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Problem studied:

High resolution x-ray diffraction imaging was used to examine the state of crystal
perfection in barium titanate and strontum barium niobate, and to probe in-situ the structure
of the photorefractive space charge field responsible for the nonlinear optical behavior of
photorefractive ferroelectric materials.

The technique of high resolution diffraction imaging uses large area,
monochromatic, and well collimated beams of x-rays to form images in diffraction of lattice
imperfections in a crystalline sample!. A beam of x-rays, incident upon a crystal at the
appropriate Bragg angle for the x-ray wavelength and some particular set of atomic planes,
diffracts from the crystal and forms an image on the detecting medium, usually x-ray
sensitive film or a video camera. In a perfect crystal, the image would be featureless, as the
Bragg angle would be the same at all points of the sample. In a real sample, strains cause
local variations in the Bragg angle, and hence contrast in the image. Images are formed
either in Bragg geometry (reflection), or Laue geometry (transmission), as seen in figure 1.
Since the local Bragg angle is dependent upon the local interplanar spacing2, contrast in
diffraction images is dependent only upon strain along the diffraction vector (the normal to
the set of diffracting planes). With a set of diffraction images in Bragg and Laue
geoemetries, and using symmetric (parallel to the crystal surface in reflection, or
perpendicular in transmission) or asymmetric (inclined to the crystal surface) diffracting
planes, it is possible to determine the actual direction and often the magnitude of the atomic
displacements associated with lattice imperfections.

Summary of results:
Materials:

A total of twelve samples were examined by high resolution topography, from a
variety of academic and industry sources (see table 1). The samples represent a good
cross-section of what is available from the various crystal growers, and of the various
surface preparation methods. This work has been greatly aided by close collaboration with
the various crystal suppliers. The interest and help of Dana Anderson of the Univeristy of
Colorado, John Martin of Deltronic Crystal Industries, and Mark Garrett of MIT have been
particularly valuable.

The most obvious features in many of the first barium titanate diffraction images
taken during this project were dense networks of surface scratches, as seen in figure 2.
The typical optical quality surface polish, usually done with a diamond grit, leaves a great
amount of residual surface strain, easily visible in high-resolution diffraction imaging,
which can obscure other important structure within the crystal.. The skill of the crystal



polishers has increased dramatically, and with the use of sub-micron particle size colloidal
silica polishing compounds, excellent quality surfaces are now routine (figure 3). In
particular, Dana Anderson of the University of Colorado, and Deltronic Crystal Industries
both have demonstrated the ability to consistently deliver high quality surfaces on barium
titanate, without depoling the samples in the process.

The well polished samples show remarkable short and long range lattice regularity.
The entire crystal usually diffracts at once, as can be seen in figures 2, 3, and 4, and
rocking curve widths are on the order of only a few tens of arc seconds. Lattice warping
and variation in the lattice constant are minimal (a few arc seconds) over the typical sample
surface area of 25 mm?2, and are likely not significant.

While the lattice is quite regular, ferroelectric domains are often seen. The most
easily visible of these are the 90 degree ferroelectric domains, as in the top left hand comer
of figure 2. These domains, which also are visible optically, can be completely removed
by poling, and hence usually are absent from well-poled samples.

Anti-parallel or 180 degree ferroelectric domains are also visible in certain
diffraction images (see figures 4 and 5). These domains are visible only in images where a
component of the diffraction vector is along the [001] or c-axis. Since barium titanate lacks
a center of symmetry, the x-ray structure factors for (a,b,1) and (a,b,I) diffractions are not
the same, and this leads to a slightly different coupling between the two diffracted
wavefields inside the crystal for the bulk and domain regions. This coupling difference
results in a slight contrast change in the image. We believe this is the first instance of non-
destructive imaging of anti-parallel domain patterns within the volume of a ferroelectric
crystal, and a non-ambiguous method of assessing the degree of poling in a given crystal.

The 180 degree domains have been observed in every crystal, indicating that no
samples were perfectly poled, although the vast majority of each sample's volume was free
of domains. The images of domains are usually shaped like needles or tweezers (see figure
5), [001] oriented, and clustered near the faces and c-edges of the samples. The
pendellosung effect (a dynamical x-ray diffraction effect in which the diffracted intensity is
a periodic function of sample thickness3) is also observed in transmission images of
domains in the interior of the samples, as fringes covering equal-thickness portions of the
cone-shaped domains. (see figure 5)

Non [001] oriented anti-parailel domain walls are also possible in certain
circumstances, as seen in figure 6. This sample was accidentally depoled by cooling
through the tetragonal-orhtorhombic phase transition, and subsequently mechanically poled
to remove the 90 degree domains. After electrical poling, the few remaining domains were
[001] oriented (figure 7).



