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Contrast due to Fresnel diffraction is observed on Bragg diffraction images, obtained with a spatially
coherent x-ray beam, of ferroelectric domains inside a periodically poled lithium niobate crystal.
It originates mainly from the phase shift between the structure factors of the adjacent domains.
This allows the direct determination of the relative phase of the pairs of structure factors involved.
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When two parts of a coherent wave front suffer a relative phase shift, an interference pattern is produced, and
the phase difference can be extracted from the fringes. An
especially simple case arises when the phase distribution
across the wave front is an almost ideal straight step, as
when a neutron wave front is divided at a Bloch wall separating two domains with opposite magnetization [1]. The
phase shift, which can be described in terms of the opposite precession directions of the neutron spin, then shows
up vividly in the resulting Fresnel diffraction pattern.
Free space propagation, i.e., Fresnel diffraction, makes
phase sensitive radiography possible and instrumentally
simple thanks to the spatial coherence of third generation
synchrotron radiation beams [2,3]. In the present work,
Fresnel and Bragg diffraction are simultaneously used to
visualize ferroelectric domains within a periodically poled
lithium niobate crystal. The wave front of the Braggdiffracted x-ray beam is split by the phase difference between the structure factors of adjacent domains. This shift
is measured through quantitative analysis of the image contrast as a function of propagation distance.
Lithium niobate can achieve optical second-harmonic
generation with enhanced efficiency when a periodic reversal of the sign of the nonlinear optical coefficient d33
occurs in the phase matching period [4]. This periodically inverted domain structure can be produced by applying an external electric field using patterned electrodes
[5–7]. Various methods revealing ferroelectric domains
in LiNbO3 were reported: chemical etching [8], electron
microscopy [9,10], pyroelectrically induced electron emission [11], and x-ray Bragg-diffraction imaging (“topography”) [12–16].
The experiments were carried out at the ID11 and ID19
wiggler beam lines of the European Synchrotron Radiation
Facility (ESRF). These beam lines exhibit the same vertical sy sø 40 mmd and horizontal sh sø 200 mmd FWHM
source sizes, but different source-to-sample distances
L: 40 m for ID11 and 145 m for ID19. This implies,
for a typical wavelength l  0.7 Å, that the vertical
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transverse coherence length (lc  ly2a, where the
divergence a is ideally given by the angular source size
syL) is ø35 mm for ID11 and 130 mm for ID19. The
simple setup designed to perform white beam section
topography is schematically represented in Fig. 1(a).
Several reflecting planes fulfill the Bragg condition of
diffraction for different wavelengths, and a Laue pattern
is produced, where each spot is a section topograph. This
technique is usually used to reveal small distortions within
nearly perfect crystals. However, it allows one, when
using a coherent beam, to observe phase shifts within
the diffracted beam. The sample-to-detector distance Dd
determines the defocusing distance D  Dd LysL 1 Dd d
[17]. The images were recorded on Kodak Industrex
SR films with exposure times ranging from one second
to a few minutes. The periodically poled sample was
produced by bulk electric-field poling [6] using a Z-cut
wafer from a congruent LiNbO3 crystal supplied by
Crystal Technology. The domain reversal, with a period
of 23 mm, was performed across the whole thickness of
0.5 mm of the crystal.
Figures 1(b)–1(e) show a set of section topographs obtained using the 274 reflection for different defocusing distances D. This procedure is used because only “standard”
topographic images [18] are observed when the detector
is close to the crystal, whereas phase-related contrast can
build up when D is increased. The slits were perpendicular to the domain walls, as shown on Fig. 1(a), the
diffraction plane was approximately vertical. Only very
faint contrast of inverted domains is found in Fig. 1(b),
recorded at D  0.11 m. Stronger contrast appears over
the whole section topograph of Fig. 1(c), corresponding to
D  0.51 m. This contrast consists of parallel lines periodically spaced, with a period equal to the period of poling.
The contrast increases with D [Figs. 1(d) and 1(e)].
The geometrical resolution sDd syLd and the transverse
coherence are better when Bragg diffraction occurs in
the horizontal plane and the domain walls are horizontal.
Figure 2 shows the 0 3 18 section topographs recorded
© 1998 The American Physical Society
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FIG. 2. Section topographs using the 0 3 18 reflection at l 
0.43 Å recorded at different defocusing distances D: (a) D 
0.12 m, ( b) D  0.6 m, (c) D  1.95 m, (d ) D  3.5 m,
(e) D  5 m.

