm (a), 15 cm (b), 1.7 cm (c). h indicates the direction of the diffraction
vector.

Figure 3
Section topographs recorded with different positions of the slit, corresponding
to different moments during the crystal growth. (a) Slit set at the level of the
ingot dome (near to the end of the crystal growth). (b) Section recorded at the
level of the crystal seed (the beginning of the crystal growth). The distance
between these two positions of the slit was about 1 cm.
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the defect cores or defect boundary. A deeper understanding of the

nature of the defects and their associated deformation (on the

micrometric scale) in quasicrystals resulted from the combination

with phase-sensitive radiography, and the use of the sample-to-

detector distance as a parameter.

3.3. 180��� Antiferromagnetic domains in CoF2 (Baruchel et al. , 2001)

CoF2 is antiferromagnetic below TN ' 37 K. Magnetic moments of

opposite sign, directed along the c-axis, are located at the corners and

the centre of the tetragonal

unit cell, respectively. These

two sites, although equiva-

lent, are not related by a

lattice translation (the

¯uorine environment being

rotated by 90� around the

c-axis), which leads to two

possible 180� antiferro-

magnetic domains, and to

the existence of piezo-

magnetism.

The piezomagnetic strain

induced by an applied

magnetic ®eld is of opposite

sign in the two kinds of

antiferromagnetic domains.

This effect is used to visua-

lize, by X-ray diffraction

imaging, these domains in a

CoF2 crystal at temperatures

between 10 K and 40 K, by

applying external magnetic

®elds up to 0.4 T. Moderate

magnetic ®elds are chosen to

ensure that the domain

structure is not modi®ed.

However, this implies that

the distortion remains weak

(<10ÿ6). The experiment is therefore performed by ®rst recording

images with and without an applied ®eld on a CCD camera equipped

with an X-ray scintillator. These images are shown in Fig. 8, and

display no big difference. However, when subtracting the two images

Figure 6
Comparison of a weak-beam topograph (a) and a phase-contrast image (b). A
platelet-like shaped and (almost) spherical precipitate are indicated.

Figure 7
Comparison of an X-ray topograph (a) and a phase-contrast image (b) of a non-annealed sample (Al68.6Pd24.7Mn6.7) of rather
good quality containing pores. A one-to-one correspondence of double-lobe contrasts and pores is visible. Sample-to-
detector distance = 20 cm.

Figure 5
As Fig. 4, but `weak beam' topographs, taken on a wing of the rocking curve
with an angular distance from the peak of 2.4 arcmin, � = 0.559 AÊ , �2

(0 0 0 �2 0 0), sample-to-detector distances 35 cm (a), 15 cm (b), 2.8 cm (c).



a domain-related contrast is then observed (Fig. 9), which only

amounts to less than 10% of the matrix intensity, and is hardly visible

without the subtraction operation. The induced strain (a) increases

with increasing magnetic ®eld, (b) reverses when the direction of the

magnetic ®eld is reversed and (c) decreases with increasing

temperature, vanishing at TN.

The use of the subtraction of images affords the possibility of

investigating weak phenomena, which provide only very weak

contrast changes in X-ray topographical images. This subtraction

practically necessitates the electronic recording of the images. This

corresponds to the present evolution where ®lms and nuclear plates

are being replaced, in many cases (but not all of them!) by CCD

cameras.

3.4. Direct mapping of the vibration modes of piezoelectric devices
(Capelle et al. , 2001)

Observations of another type of phenomenon, piezoelectric

vibrations, greatly bene®t from the variation of the sample-to-

detector distance, coupled with X-ray stroboscopic diffraction topo-

graphy. Further examples for the utilization of this new `distance'

parameter may be found by Baruchel et al. (1999).

Piezoelectric devices are widely used in electronics, among others

in computers or in mobile telephones. The understanding of the

vibration modes in quartz resonators is important for a correct
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Figure 9
Difference image resulting from the subtraction of Figs. 8(a) and 8(b), which
reveals the contrast associated with the 180� antiferromagnetic domains.

Figure 8
White-beam topograph of a CoF2 crystal at T = 10 K without (a) and with (b)
magnetic ®eld. 020 re¯ection, � = 0.22 AÊ .