The identification of the domains was confirmed by an experiment in which an
electric field of 360 V/cm was applied to the crystal at room temperature, alternately
parallel and anti-parallel to the c-axis. As expected, the field anti-parallel to the c-axis
caused the domain regions to grow (figure 8), and the opposite field (along the c-axis)
caused the domain regions to shrink again (figure 9). Due to the low temperature, a large
amount of hysteresis was observed: some domains were induced which could only be
removed by high temperature poling.

Apart from domains, there also were other deviations from perfection observed in
some samples. Most prominent among these were dislocations, primarily edge (figure 4)
and screw (figure 10), although a few other unidentified dislocations also were observed.
Since the density of the dislocations was too low to be a source of the optical scattering
responsible for seeding fanning, it is now believed that the size of the scatterers responsible
for the fanning lies below the micron scale resolution limit of the nuclear emulsion plates
used to record the diffraction images.

Some other interesting image features have been evidence of faceted growth and
facet competition, as seen in figure 11. A closeup of this image (figure 12) reveals a
periodically wandering boundary between the facets. During crystal growth, each of these
facets would alternately grow faster than its neighbor (perhaps due to thermal or mechanical
asymmetry in the melt), periodically altering the slope of the interface between them, and
also causing striations. Similar behavior has been observed previously in BSO.# The
striations are also visible in other crystals in which faceted growth is not seen (figure 10),
but the lack of faceting is likely due simply to the manner in which the samples were cut out
of the boule. Partial facet interfaces appear as low angle grain boundaries in nearly all the
samples examined.

Two samples of SBN were also briefly examined. The first, provided by Nikolai
Bogodaev of the Institute of Physics, Russian Academy of Science, showed a very large
number of surface scratches, and drastic lattice warping (see figure 13). The sample was
grown using an unconvential technique in which the boule is not rotated as pulled from the
melt, and it is not yet known if lattice warping is typical of such growth.

The other sample, grown by Delitronic Crystal Industries, showed some growth
effects similar to those seen in barium titanate (figure 14), but with unusually shaped
interfaces. The long range lattice regularity of SBN is quite remarkable, given that the
material is a solid solution, and not stoichiometric. This lattice regularity is encouraging for
future diffraction imaging of SBN.

A sample of a .5um thin film of BGO on a sapphire substrateprovided by Arun

Inam of Bellcore also was examined, as seen in figure 15. The film showed a cellular
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structure and numerous non-diffracting regions, as well as an exceptionally broad rocking
curve (0.2 degrees), indicative of a high degree of disorder. A more extensive survey is
needed to determine the various lattice irregularities present and their effect upon the optical
properties of the films, but these first imaging results are encouraging.



Photorefractive gratings:

After the forementioned experiments demonstrated the ability of high resolution
topography to reveal small deviations from lattice perfection in barium dtanate, the
technique was used to observe photorefractive gratings in-situ. Two nearly equal
amplitude beams split from a 50 milliwat frequency doubled YAG laser were used to write
a photorefractive grating in a barium titanate sample (figures 16a and b). The space charge
field responsible for the photorefractive index grating also produces a periodic lattice strain
via the piezoelectric effect, which is visible in x-ray diffraction images.

Gratings with period ranging from 7 to 70 microns, and with various orientations
relative to the c-axis, have been imaged. Transmission images are visually striking (figure
17), and are sensitive to small amounts of induced lattice strain, but integration through the
volume of the crystal by diffraction makes interpretation of the images difficult. Reflection
images are more useful for analytical purposes because they sample a smaller volume of the
crystal. Similarly, gratings aligned along the c-axis induce smaller lattice distortions than
those oriented at an angle to the c-axis (due to the structure of the piezoelectric tensor of
barium titanate), but allow easier recovery of the induced strain magnitude and hence
electric field magnitude.

Figure 18 shows an interesting reflection image of a 50um period grating. There is
a clear spatial phase shift of the grating as it crosses the 180 degree domain boundary,
caused by the reversal of sign of the c-axis with respect to the space charge field. This shift
simultaneously confirms that the needle shaped features are 180 degree domains, and that
the grating indeed is caused by the photorefractive effect.

The grating images themselves were recorded both with a 20um resolution CCD
camera, and with 1ium resolution nuclear emulsion plates. Since the high spatial resolution
of the plates was necessary for analysis of the gratings, the plates were digitized at 1um
resolution using the microscopy facilities at the University of Massachussetts Medical
School Center for Molecular Medicine, and image processing techniques were used to
recover the structure of the photorefractive gratings.