FIG. 1. (a) Principle of white beam section topography: the
defects present in a single crystal can be observed within the
Laue spots, and localized with respect to the crystal surfaces.
( b)-(e): Section topographs using the 274 reflection, l 
0.24 Å, recorded at different defocusing distances D; ( b) D 
0.11 m, (c) D  0.51 m, (d ) D  1.11 m, (e) D  1.67 m;
g is the projection of the diffraction vector on the detector.

for different defocusing distances using this horizontal
diffraction plane geometry. The images observed at large
distances in Figs. 2(d) and 2(e) consist of periodic lines,
similar to Figs. 1(d), 1(e). But the section topographs
obtained at smaller distances [Figs. 2(b), 2(c)] display
finer features: Additional black and white lines can be
observed between the main ones. Some image features
cross the edges of the section topograph. They correspond
to an asterism effect [19] associated with misorientations
present in the neighborhood of the surface, which produce
an elongation of the images of both domains along the
diffraction vector.
It is obvious that the images vary strongly as a function of the defocusing distance. This type of behavior
may arise from (1) different orientations of the reflecting
planes (“misorientation” contrast). However, this is not
the main origin of the observed features, for at least three
reasons: (i) The dependency of contrast on the propagation distance does not correspond to the expected behavior
(i.e., periodic alternation of black, grey, and white lines)
of misorientation contrast between adjacent domain as a
function of the sample-to-film distance. (ii) The observed
3436

contrast strongly depends on the incident white beam spectrum, which can be modified by varying the gap of the wiggler source. The relative contribution of the reflection and
its harmonics is altered, resulting in a dramatic change,
or even the vanishing, of the observed contrast. This is
in contradiction with the expected behavior of misorientation contrast, which is not sensitive to the spectrum variation. (iii) The diffraction plane is nearly parallel to the
domain walls. The Bragg angle u is therefore modified
by the misorientations multiplied by sin u sø 0.1d, and
one should observe a much larger effect when working
with the diffraction plane perpendicular to the domain
walls. This is exactly opposite to the observations. The
misorientation can, nevertheless, play a role in the neighborhood of the surface, or if an external parameter (electric
field [15], temperature) is applied.
The strong variance of images as a function of the defocusing distance may also arise from (2) different structure
factors (“structure factor” contrast). Reflecting planes hkl
in domain I correspond to planes 2h, 2k, 2l in the inverted structure of domain II. It is important to note that
the relative difference of the moduli jFhkl j and jF2h,2k,2l j,
calculated using the Fhkl software [20], with dispersion
corrections, of course, taken into account, is less than
1% and therefore cannot explain the observed contrast.
Fhkl and F2h,2k,2l differ however substantially in their
phases wI and wII . The waves diffracted by adjacent domains exhibit, when they leave the crystal, a phase-shift
Dw  jwI 2 wII j, which is zero for simple transmission,
i.e., in the absence of Bragg diffraction. Interference between parts of the wave front diffracted by different domains then occurs through free space propagation, well
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described as Fresnel diffraction. As in the case of phase
radiography, this turns the phase modulation into an amplitude and a corresponding intensity modulation. This requires the transverse coherence length lc of thepbeam to be
larger than the first Fresnel zone diameter 2 lD. This
zone is the region of the object mainly contributing to the
intensity in a point of the image.
For a periodic object (“Talbot effect” [21,22]) the
Fresnel diffraction pattern is periodic both in the direction
of the object periodicity (period a) and in the propagation
direction (period DT  2a2 yl). In the case of a phase
object, no contrast is expected immediately behind the
object. It increases up to a maximum and vanishes again
at a distance DT y2. At a distance DT y4 a simple relationship exists between the phase object and the intensity
Isxd on the image, Isxd  1 1 sinfwsxd 2 wsx 1 ay2dg
[22]. This leads in our case to a periodic intensity profile
similar to the domain pattern itself, with a visibility
fsImax 2 Imin dyImean g given by 2 sinsDwd. The Talbot
effect for hard x rays was recently demonstrated in simple
transmission geometry on a pure phase grating [23].
A quantitative approach giving access to the phase
shift and the angular divergence of the wave exiting the
crystal is shown on Fig. 3. In the case of a periodic
object, the Fourier coefficients Im sDd of the intensity
profile recorded at distance D can be written as [24]:
Im sDd  Im,coh sDdgslDmyadRsmyad .