Figure 10
White-beam topograph of a plano-convex quartz resonator with superposed
section topographs. The sample-to-detector distance is about 5 cm, (1�210)
re¯ection, � ' 0.07 nm, image width = 15 mm.

Figure 11
Series of stroboscopic section topographs in the case of the ®fth overtone,
taken at different sample-to-detector distances of (a) about 5 cm, (b) 70 cm,
(c) 180 cm (but in addition taken with a higher excitation level). In (d) the ®ve
contrast lines are marked: three on one side, two on the other.
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adjustment of their ultra-acoustic properties. Stroboscopic topo-

graphy allows to `freeze' the vibration at a given moment of the

period. X-ray topography is a unique method to directly visualize the

vibration modes, to draw a map of the deformation, and to measure

the physical characteristics of the ultra-acoustic wave. An image of

the whole device can be recorded by using white-beam projection

topography; the complementary, and important, depth information is

obtained by applying section topography. The use of large sample-to-

detector distances allows, in this last case, a considerable `magni®-

cation' to be reached, leading to an increased sensitivity. In this way a

comparison between the experimental quantitative measurements

and theoretical values of the amplitude of the vibration is possible.

Fig. 10 shows a white-beam topograph of a plano-convex quartz

resonator with superposed section topographs taken at a rather short

sample-to-detector distance. It is dif®cult to resolve the detail in the

section topographs. By increasing the sample-to-detector distance the

images widen and the detail, in the form of fringes, becomes visible

(Fig. 11). If a ®fth overtone of a shear mode with vibrations in planes

parallel to the (plane) oscillator surface is excited, the number of half

acoustic wavelengths occurring in the thickness of the resonator is

®ve. This results in ®ve fringes in the topograph, which are visible in

Figs. 11(c) and 11(d). The origin of these fringes is a deviation of the

radiation re¯ected in regions with maximum lattice planes rotations

and its focalization after the propagation from the sample to the

detector (Matsouli et al., 1998, 1999; Baruchel et al., 1999).

The combination of stroboscopy, section topography and large

sample-to-detector distances is therefore shown to allow quantitative

measurements of the amplitudes or attenuation coef®cients of the

acoustic vibrations modes, and consequently their comparison with

theoretical model predictions.

Figure 12
(a) Experimental set-up: white-beam topography in re¯ection. (b)±(h) Experimental and simulated images of 006 re¯ection of a periodically poled lithium niobate
(period 14.8 mm) for different sample-to-detector distances D.



3.5. Visualization and matching determination of 180��� ferroelectric
domains

The ferroelectric domains investigation presented in this para-

graph is an example of the use, in diffraction topography, of the

considerable lateral coherence length of the beam. It uses a combi-

nation of Bragg and Fresnel diffraction.

Lithium niobate, KTP and KTA crystals can achieve optical

second-harmonic generation with enhanced ef®ciency when a peri-

odic reversal of the sign of the non-linear optical coef®cient d33

occurs in the phase-matching period. This periodically inverted

domain structure can be produced by applying an external electric

®eld using patterned electrodes. Fresnel and Bragg diffraction were

used simultaneously to

visualize these ferroelectric

domains. In this case no usual

topographic contrast is

expected. Spectacular effects

result from the phase contri-

bution to Bragg-diffraction

imaging in periodically poled

lithium niobate (RejmaÂn-

kovaÂ -Pernot et al., 1998) and

KTA crystals (Pernot-

RejmaÂnkovaÂ et al., 2000).

Bragg diffraction introduces a

phase shift between the

waves diffracted by adjacent

domains. It mainly originates

from the phase shift between

the structure factors of

oppositely poled regions.

Fresnel diffraction deter-

mines the resulting intensity

distribution after free space

propagation. This phase

difference is thus extracted

from images recorded at

different distances from the

sample. Fig. 12 shows a

scheme of the white-beam

experimental set-up and the images of a periodically poled lithium

niobate crystal (period = 14.8 mm, 006 re¯ection, E = 12.4 keV). The

comparison of experiment and simulation (shown on the right-hand

side of the corresponding experimental image) allows the magnitude

of the phase shift involved to be quantitatively determined. The

phase modulation used for the simulation is a periodic rectangular

pro®le. The calculated and measured phase shifts are in very good

agreement, being both equal to 140�. This approach, made possible

by the large spatial coherence of the X-ray beam, provides, in addi-

tion, important quantitative information about atom displacements at

the ferroelectric wall.