Multiple images of the same grating at selected points on the rocking curve were
used to calibrate the film response, and the measured rocking curve and published values of
the piezoelectric constants’ used to calculate electric field profiles and magnitudes. One
such field profile is shown in figure 19. This looks quite similar to what is expected from
numerical solution of the Kukhtarev model of grating formation® (see figure 20), however
the amplitude of the electric field is quite a bit higher. Additionally, there are high
frequency components present in the data not predicted by the model. These higher



frequencies may be irregularities in the light interference pattern forming the grating, or
could have another explanation, perhaps rooted in the physics of the dynamical diffraction
of x-rays, which we are currently studying.

An image of nominally the same grating was also taken in symmetric reflection. As
can be seen in figure 21, the grating appears quite different from the one of figure 19. The
higher frequency components are absent, and the shape is quite different. In addition, the
amplitude is much higher than the 160 V/cm predicted by the Kukhtarev model (figure 20).

Due to the differences between the symmetric and asymmetric images, it appears
likely that dynamical x-ray diffraction effects are causing differences between the observed
shapes and magnitudes of the gratings, and the shapes and magnitudes expected. Some
simulations of x-ray diffraction? in a crystal with grating induced distortion were
performed, in order to obtain a more quantitative picture of the distortions introduced into
the grating image by the image formation process.

Figure 22 shows a simulation of the effects of progressively higher amounts of
grating lattice distortion on a symmteric surface x-ray diffraction image of a simple
sinusoidal grating. Particularly in the higher strain cases, the image can be quite distorted
relative to the actual grating shape. The exact magnitude of the linear absorption coefficient
chosen for the simulation has a large bearing on the exact shape of the grating: lowering the
absorption coefficient from the value used in producing figure 22 results in additional
higher frequency components being introduced into the image, similar to those noted
experimentally in figure 19. Quantitatively meaningful results will depend upon realistic
values for the linear absorption, and x-ray structure factors for the particular diffractions
involved. Simulations of asymmetric diffraction appear to show substantially less
distortion of the grating shape than in symmetric diffraction, implying that the experimental
results from asymmetric diffraction as they stand are probably closer to the truth. It should
be possible to correct for the diffraction effects and obtain more accurate grating profiles
from both the symmetric and asymmetric diffraction images, given realistic values for the
appropriate crystal parameters.

Images of fanning were also successfully obtained, as can be seen in figure 23.
There is interesting structure in this image even at the 1 micron level, and improvement of
the spatial resolution below that would likely yield a wealth of information on the grating
structures associated with fanning. This data would greatly help current work on beam
propagation method simulations of photorefractive devices3.



Conclusions:

In general, the quality of the barium titanate samples examined could be termed
excellent from a crystallographic point of view. None of the defects seen appear in
sufficient numbers to be possible sources of fanning, so the size of the defects is believed
to be below 1 micron. Improvements in the spatial resolution of diffraction imaging would
allow a search for such defects, although it is not yet clear what the fundamental resolution
limits are.

Anti-parallel ferroelectric domain patterns were imaged non-destructively for the
first time. These domains appeared in every sample examined, indicating incomplete, but
usually quite good, poling. The reasons for incomplete poling are still unclear.

Measurements of photorefractive gratings in-situ were made for the first time. The
spatial profile of the space charge field was recovered, and explainations for differences
with the theory have been proposed. The best measurements agree reasonably well with
the standard model with the exception of the as yet unexplained discrepancy between the
theoretical and experimental electric field magnitudes. The results demonstrate the
possibility of imaging of devices (i.e. self-pumped phase conjugate mirrors) in operation.
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Figure 1:
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Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure 10:

Figure 11:

Figure 12:
Figure 13:

Figure 14:

Figures and Tables

Summary of samples studied.

Schematic representation of diffraction imaging geometry.

(224) diffraction image of crystal 188E in Bragg geometry (reflection) at 10
keV. Randomly oriented linear features are surface scratches. The
displaced triangular area in the upper left comer is a 90 degree domain.
(600) diffracton image of crystal BTUC2 in Bragg geometry at 12 keV,
showing excellent lattice regularity and surface polish.

(002) diffraction image of crystal BTUC?2 in Laue geometry (transmission)
at 12keV. The linear features running horizontally are edge dislocations,
and needle or spike like features running vertically are 180 degree domains.
Close up of figure 4, showing 180 dgree domain shape and fringes due to
the pendellosung effect.