(1)

The coefficients Im,coh sDd correspond to illumination by
an ideally coherent plane wave, and they were numerically calculated within the Fresnel diffraction approximation. The periodic phase modulation used is shown
in the inset of Fig. 3. It is characterized by a phase shift
Dw and a linear transition of width w between the two
phase levels. The term gslDmyad is the degree of coherence in the object plane between two points separated
by the distance slDmyad. By the Zernike–Van Cittert
theorem [17] it can be related to the angular beam pro-

FIG. 3. Amplitude of the first Fourier coefficient as a function
of defocusing distance for the 274 reflection at l  0.24 Å.
The fitted curve corresponds to Eq. (1) and the phase modulation shown in the inset.
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file, yielding gslDmyad  expf2sapDmy2ad2 y ln 2g
for an angular profile of Gaussian shape and width a.
The resolution of the detector is taken into account by
its modulation transfer function Rsmyad for the spatial
frequency mya.
Expression (1) was used to fit our experimental data as
a function of D for m  1, the higher-order Fourier coefficients being too weak for interpretation. The estimated
value of 80± for Dw is consistent with the phase shift of
70± calculated on the basis of the accepted structure of
lithium niobate [25]. The transition width w is small (5%
of the period) and is attributed to the diffraction geometry and the finite extension, about 20 mm, of the incident beam in its narrow direction. The beam divergence
resulting from the fit, 3.6 mrad, is larger than the angular source size, and results from the crystal quality of the
sample coupled with the Darwin width of this reflection,
i.e., the width of the intrinsic rocking curve for a perfect
crystal.
The simulated intensity distributions shown in
Figs. 4(a), 4(b) are in good qualitative agreement with
the experimental images of Figs. 1 and 2. They are
based on the phase changes associated with the domain
structure, and do not take into account the defects
present in the real crystal. A fine structure can be
seen both in Figs. 2(b), 2(c) and on the corresponding
simulations. The agreement is better in some regions
of the sample, indicating that the domain structure is
not completely periodic. In a later stage, it should be
possible to reconstruct the x-ray amplitude distribution
at the exit of the crystal and the corresponding domain
distribution from the experimental images using an
adapted algorithm [26]. In the case of Fig. 2, the crystal
quality has a smaller effect on the divergence, because
the Darwin width of the used reflections is much larger
than the corresponding one for Fig. 1. Therefore the
ideal divergence of 0.3 mrad, resulting from the angular
source size, was used in Fig. 4(b).
The simulations neglect the contribution of the higher
harmonics, e.g., reflection 2h, 2k, 2l corresponding to
wavelength ly2, and assume the diffraction vector is
exactly parallel to the domain walls. This simplification
of the diffraction geometry eliminates the possibility of
multiple diffraction in different domains. Domain boundary contrast attributed to the phase difference between
structure factors can build up within the crystal and it was
formerly interpreted on the analog of the contrast of a
stacking fault in the dynamical theory of x-ray diffraction
[27]. In the present case, a weak “dynamical contrast”
is observed only close to the sample on reflections with
larger Darwin widths, and it is neglected.
The atomic displacement of the niobium ion, 0.54 Å
along the c axis [25], is the main contribution to the phase
shift between the structure factors of neighboring domains.
However, a weak contrast is observed on most of the hk0
reflections. The anharmonic thermal vibrations [25] are
a possible origin of the phase shift for these reflections.
3437
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metric crystals, and their variations as a function of an
external parameter.
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periodically poled LiNbO3 crystal. P. C. is indebted to
the FWO-Vlaanderen for financial support.

FIG. 4. Simulated intensity distributions for different experimental distances D; (a) the 274 reflection, l  0.24 Å,
Dw  80±, w  0.05, beam divergence a  3.6 mrad,
( b) the 0 3 18 reflection, l  0.43 Å, Dw  86±, w  0,
a  0.3 mrad. The detector resolution and the object period
are 4 and 23 mm, respectively.

A low temperature experiment we performed is not in
contradiction with this possibility.
The coherence of the x-ray beams available at the ESRF
thus allows one to visualize, in a simple way, the distribution of inverted ferroelectric domains within the volume
of periodically poled crystals produced for nonlinear optics
applications. Bragg diffraction introduces a phase shift between the waves diffracted in adjacent domains due to the
phase difference between their structure factors. Fresnel
diffraction and its special manifestation for periodic objects, the Talbot effect, determine the intensity variations
after free space propagation. Through the measurement
of the observed contrast as a function of propagation distance, the phase difference between the structure factors of
reflections hkl and 2h, 2k, 2l can be directly obtained.
This approach is a new way to investigate any crystal feature which introduces a distortion of the phase of the Bragg
diffracted wave. In particular, it allows one to determine
precisely the atomic positions in twinned noncentrosym3438
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