4. New techniques: topo-tomography

New techniques are emerging which take full advantage of the

described new capabilities. Among them, the monochromator

bending allows to compensate for sample curvature and/or for the

limitations of dispersive set-ups (Altin et al., 2002), and the sample

rocking combined with a high-resolution camera leads to rock-scan

mappings with micrometric resolution (LuÈ bbert et al., 2000). Topo-

tomography, which combines synchrotron-based diffraction topo-

graphy with microtomography, allows a three-dimensional imaging of

the strain-®eld related to defects to be achieved (Ludwig et al., 2001).

In this way an additional method became available for overcoming

the above-mentioned limitation of X-ray topography, which produces

two-dimensional projection of a three-dimensional object. Topo-

tomography was used to produce a three-dimensional visualization of

the three-dimensional dislocation structure in a synthetic diamond.

The distortions of the crystal lattice associated with the individual

dislocations give rise, in the low-absorption case, to locally enhanced

X-ray re¯ectivity and can be observed as line-shaped dark contrasts

[so-called `direct image' contrast (Bowen & Tanner, 1998)]. Provided

that the direct image is the dominant contrast mechanism, the

intensity distribution in the diffraction image is a good approximation
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Figure 13
Experimental set-up used for topo-tomographic data acquisition. During the
tomographic scan, the crystal is turned around the rotation axis a (angle !).
The crystal has to be aligned such that the diffraction vector G is parallel to a.

Figure 14
Series of six out of the 500 diffraction topographs recorded from a 7 mm � 7 mm � 2 mm synthetic diamond sample.
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to a two-dimensional projection of the local re¯ectivity along the

direction of the diffracted beam. Consequently, if one succeeds in

measuring a large number of such projections while turning the

sample around a ®xed rotation axis, the principles of computed

tomography can be applied in order to reconstruct the unknown

three-dimensional distribution of the local re¯ectivity. However,

compared with conventional absorption tomography, there is the

additional constraint that the crystal, during its turn around the

rotation axis, has to stay in diffraction for a given re¯ection. This can

be achieved by an experimental set-up as depicted in Fig. 13, which

allows for precise alignment of the rotation axis a and the reciprocal

lattice vector G, associated with the chosen sample re¯ection. Fig. 14

shows six out of the 500 diffraction topographs recorded from a 7 mm

� 7 mm � 2 mm synthetic diamond sample. As can be seen from

these diffraction images, the crystal contains a large number of

individual dislocations, which superimpose in this single projection.

Applying a simple intensity threshold to the three-dimensional

dataset, one can easily visualize the three-dimensional arrangement

of the dislocation lines with standard volume-rendering software.

Such a three-dimensional rendition of a small part of the crystal

(indicated by the box in Fig. 15a) is ®nally shown in Fig. 15(b). One

can observe different families of line-shaped contrasts, which corre-

spond to dislocations with preferential orientations in the crystal

lattice.

5. Conclusions

X-ray diffraction imaging is today a `classical' technique. It is, of

course, still very useful in its original form for characterizing single

crystals of good crystalline quality. However, in addition, the asso-

ciation with modern synchrotron radiation sources has renewed it. It

is presently partly used to follow in situ and/or real-time phenomena,

i.e. the evolution of a process as a function of an external parameter

(time, temperature, electric or magnetic ®eld, stress etc.). Further

examples may be found by Medrano et al. (2001), Zolotoyabko et al.

(1998), Sauer et al. (1999) and PolcarovaÂ et al. (1999a,b).

Most of the examples presented in the present paper were

impossible to perform before the advent of third-generation

synchrotron radiation sources. They show that there are new appli-

cations of diffraction imaging techniques. The developments in the

future will surely take advantage of (a) the coherence properties of

the beams (combination of Bragg and Fresnel diffraction), (b) the

in situ observations under complex sample environment, and (c) the

increased use of electronic two-dimensional detectors.
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Figure 15
(a) Conventional X-ray diffraction topograph (two-dimensional) of diamond
sample (dark lines mean more intensity). (b) Three-dimensional rendition of
the small part of the crystal indicated in (a).