(002) diffraction image of crystal FI8W1 in Laue geometry at 12keV,
showing non-crystallographically oriented 180 degree domain walls.
(002) diffraction image of crystal F1I8W1 in Laue geometry at 12keV after
repoling, showing a few crystallographically oriented domains. The large
crack at the upper left was accidentally introduced while poling.

(402) diffraction image of crystal BTUC2 in Bragg geomertry at 12keV,
showing growth of domains after 360 V/cm electric field was applied anti-
parallel to the c-axis.

(402) diffraction image of crystal BTUC2 in Bragg geometry at 12keV,
showing shrinkage of domains after application of 360 V/cm electric field
parallel to c-axis.

(020) diffraction image of crystal BTUC2 in Laue geometry at 12keV,
showing growth striations, and screw dislocations running horizontally.
(400) diffraction image of crystal 20F18-2 in Bragg geometry at 10keV,
showing growth faceting, facet competition, and growth striations.
Closeup of figure 11.

(800) diffraction image of SBN sample SBNSU1 in Bragg geometry at
8keV, showing surface scratches and lattice warping.

(004) diffraction image of SBN sample SBNDI1 in Bragg geometry at
8keV, showing growth striations, and odd facet shapes.



Figure 15:

Figure 16a:

Figure 16b:

Figure 17:

Figure 18:

Figure 19:

Figure 20:

Figure 21:

Figure 22:

Figure 23:

(444) diffraction image of BSO film in Bragg geometry at 10keV, showing
cellular structure.

Schematic of the apparatus used to write photorefractive gratings on
beamline X23A3 at the National Synchrotron Light Source. The beam from
the laser is split, and the two resulting beams are interfered at the crystal to
produce the grating. The complicated beam path is to achieve a small angle
between the beams necessary for long period (>50um) gratings. The entire
assembly rotates as a unit to allow changes in Bragg angle without altering
the grating.

Photograph of the apparatus used to write photorefractive gratings on
beamline X23A3 at the National Synchrotron Light source. The sample is
near the center of the photo, where the beams intersect.

(002) diffraction image of sample F18W1 in Laue geometry at 12 keV, with
40 micron period photorefractive grating.

(402) diffraction image of sample F18W1 in Bragg geometry at 12 keV,
with 40 micron grating, showing grating phase shift at ferroelectric domain
boundaries.

Photorefractive space charge field calculated from (402) Bragg geometry
rocking curve sequence at 12keV.

Simulation of the expected space charge field of 40 micron period grating in
barium titanate.

Photorefractive space charge field calculated from (400) Bragg geometry
rocking curve sequence at 12keV.

X-ray diffraction simulation of the diffraction image produced by a crystal
with a sinusoidal grating. Successive curves represent progressively higher
amplitudes of the induced sinusoidal strain, with the largest amplitude curve
representing approximately the amount of strain corresponding to the
grating of figure 21.

(002) diffraction image of sample F18W1 in Laue geometry at 12keV,
showing fanning grating structure. Laser beam enters from the bottorn edge
of the crystal.
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LLaue Geometry (Transmission)

R

12 keV

Barium titanate crystal

Bragg Geometry (Reflection!

Barium titanate crystal

12 keV

Figure 1: Schematic representation of diffraction imaging geometry.
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Fgore 13: (800) diffraction image of SBN sampie SBNSU1 in Bragg geometry at
3keV, showing surface scratches and lattice warping.
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/
50 mW frequency doubled YAG laser

Figure 16a:

mirror

Schematic of the apparatus used to write photorefractive gratings on
beamline X23A3 at the National Synchrotron Light Source. The beam from
the laser is split, and the two resulting beams are interfered at the crystal to

produce the grating. The complicated beam path is to achieve a small angle
between the beams necessary for long period (>50ptm) gratings. The entire

assembly rotates as a unit to allow changes in Bragg angle without altering
the grating.



Figure 16b:  Photograph of the apparatus used to write photorefractive gratings on

beamiine X23A3 at the Natonal Synchrowon Light source. The sample is

near the center of the photo. where the beams intersect.
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Figure 19: Photorefractive space charge field calculated from (402) Bragg geometry
rocking curve sequence at 12keV.
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Figure 21:
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Photorefractive space charge field calculated from (400) Bragg geometry
rocking curve sequence at 12keV.
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Figue 22: X-ray diffraction simulation of the diffraction image produced by a crystal
with a sinusoidal grating. Successive curves represent progressively higher
amplitudes of the induced sinusoidal strain, with the largest amplitude curve
representing approximately the amount of strain corresponding to the
erating of ficure 20.
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